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ABSTRACT Structural transformations of nanocrystals in the LaPO4–GdPO4–(H2O) system under hydrother-
mal conditions at 230 ◦C were studied depending on the duration of isothermal holding (2 hours, 3 days,
and 5 days). It has been shown that a phase with the rhabdophane-like structure, La1−xGdxPO4 · nH2O
(0.00≤ x ≤1.00), exhibits a weighted average crystallite size of 4–7 nm and crystallizes in the system prior to
hydrothermal treatment. As a result of hydrothermal treatment, samples in the LaPO4–GdPO4–(H2O) system
are completely transformed into a phase with a monazite structure within five days, with the slowest transfor-
mation observed for gadolinium orthophosphate. It was found that nanoparticles with a rhabdophane structure,
GdPO4 · nH2O, possess a single-crystal structure. The thermal analysis data indicated that the samples ob-
tained via the precipitation method contain an X-ray amorphous phase and impurity compounds. The onset
temperature of the structural transformation from rhabdophane to monazite, as well as the number of water
molecules in the rhabdophane-like structure, depends on the chemical composition of the compound, particu-
larly with regard to the isomorphic substitution of lanthanum cations with gadolinium cations.
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1. Introduction

Orthophosphates of rare earth elements (REE), represented as REEPO4, include elements ranging from lanthanum to
lutetium, as well as yttrium and scandium. These materials are of significant interest in modern materials science due to
their potential applications in non-carbon energy fields such as catalysis [1–4], immobilization of radioactive waste [5–8],
various types of luminescence [9–13], and thermal barrier coatings [14–17]. Compounds with monazite and xenotime
structures exhibit high chemical and radiation resistance [18–23], a high melting point [24–26], and a diverse chemical
composition [27–31]. In addition to the anhydrous phases with monazite and xenotime structures, REE orthophosphates
can form hydrated structures – rhabdophane and churchite, which are often considered precursor phases to the anhydrous
compounds [32–35]. Compounds with the churchite structure, HREEPO4·2H2O, are layered orthophosphates of heavy
rare earth elements (HREE: elements from gadolinium to lutetium and yttrium). In the churchite structure, each layer
comprises a two-dimensional framework of yttrium atoms coordinated to phosphate groups through oxygen atoms, with
water molecules coordinated to the yttrium atoms and located on the outer sides of the layers. The churchite structure
contains two water molecules per formula unit, as confirmed by thermal analysis studies [33,36], and serves as a structural
analogue of gypsum (CaSO4·2H2O) [37, 38].

The structure of rhabdophane (REEPO4 · nH2O) is known to contain quasi-one-dimensional channels that include
water molecules. Compounds with the rhabdophane-like structure are typically synthesized in a single step using soft
chemistry methods, such as precipitation [27, 34, 39] and hydrothermal treatment [34, 40–43]. Early X-ray structural
analysis indicated that the structure of rhabdophane (REEPO4 · nH2O) for REE = La, Ce, and Nd could be described as
having hexagonal symmetry in the space group P6222 (180) [44, 45]. However, this description does not account for the
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presence of water molecules within the unit cell. Subsequent analysis [41, 46] prompted a revision of the space group
for rhabdophane, changing it from hexagonal P6222 to monoclinic C2 (5) for the hydrated compound, and to trigonal
P3121 (152) for the anhydrous form [41]. The monoclinic model describing rhabdophane in the space group C2 contains
channels oriented along the [101] direction, which are formed by the contact between the edges of the REE polyhedra
and PO4 tetrahedra. This structural description assumes the presence of channels within the unit cell, rather than at
the boundaries, as indicated by the hexagonal model. The determined values for the number of water molecules in the
rhabdophane structure (C2) are n=2/3≈0.67 or n =1/2≈0.50 per formula unit of the compound, and the crystal chemical
structure resembles CaSO4·0.5H2O [47]. It should be noted separately that refining the number of water molecules in
the rhabdophane structure using electron diffraction does not yield exact answers regarding their quantity, positional
occupancy, or atomic coordinates.

Electron single-crystal diffraction data for a single crystal of DyPO4 · nH2O with the rhabdophane-like structure
indicate that the hydrated structure can be described using a trigonal lattice of space group P3121, exhibiting an effective
doubling of the unit cell compared to the original Mooney description in [44, 45]. Moreover, there is a significant shift
in the ion positions within the unit cell [48]. In the work [41], it is suggested that the channel size of the rhabdophane
structure depends on the ionic radius of the rare earth element (REE) and affects the amount of structurally bound water:
the smaller the ionic radius, the lower the unit cell volume and, consequently, the lower the water content in the structure.
Additionally, the role of water in stabilizing the rhabdophane structure is discussed, with the assumption that water present
in the channels helps stabilize the structure; its loss can lead to a monotropic transition to the monazite structure [42, 49].
A primary challenge in describing the structure of rhabdophane arises from the water molecules that are part of the
compound; these molecules are not easily localized within the unit cell, and their locations can vary randomly among
several equivalent positions in the structure [48].

One of the approaches for quantitatively describing the water content in the rhabdophane structure involves thermal
analysis methods such as DTA/DSC/TG. Despite the uncertainties inherent in thermal analysis data – such as the su-
perposition of various stages of mass loss, thermal effects associated with the removal of adsorbed water or water from
structural channels, and the decomposition of reaction by-products and surfactants [50–53], these methods are widely
applicable in the study of hydrated compounds [33,42,54,55]. Data on the thermal behavior of the rhabdophane structure
are presented in references [42, 53, 56, 57] and pertain to the determination of the thermodynamic characteristics of indi-
vidual compounds, with less frequent studies on phases of variable composition [43, 46]. Furthermore, investigating the
rhabdophane structure with variable composition could contribute to developing a unified concept of “the role of water
in hydrated compounds with the rhabdophane-like structure”, which would be valuable for the creation of new functional
materials.

To obtain hydrated phases and investigate the phase formation of complex oxide systems, various soft chemistry
approaches are employed [58]. This group of methods enables phase formation processes to occur at relatively low
temperatures, making it particularly applicable to hydrated compounds and often utilized for the synthesis of nanomateri-
als [59–61].

As a result, the present work aims to study the formation process of nanocrystalline orthophosphates with variable
composition in the LaPO4–GdPO4–H2O system using soft chemistry methods. Additionally, it seeks to examine the
thermal behavior of the resulting compounds composed of nanocrystalline particles with a rhabdophane-like structure.

2. Materials and methods

For the synthesis of La1−xGdxPO4 · (nH2O) samples (x=0.00, 0.20, 0.50, 0.75, 0.85, 1.00), hexahydrate nitrates of
rare earth elements (chemically pure) and ammonium dihydrogen phosphate (chemically pure) were used. Precipitation
was carried out by adding an aqueous solution of NH4H2PO4 to an aqueous solution of REE nitrates while continuously
stirring at a temperature of 25±5 ◦C. The resulting white suspension with a pH of 1 was stirred for 15 minutes.

For synthesis under hydrothermal conditions, the suspension obtained by precipitation was placed in a Teflon ampoule
of a laboratory autoclave (fill factor 0.7) and treated hydrothermally at 230 ◦C and ∼10 MPa, with isothermal holding
times of 2 hours, 3 days, and 5 days.

All samples obtained were washed with distilled water until a pH of 7 was achieved, precipitated by centrifugation
(10,000 rpm), dried at 75–80 ◦C for 24 hours, and milled in an agate mortar.

SEM images and elemental composition of the samples were obtained using a Tescan Vega 3 SBH scanning electron
microscope (Tescan, Czech Republic) equipped with an Oxford Instruments INCA x-act attachment (Oxford Instruments,
UK). The images of the samples were recorded using secondary electron detectors. Composition analysis was performed
on 4–5 different areas, averaging the obtained values.

The study of the crystal structure and microstructure of the samples was conducted using transmission electron mi-
croscopy (TEM) on a JEM-2100F microscope (JEOL Ltd., Akishima, Tokyo, Japan) operating at an accelerating voltage
of 200 kV.

Diffraction studies were carried out using a DRON-8N X-ray powder diffractometer (Bourevestnik, JSC, Russia)
under Bragg-Brentano geometry conditions and an X-ray tube with a copper anode (Kα doublet) equipped with Goebel
parabolic mirrors at the primary beam output. Data collection was performed for the Bragg angle (2θ) ranging from 10 to
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90◦ with a step of 0.01◦ in exposure mode with a shutter speed of 7 s. Phase analysis of the samples was conducted using
PDF-2 and CCDC databases. Full-profile phase analysis was performed using SmartLab Studio II v4.4.241.0 software
(Rigaku Corporation, Japan) using the Rietveld method [62]. The weighted average values of crystallite sizes were
calculated in accordance with the lognormal distribution law for non-overlapping reflections of each phase: reflection
200 was used for the phase with the monazite-like structure and reflection 111̄ for the phase with the rhabdophane-like
structure.

Differential thermal analysis and thermogravimetry (DTA/TG) was performed using a Shimadzu DTG-60 (Shimadzu,
Japan) with a heating rate of 10 ◦C/min in air. The first part of the experiment was conducted on all La1−xGdxPO4 ·nH2O
samples (x=0.00, 0.20, 0.50, 0.75, 0.85, 1.00) obtained by precipitation, covering a temperature range from 25 to 1000 ◦C.

In the second part, the samples underwent preliminary heat treatment in a muffle furnace at the same heating rate: for
3 minutes at 300 ◦C for the LaPO4 · nH2O sample and for 10 minutes at 400 ◦C for the GdPO4 · nH2O sample. After
isothermal holding, the samples were removed from the furnace, allowed to cool spontaneously to room temperature,
ground again in an agate mortar, and then examined by X-ray diffraction to determine the phase composition. Following
this procedure, DTA/TG of the samples was conducted at a heating rate of 10 ◦C/min in dynamic mode over the range
from 25 to 1000 ◦C, as well as in quasi-static mode from 25 to 500 ◦C. The temperature steps for the quasi-isothermal
mode were chosen to initiate the dehydration of the rhabdophane-like structure at each temperature step.

3. Results and discussion

3.1. Phase formation in LaPO4–GdPO4–H2O system

Based on the results of energy dispersive X-ray, the ratio (La + Gd) : P was found to be approximately 1:1, which
corresponds to the stoichiometry of REE orthophosphate. The experimentally determined molar fraction of gadolinium
orthophosphate (x) in the compound La1−xGdxPO4·(nH2O) is used to designate the samples. The results of the elemental
analysis, which reflect the content of GdPO4 in the system, are presented in Table S1.

The X-ray diffraction patterns of the samples obtained via the precipitation method are shown in Fig. 1. All samples
crystallize in the rhabdophane-like structure (space group C2). The X-ray diffraction patterns for the samples produced
using hydrothermal treatment are presented in figs. S1–S3 in the Supplementary Materials. The results of quantitative
phase analysis for samples synthesized under hydrothermal conditions for 2 hours and 3 days are shown in Fig. 2. After
2 hours of isothermal holding in the hydrothermal fluid, the phase with the rhabdophane-like structure was completely
transformed into the monazite-like structure for the sample with x=0.00 (Fig. 2a). Samples containing 0.20 to 0.75 mol. fr.
of GdPO4 transformed into the monazite phase more slowly and exhibited a mixture of phases with both monazite-like and
rhabdophane-like structures. In contrast, samples x=0.85 and x=1.00 retained the rhabdophane structure. As illustrated
in Fig. 2b, increasing the isothermal holding time to three days results in the formation of a wide homogeneity region of
the monazite-like structure based on La1−xGdxPO4, for x from 0.00 to 0.85. Only gadolinium orthophosphate (x=1.00)
contains approximately 19% of the monazite phase. After five days of isothermal holding, all samples crystallized in the
monazite phase.

Fig. 3 illustrates the dependencies of the unit cell volumes of the phases with monazite and rhabdophane structures,
normalized to one formula unit (V /z), for samples obtained through precipitation and hydrothermal treatment. In the
samples obtained via the precipitation method, a phase of variable composition with the rhabdophane-like structure forms
across the entire concentration range (Fig. 3a). As shown in Fig. 3b, after hydrothermal treatment for 2 hours, two solid
solutions: one with the rhabdophane-like structure and another with the monazite-like structure are observed in the system.
Notably, the transformation from the rhabdophane structure to the monazite structure appears to occur without changing
the cation ratio, as indicated by the linear dependence of the V /z parameter for the rhabdophane structure on composition.
The absence of data for the monazite structure in the sample x=0.75 in Fig. 3b is attributed to the small amount of the
monazite phase, which are less than 5% and makes it impossible to determine the precise parameters of the unit cell. After
hydrothermal treatment for 3 and 5 days (Fig. 3c,d), the chemical composition of the monazite-like phase are the same,
indicating complete isomorphic substitution of cations in the LaPO4–GdPO4–(H2O) system.

The dependences of the weighted average value of crystallite sizes on the composition are shown in Fig. 4 for the
samples obtained by precipitation and hydrothermal treatment with different durations of isothermal holding. The pre-
cipitation method was used to obtain nanocrystalline powders with an average value of crystallite sizes of 4–7 nm for
La1−xGdxPO4 · nH2O (x=0.00–1.00) with a rhabdophane-like structure (Fig. 4a). As shown in Fig.4b, during the struc-
tural transformation in a hydrothermal fluid after 2hours of isothermal holding, the weighted average values of the crys-
tallite sizes of the monazite structure are about 15 nm and coincide with the weighted average values of the crystallite
sizes of the rhabdophane structure in the two-phase region (x=0.20–0.50). In the La1−xGdxPO4 · nH2O (x=0.20–1.00)
samples, a close to exponential nature of the dependence of the weighted average value of the crystallite sizes of the
rhabdophane structure on the concentration of GdPO4 in the LaPO4–GdPO4–H2O system is noted. A similar depen-
dence D(x) was determined in the work devoted to the LaPO4–YPO4–H2O system [34]. Thus, the substitution of La3+

((C.N.=9) 1.216 Å) in orthophosphate for REE with a smaller ionic radius Y3+ ((C.N.=9) 1.075 Å) or Gd3+ ((C.N.=9)
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FIG. 1. Diffraction patterns of La1−xGdxPO4 · nH2O samples obtained by precipitation. The vertical
lines accompany rhabdophane-like structure (space group C2 [46])

FIG. 2. The phase ratio in the system for La1−xGdxPO4 · (nH2O) samples: a) after 2 hours of isother-
mal holding, b) after 3 days of isothermal holding

1.107 Å), leads to a slowdown in the rhabdophane→ monazite structural transformation and to an increase in the crystal-
lite sizes of the rhabdophane structure due to recrystallization in a hydrothermal fluid. As shown in Fig. 4c, the weighted
average value of the crystallite sizes of the monazite structure after 3 days of isothermal holding varies from 19±10 nm
for the x=0.00 sample to 145±10 nm for the x=1.00 sample. The weighted average value of the crystallite sizes of the
rhabdophane structure in the sample x=1.00 is about 100 nm, which is slightly lower than the value for the monazite
structure in the same sample. This effect is probably associated with the process of transformation of the phase with the
rhabdophane structure into the phase with the monazite structure, when the increase in the crystallite sizes is caused by the
slow rate of structural transformation compared to the samples 0.00≤ x ≤0.85. The data on the weighted average values
of the crystallite sizes of the samples with the monazite structure obtained after 5 days of isothermal holding are shown
in Fig. 4d, which, within the error, coincide with the crystallite sizes obtained after 3 days of hydrothermal treatment; the
nature of the D(x) dependence remains close to exponential.

Fig. 5 shows images of nanoparticles with the composition x=1.00 obtained by precipitation followed by heat treat-
ment for 5 minutes at 400 ◦C (Fig. 5a-c) and after hydrothermal treatment for 2 hours (Fig. 5d-f). Their electron diffraction
patterns are shown in Fig. 5g,h. The nanoparticles with the rhabdophane-like structure exhibit a quasi-one-dimensional
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FIG. 3. Dependences of the unit cell volumes, normalized to one formula unit (V /z), on the compo-
sition of the system for phases with rhabdophane-like and monazite-like structures are presented as
follows: a) precipitation, b) hydrothermal treatment for 2 hours, c) hydrothermal treatment for 3 days,
d) hydrothermal treatment for 5 days

morphology. The average thickness of nanoparticles obtained by precipitation is 9±2 nm, while after hydrothermal treat-
ment, it is 40±12 nm. The average thickness of nanoparticles in the samples correlates well with the weighted average
values of crystallite sizes (Fig. 4a,b): D=6±2 nm and D=55±35 nm for the samples before and after hydrothermal
treatment, respectively. The dark-field TEM images (Fig. 5b,e) indicate that the nanoparticles of the samples possess a
single-crystal structure, meeting the Bragg reflection condition. Therefore, it can be concluded that the rhabdophane-like
particles are single crystals. The high-resolution TEM images (Fig. 5c,f) display the average interplanar distances (d),
which coincide within the margin of error with the X-ray diffraction data and are associated with the rhabdophane-like
structure (space group C2 [41, 46]). According to the electron diffraction data, the interplanar distances for the samples
with x = 1.00, obtained via the deposition method (Fig. 5g) and after hydrothermal treatment (Fig. 5h), differ slightly: the
interplanar distances in the sample obtained by deposition followed by heat treatment for 5 minutes at 400 ◦C are smaller
than those in the sample obtained after hydrothermal treatment. Since both samples crystallize in the same rhabdophane-
like structure, the difference in d values may be attributed to the varying water content in the structure.

3.2. DTA/TG studies of samples obtained by precipitation method

Fig. 6a-f presents the DTA/TG data for the entire series of samples with x=0.00–1.00 obtained via the precipitation
method. Based on changes in the slope of the tangent to the TG curve, four steps of mass loss associated with the removal
of water from the samples were identified: the zero step from 25 ◦C to approximately 125 ◦C is p presumably related to
the removal of water from the surface of the nanoparticles (adsorbed water), while the first, second, and third steps are
associated with the removal of water from the rhabdophane-like structure. An analysis of the obtained data is presented in
Table S2 and Fig. 7a,b as a function of the number of water molecules (n) in the rhabdophane structure per formula unit
of the compound, as well as a dependence of the temperatures at which mass loss begins for steps 1–3 on the composition
of the compound, expressed in ionic radii of the 9-coordinated REE3+ ion. The studied samples can be divided into two
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FIG. 4. Dependences of the weighted average crystallite sizes on the composition of the system for
phases with rhabdophane-like and monazite-like structures in the La1−xGdxPO4 · (nH2O) system: a)
precipitation, b) hydrothermal treatment for 2 hours, c) hydrothermal treatment for 3 days, d) hydrother-
mal treatment for 5 days

groups: those obtained by precipitation without heat treatment [27, 43, 53, 63, 64] and those obtained using hydrothermal
methods [42, 43, 65, 66]. The mass loss for the La1−xGdxPO4 · nH2O x=0.00–1.00 samples is approximately 10%. The
temperature at which the first stage of mass loss begins is close to 125 ◦C for all samples, and the number of water
molecules leaving the channels of the structure at this stage varies from 0.16 to 0.29, depending on the composition of the
compound. It is worth noting that accurately determining the temperature at which the first stage begins is challenging
due to the superposition of endothermic effects in the range from 25 ◦C to ∼200 ◦C.

The second step of mass loss is the most clearly distinguished for all samples, which is also evident in the samples
obtained under hydrothermal conditions [40, 42, 43, 65]. The temperature at the onset of the second step shows a linear
dependence on the composition of the compound, increasing from approximately 160 ◦C for sample x=1.00 to approx-
imately 200 ◦C for sample x=0.00 (Fig. 7b). During the second step, approximately n=0.47 molecule of water leaves
channels of the structure. Moreover, analysis of data [42] obtained for individual REE orthophosphates with the rhabdo-
phane structure demonstrates a close match between the value of n≈0.47 molecule H2O at the second step of mass loss
and the literature data.

The third stage of mass loss in all compounds corresponds to an exothermic effect on the DTA curve. It appears that,
during this step, in addition to the removal of water from the rhabdophane-like structure, the decomposition of impurity
compounds (for example, hydroxides) and the crystallization of the X-ray amorphous phase occur. The temperature
at the onset of the third step of mass loss is related to the second step and follows a linear dependence, exhibiting
lower values when LaPO4 is replaced with GdPO4. Based on these data, it was determined that the water content in
the rhabdophane-like structure for samples obtained by precipitation depends on the composition of the compounds and
decreases with a reduction in the ionic radius of the REE. The TG curves show a distinguishable third step [27,43,51,63,
64], associated with the removal of water from the rhabdophane-like structure, in contrast to the samples obtained through
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FIG. 5. Bright-field, dark-field, and high-resolution TEM images of the x=1.00 samples are presented
as follows: (a–c) samples obtained by the precipitation, (d–f ) samples obtained under hydrothermal
conditions for 2 hours, (g) electron diffraction of the x=1.00 sample obtained by the precipitation, and
(h) electron diffraction of the x=1.00 sample obtained under hydrothermal conditions for 2 hours

hydrothermal treatment. The onset temperature of the exothermic effect, occurring at T≥600 ◦C, is connected to the
transition of the rhabdophane-like phase to the monazite-like phase. As lanthanum phosphate is substituted by gadolinium
phosphate in the solid solution series La1−xGdxPO4 ·nH2O, the onset transformation temperature increases from 601 ◦C
to 733 ◦C, indicating that the thermal stability of GdPO4 ·nH2O with the rhabdophane-like structure is greater than that of
LaPO4 ·nH2O. A similar dependence of the transformation temperature on ionic radius in the rhabdophane-like structure
is noted in references [42, 43].

The results of the TG study of samples x=0.00 and x=1.00, which were calcined at 300–400 ◦C for 5 minutes, in
both dynamic and quasi-isothermal modes, are shown in Fig. 6a,b. Three steps of mass loss are evident on the TG curves
obtained under dynamic heating conditions. At the first stage, n≈0.20 water molecules per formula unit are lost for both
samples; at the second stage, n≈0.30 water molecules are lost. These values are slightly lower than those for the samples
without heat treatment (Table S2), which is likely due to the absence of impurity compounds in the heat-treated samples.
The third step of mass loss in samples x=0.00 and x=1.00 differs slightly. In this regard, the boundary between the second
and third steps for sample x=1.00 (Fig. 8b) is more distinctly defined than for sample x=0.00 (Fig. 8a). The number of
water molecules released from the rhabdophane-like structure during the heating process in the third stage varies between
the two compounds: n=0.35 for lanthanum orthophosphate (Fig. 8a) and n=0.21 for gadolinium orthophosphate (Fig. 8b).
The total amount of water in the rhabdophane structure is n=0.88 for LaPO4 ·nH2O and n=0.72 for GdPO4 ·nH2O, which
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FIG. 6. DTA/TG study of samples in the La1−xGdxPO4 · nH2O system with the rhabdophane-like
structure, obtained by the precipitation method: a)x=0.00, b)x=0.20, c)x=0.48, d)x=0.76, e)x=0.83,
f )x=1.00
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FIG. 7. a) The number of water molecules (n) in the rhabdophane structure, determined from the mass
loss at each step and b) The temperature at which each step of mass loss begins, depending on the
composition

correlates with the trend presented in Table S2, a decrease in the ionic radius of the REE leads to a reduction in the amount
of water in the structure for samples obtained by the precipitation method.

FIG. 8. DTA/TG data obtained in quasi-isothermal and dynamic modes for samples: a) x=0.00, b) x=1.00

When studying the samples with the rhabdophane-like structure at x=0.00 and x=1.00 in quasi-isothermal mode, it
was found that isothermal holding at 200 ◦C for the x=0.00 sample and at 160 ◦C for the x=1.00 sample results in a sharp
mass loss. This mass loss, when recalculated for the formula unit of the compounds, is approximately 0.30 molecule of
water. After this loss, the mass of the samples reaches a plateau. The obtained values are in good agreement with data
from the dynamic mode. Subsequently, the samples were continuously heated to the temperature at which the third step
of mass loss begins (Table S2): T=260 ◦C for the x=0.00 sample and T=210 ◦C for the x=1.00 sample. Increasing the
temperature at a constant rate to these specified values results in a decrease in the mass of the samples with the structure
of rhabdophane-like, while quasi-isothermal holding at the same temperatures does not affect the mass change. Further
heating of the samples to 500 ◦C after the isothermal stage (T=260 ◦C for the x=0.00 sample and T =210 ◦C for the
x=1.00) is characterized by a mass loss.

These observations indicate that the third step of mass loss is initiated by an increase in sample temperature and is
associated with the characteristics of the chemical bonding of water molecules in the rhabdophane structure. The number
of water molecules lost per formula unit during the third step is n=0.24 for the x=0.00 sample and n=0.17 for the x=1.00
sample. According to the quasi-isothermal TG mode, the total number of water molecules in the rhabdophane structure
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for LaPO4 · nH2O and GdPO4 · nH2O is n=0.72 and n=0.62, respectively. These values are lower than those determined
in the dynamic heating mode, likely due to incomplete removal of water from the rhabdophane structure, as the water
removal process can extend up to 600–650 ◦C.

Based on the data obtained from DTA/TG and TEM, it can be inferred that the samples with the rhabdophane-like
structure synthesized by precipitation may contain a different number of water molecules compared to those synthesized
under hydrothermal conditions. This inference is supported by the distinct shapes of the TG curves for the samples
before and after hydrothermal treatment. For the samples obtained through precipitation, at least three stages of mass loss
were identified, which are associated with the removal of water molecules from the channels of structure. In contrast,
compounds with the rhabdophane structure that were synthesized under hydrothermal conditions primarily exhibit two
stages of mass loss. The first of these stages corresponds to the loss of adsorbed water on the surface of nanoparticles. As
mentioned earlier, the samples with the rhabdophane-like structure, LaPO4 · nH2O and GdPO4 · nH2O, obtained via the
precipitation method can contain at least 0.62 water molecules per formula unit (excluding the adsorbed water), whereas
the hydrothermally synthesized samples contain approximately 0.48–0.50 water molecules (also excluding surface-bound
water). Additionally, TEM studies reveal slight differences in interplanar distances for GdPO4 · nH2O samples obtained
by the precipitation method compared to those subjected to hydrothermal treatment. This difference may be related to
structural rearrangements caused by the varying amounts of water incorporated within the structure.

4. Conclusion

It is demonstrated that a continuous series of La1−xGdxPO4 · nH2O (0.00≤ x ≤1.00) solid solutions with a
rhabdophane-like structure and crystallite sizes ranging from 4 to 7 nm can be synthesized by precipitation in the LaPO4–
GdPO4–H2O system. According to TEM data, the average thickness of nanoparticles with the rhabdophane structure
for the sample with x=1.00 correlates well with the weighted average crystallite sizes obtained both before and after
hydrothermal treatment, indicating that these particles exhibit a single-crystal structure.

After hydrothermal treatment at 230 ◦C for 2 hours, phases containing both monazite-like and rhabdophane-like struc-
tures are formed within the system. In the two-phase region of phase coexistence (0.20≤ x ≤0.75), the weighted average
values of the crystallite sizes and the chemical compositions of both phases are found to be consistent. It is noteworthy
that the structural transformation occurs more slowly for compounds with a higher GdPO4 content. The transformation
from the rhabdophane phase to the monazite phase in the LaPO4–GdPO4–H2O system occurs under hydrothermal con-
ditions at 230 ◦C over a period of 5 days of isothermal holding. DTA/TG indicates that the samples obtained through the
precipitation method contain approximately 1.5% of an X-ray amorphous phase along with impurity compounds.

Furthermore, it is shown that the onset temperature for the structural transformation from rhabdophane to monazite,
as well as the onset temperature for each stage of mass loss (dehydration of the rhabdophane structure), and the number of
water molecules in the rhabdophane-like structure, are dependent on the chemical composition of the compound. Notably,
the thermal stability of GdPO4 · nH2O with the rhabdophane structure is higher than that of LaPO4 · nH2O (∼733 ◦C
versus ∼601 ◦C). However, the onset temperature for the dehydration of GdPO4 · nH2O at the second stage of mass loss
is lower than that of LaPO4 · nH2O (∼160 ◦C versus ∼200 ◦C), and the number of water molecules per formula unit is
greater in LaPO4 · nH2O (n=0.72) than in GdPO4 · nH2O (n=0.62).
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