
 

ISSN 1087-6596, Glass Physics and Chemistry, 2007, Vol. 33, No. 2, pp. 169–173. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © A.V. Osipov, L.P. Mezentseva, I.A. Drozdova, S.K. Kuchaeva, V.L. Ugolkov, V.V. Gusarov, 2007, published in Fizika i Khimiya Stekla.

 

169

 

INTRODUCTION

Considerable recent progress in modern engineering
has been made to a large extent owing to the develop-
ment of new materials and their introduction into full-
scale production. Among the new materials, which
have appeared, the phosphate-based compounds
occupy a highly important place, primarily because
they have found a wide use in fabricating protective
coating, cements, high-temperature ion-exchangers,
laser media, phosphors, etc. [1–3]. Moreover, ceramics
based on rare-earth phosphates are considered promis-
ing materials for immobilization of radioactive wastes
[4]. Preparation of the above materials involves a num-
ber of problems that can be solved by changing over to
novel technologies based on utilizing nanopowders.

Nanocrystals have often been synthesized using var-
ious modifications of the sol–gel method. Analysis of
the data presented in [1–3, 5] has demonstrated that
hydrated orthophosphates of rare-earth elements (REE)
and their solid solutions are formed at a stoichiometric
ratio of interacting components (

 

Ln

 

2

 

O

 

3

 

 and NH

 

4

 

H

 

2

 

PO

 

4

 

or H

 

3

 

PO

 

4

 

) in an aqueous solution in the form of stable
colloids that coagulate at pH 

 

≈

 

 7.

Rare-earth orthophosphates 

 

Ln

 

PO

 

4

 

 can be divided
into two structural subgroups. The first subgroup
involves compounds of elements from La to Dy, which
crystallize in the hexagonal crystal system upon precip-
itation from aqueous solutions and contain from 0.5 to
3.0 H

 

2

 

O molecules per formula unit. These compounds
are analogs of the natural mineral rhabdophanite. Upon
heating, they lose water and transform into the mono-
clinic form of the monazite-type mineral [1–3, 5, 6].
Orthophosphates of rare-earth elements from Ho to Lu,
as well as Y and Sc, usually crystallize in the tetragonal
structure of the natural mineral xenotime and, after pre-

cipitation, contain approximately two water molecules
[1–3, 5].

The dehydration of REE orthophosphates (REE =
Ho–Lu, Y, Sc) proceeds in the temperature range 150–
450

 

°

 

C with the complete removal of water. According
to the data presented in [1–3, 5, 6], the dehydration does
not bring about structural transformations; i.e., the
compounds retain the xenotime structure. The data
reported in [1–4] indicate that the tetragonal structure is
formed by chains consisting of lanthanide polyhedra

 

Ln

 

O

 

8

 

 alternating with phosphate groups PO

 

4

 

. In each
chain, the coordination polyhedra of rare-earth ions are
joined together through edges of the PO

 

4

 

 tetrahedra and
the chains themselves are arranged along the 

 

a

 

–

 

c

 

 diag-
onal. Each of these chains is transversely linked to four
adjacent REE–O bonds, which are strictly perpendicu-
lar to the direction of the chains.

Mezentseva et al. [7, 8] described the phase dia-
grams of 

 

Ln

 

2

 

O

 

3

 

–P

 

2

 

O

 

5

 

 binary systems and determined
the mutual solubility of components in the LaPO

 

4

 

–
NdPO

 

4

 

 and LaPO

 

4

 

–YbPO

 

4

 

 systems.

In [9–11], it was demonstrated that, as the size of
crystals decreases to nanometers, their structure can
undergo a transformation and the ability of components
to mutual solubility can change. In this respect, it was
of interest to investigate the influence of the particle
size on the structure and phase transformations of crys-
tals and on the mutual solubility of the initial compo-
nents.

In this work, we investigated the formation of
nanocrystals in the YPO

 

4

 

–LuPO

 

4

 

–H

 

2

 

O system, in
which mixed crystals are formed from yttrium and lute-
tium orthophosphates. Both orthophosphates belong to
the same structural type (space group 

 

I

 

41/

 

amd

 

);
however, they have different unit cell parameters
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—Nanocrystals of yttrium lutetium phosphates of the general formula Y

 

1 – 

 

x

 

Lu

 

x

 

PO

 

4

 

 · 

 

n

 

H

 

2

 

O are syn-
thesized. The temperature dependence of the nanocrystal size is investigated in the range 200–1100

 

°

 

C. The for-
mation of a series of continuous solid solutions belonging to the tetragonal crystal system is revealed, and the
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(YPO

 

4

 

: 

 

a

 

 = 6.885 Å, 

 

c

 

 = 5.982 Å, 

 

V

 

 = 143.37 Å

 

3

 

 [12];
LuPO

 

4

 

: 

 

a

 

 = 6.7938 Å, 

 

c

 

 = 5.9582 Å, 

 

V

 

 = 137.5 Å

 

3

 

 [13]).

SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

Yttrium and lutetium orthophosphates and mixed
crystals based on these compounds were prepared from
the following initial materials: Y

 

2

 

O

 

3

 

 (ItO–Lyum OST
48-4-191-72), Lu

 

2

 

O

 

3

 

 (LyuO-D OST 48-207-81),
monosubstituted ammonium phosphate (special-purity
grade), nitric acid (special-purity grade), aqua ammo-
nia (special-purity grade), and distilled water.

Phosphate samples were synthesized through pre-
cipitation with NH

 

4

 

H

 

2

 

PO

 

4

 

 at room temperature and
pH 

 

≈

 

 7 from solutions of yttrium and lutetium nitrates
prepared by the dissolution of the corresponding oxides
in nitric acid. The precipitates were kept in the mother
liquor for 24 h, washed by decantation, filtered off, and
dried at a temperature of 110

 

°

 

C in air.
X-ray powder diffraction analysis was performed

using X-ray powder diffraction patterns recorded on a
Siemens D-500HS X-ray diffractometer (Germany)
and a DRON-3 diffractometer (Cu

 

K

 

α

 

 radiation).

The nanoparticle size was determined from the
broadening of the diffraction peaks according to the
Scherrer formula and with the use of transmission elec-
tron microscopy on an EM-125 electron microscope
(

 

U

 

acc

 

 = 75 kV).

The thermal behavior of the samples was examined
by differential scanning calorimetry (DSC) and thermal
gravimetry (TG). The investigations were carried out
on an STA 429 (NETZSCH) calorimeter. The onset of
the thermal effect was determined from the intersection
of the tangents to the base line of the DSC curve and to
the branch of the thermal peak.

The kinetics of nanocrystal growth was investigated
under annealing–quenching conditions with the subse-
quent determination of the particle size by the above
methods. Heat treatment of pelleted samples was per-
formed in air at temperatures in the range 200–1100

 

°

 

C
with isothermal holding for 1 h.

RESULTS AND DISCUSSION

Orthophosphates of the general formula
Y

 

1 

 

−

 

 

 

x

 

Lu

 

x

 

PO

 

4

 

 · 

 

n

 

H

 

2

 

O (

 

x

 

 = 0.0, 0.25, 0.50, 0.75, 1.00)
were synthesized by the technique described above.
The data obtained from X-ray powder diffraction
(Fig. 1, curve 

 

1

 

) and transmission electron microscopy
(Fig. 1, curve 

 

2

 

) indicate that the sizes of Y

 

1 – 

 

x

 

Lu

 

x

 

PO

 

4

 

 ·

 

n

 

H

 

2

 

O orthophosphate particles are of nanometer scale.
Moreover, according to electron microscopy, the sam-
ples under investigation contain both nanoparticles in
the form of thin plates that are isometric in the devel-
oped plane and a great amount of sufficiently large
agglomerates of nanoparticles.

Figure 2 presents the data obtained by the DSC and
TG methods. The DSC curve of the YPO

 

4

 

 · 

 

n

 

H

 

2

 

O sam-
ple is characterized by four thermal effects. The onset
of the first (endothermal) effect is observed at a temper-
ature of 79

 

°

 

C, whereas the following three (exother-
mal) effects begin to manifest themselves at tempera-
tures of 365, 613, and 665

 

°

 

C, respectively. The endot-
hermal effect is accompanied by a considerable weight
loss of the sample (Fig. 2, curve 

 

1

 

'). Note that the char-
acter of the first thermal effect remains virtually
unchanged as the concentration of Lu

 

3+

 

 ions in mixed
crystals increases (Fig. 2). The onset of the exothermal
effects shifts as the lutetium concentration increases. It
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Fig. 1.

 

 Dependences of the nanoparticle size on the lutetium
concentration 

 

x

 

 in the Y

 

1 – 

 

x

 

Lu
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PO

 

4

 

 · 
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H

 

2

 

O samples accord-
ing to (

 

1

 

) X-ray powder diffraction and (

 

2

 

) electron micros-
copy.

  

10008006004002000

E
nd

ot
he

rm
al

 e
ff

ec
t

 

80

79

365

570

610

680
629

679
627

613
665

78

79

79

 

5

4

3

2

1

T

 

, 

 

°

 

C

 

1

 

'

 

Fig. 2.

 

 DSC curves for the Y

 

1 – 

 

x

 

Lu

 

x

 

PO

 

4

 

 · 

 

n

 

H

 

2

 

O samples at
lutetium concentrations 

 

x = (1) 0.0, (2) 0.25, (3) 0.50,
(4) 0.75, and (5) 1.00. (1') TG curve for the YPO4 · nH2O
sample.
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is worth noting that two of the three exothermal peaks,
which are observed at higher temperatures, merge into
a more extended peak with the onset at 610°C for the
sample of the composition Y0.75Lu0.25PO4 · nH2O and at
570°C for LuPO4.

The number of water molecules per formula unit of
the orthophosphate was determined from the data on
the weight loss of the samples (Fig. 3). It follows from
the results obtained that the highest water content cor-
responds to the Y1 – xLuxPO4 · nH2O nanocrystals at x =
0.5–0.8. This correlates with their sizes (Fig. 1), which
are smaller as compared to nanocrystals of the other
compositions, and, consequently, with the larger spe-
cific surface and, therefore, with the higher adsorption
capacity.

Figure 4 shows the dependences of the particle size
D on the temperature of annealing for 1 h. A compari-

son of the data presented in Figs. 2 and 4 allows us to
conclude that the exothermal peaks in the DSC curves
are associated with the crystallization of precipitated
products. This process is accompanied by an increase in
the nanocrystal sizes in the temperature range corre-
sponding to the exothermal effects. The weak exother-
mal effects observed in the temperature range 365–
445°C, can also be attributed to the change in the mor-
phology of crystals from thin nanoplates, which are
formed upon the nucleation and growth of nanoparti-
cles, to rounded grains in pelleted samples [14].

The X-ray powder diffraction patterns shown in
Figs. 5 and 6 indicate the existence of a continuous
series of solid solutions between the yttrium and lute-
tium orthophosphates over the entire temperature range
200–1100°C. These solid solutions belong to the tetrag-
onal crystal system.
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Fig. 3. Dependence of the number of water molecules n in
the Y1 – xLuxPO4 · nH2O nanocrystals on the lutetium con-
centration x.
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Fig. 4. Dependences of the particle size D on the annealing
temperature (τ = 1 h) for the Y1 – xLuxPO4 · nH2O samples
at lutetium concentrations x = (1) 0.0, (2) 0.25, (3) 0.50, (4)
0.75, and (5) 1.00.
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Fig. 5. X-ray powder diffraction patterns of the Y1 – xLuxPO4 · nH2O precipitates at lutetium concentrations x = (1) 0.0, (2) 0.25,
(3) 0.50, (4) 0.75, and (5) 1.00.
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The analysis of the dependences of the nanocrystal
size on the annealing temperature (Fig. 4) revealed two
characteristic temperatures, namely, T1 = 500°C and
T2 = 900°C, at which the growth rate of nanoparticles
increases abruptly. This phenomenon is most likely
explained by the activation of mass transfer over the
surface and throughout the bulk of nanoparticles at
these temperatures. The data obtained indicate that
these temperatures depend weakly on the concentra-
tions of components in the series Y1 – xLuxPO4.

CONCLUSIONS

Thus, nanocrystals of yttrium lutetium phosphates
of the general formula Y1 – xLuxPO4 · nH2O (x = 0.0,
0.25, 0.50, 0.75, 1.00) were synthesized. It was estab-
lished that, in the temperature range 200–1100°C,
yttrium lutetium orthophosphates form a continuous
series of solid solutions belonging to the tetragonal
crystal system. The structural state of the solid solu-
tions was found to be independent of the particle size,
at least, in the range from 6–8 to 40–80 nm. It was
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Fig. 6. X-ray powder diffraction patterns of the Y1 – xLuxPO4 · nH2O samples at lutetium concentrations x = (1) 0.0, (2) 0.25,
(3) 0.50, (4) 0.75, and (5) 1.00 after annealing at temperatures of (a) 500, (b) 850, and (c) 1100°C.
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revealed that there are two characteristic temperatures,
namely, 500 and 900°C, at which the nanocrystal size
increases abruptly.
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