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Abstract

Peculiarities of genesis of the structure and texture of apatite-type lanthanum silicates, both undoped and doped with aluminum, in the course
of co-precipitation followed by sediment thermal treatment were elucidated by using a combination of methods including thermal analysis, XRD,
IR spectroscopy, low-temperature adsorption of nitrogen, 27Al and 29Si MAS NMR spectroscopy and TEM with EDX analysis. An amorphous
lanthanum silicate with the short-range ordering typical for ortho-diorthosilicate was shown to be formed in the course of precipitation, while its
crystallization proceeds via rearrangement of the polymeric structure of primary particles during subsequent thermal treatment.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Apatite-type silicates of rare earth elements known for a long
time as structural analogs of Ca10(PO4)6F2 fluoroapatite [1–7]
are considered as promising materials for such applications as
matrix for radioactive waste immobilization, lasers and phos-
phors [2,7–14]. Recently, Peng reported that La9.33(SiO4)6O2:
Ln3þ (Ln=Ce, Eu, Tb) microfibers can provide green and red
emission as dependent upon the nature of doping ions, which
makes these materials potentially attractive for applications in
field emission displays [9]. Li's photoluminescence studies
showed that Ca2(1�x)La7.6þ x(SiO4)6O2:Eu0.4-based phosphors
could be readily excited by near-UV (387 nm) irradiation, which
makes them promising red-emitting materials for commercial
near-UV LED-pumped white light emitting diodes, with Liþ
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doping resulting in remarkably enhanced photoluminescence
performance of these solids [11].
In mid-1990s Nakayama discovered a promising level of

oxygen ion conductivity of apatite-type rare earth silicates in
the temperature range of 600–700 1C [15,16], and over the past
twenty years these materials, particularly lanthanum silicates,
have attracted a lot of research interest [17,18]. Numerous
studies of structure and transport properties of these com-
pounds demonstrated that their high ion conductivity is
associated with the presence of cation vacancies and/or
interstitial oxygen atoms in the hexagonal apatite structure,
while the structure tolerance to isomorphous substitutions
allows to vary the density of defects and, thus, to modify their
transport properties [17–27]. Both lanthanum substitution and
especially doping on the silicon site with lower valence cations
(Ga3þ , Al3þ , Fe3þ ) help to increase the oxygen ion con-
ductivity of apatite-type lanthanum silicates making them
promising as solid electrolytes for intermediate temperature
SOFCs [18,23–26].
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Over the recent years apatite-type lanthanum silicates also
attracted a lot of interest as catalysts of redox reactions [28–
33]. For instance, papers by Nakata group demonstrate that the
use of apatite-type lanthanum silicates as a support instead of
γ-Al2O3 ensures higher catalytic activity of platinum catalysts
in NOx selective reduction by propylene as well as in C3H6

oxidation in mixtures containing C3H6, NO and O2 [28–31].
Lanthanum substitution by alkaline and alkali-earth elements
was shown to increase activity of such catalysts. Zhang et al.
demonstrated a high catalytic activity of La9.33(SiO4)6O2

lanthanum silicate with the apatite structure in the oxidative
coupling of methane [32]. Isomorphous silicon substitution by
aluminum in the apatite structure accompanied by a change in
its oxygen stoichiometry was shown to result in significant
increase of activity in the oxidative coupling of methane [33].

The conventional method of apatite-type rare-earth silicates
preparation is high-temperature solid-phase synthesis [3,5,7,
12,14–25]. However, this method does not allow controlling
textural characteristics and spatial uniformity of chemical and
phase composition of produced silicates playing a crucial role
in performance of functional ceramics, phosphor materials as
well as bulk or supported catalysts. Increased interest in silicon
oxyapatites as solid electrolytes and catalysts stimulated
research aimed at developing new methods of their prepara-
tion. In particular, a number of low-temperature methods were
suggested as alternatives to high-temperature solid-phase
synthesis, including methods based on condensation from
solutions, namely co-precipitation [34–36], various modifica-
tions of sol–gel method [37–45] as well as soft mechano-
chemical route [46–49]. Some interesting results on
preparation of lanthanum silicate by co-precipitation have
been published by Li and Yang [34,35]. Thus, Li et al.
demonstrated that dispersed powders of undoped lanthanum
silicate, which can be sintered into dense (relative density
495%) ceramics at 1300 1С, were successfully produced by
co-precipitation [34]. Yang et al. described modified co-
precipitation technique to synthesize undoped lanthanum
silicates based upon using aqueous ammonia solution with
polyethylene glycol (PEG) as dispersant additive, which was
believed to prevent particle agglomeration and help to obtain
finer powders than in the case of conventional co-precipitation
[35]. However, these studies contain rather formal and spec-
ulative description of the lanthanum silicates formation, with
the main conclusions being made considering characteristics of
samples calcined at temperatures above 800 1C [34,35].

In some publications, the effect of synthesis parameters
(H2O/Si ratio, concentration of acid and TEOS, sintering
temperature [39]; molar ratio of NO�

3 ions to citric acid and
ethylene glycol in the solution [44]; pH of a solution [45]) on
the phase composition of undoped apatite-type lanthanum
silicate powders produced by precipitate/gel calcination was
considered, though genesis of their phase composition, struc-
ture and, especially, texture of materials at early stages of
synthesis has not been in general studied. Even such studies
are scarce in the case of doped apatite-type lanthanum silicates
attracting the most interest as solid electrolyte, phosphors,
supports and catalysts. Meanwhile, preparation of materials
with controlled chemical and phase composition, possessing
optimal specific surface area, porous structure and other
textural characteristics defined by specific operating conditions
requires understanding general physicochemical regularities at
each stage of the selected preparation method. Furthermore,
precursors (complexes, clusters, intermediate compounds)
determining the chemical and phase composition as well as
primary particles controlling specific surface and porous
structure of products are formed namely at the early stages
of synthesis [50–53]. Hence, studies aimed at elucidation of
general regularities of lanthanum silicate structure and texture
formation are required to ensure tailor-made design of known
and new materials (solid electrolytes, laser and phosphor hosts,
supports, and catalysts) as well as up-scaling of synthesis
process.
In the present paper, peculiarities of genesis of the structure

and texture of apatite-type lanthanum silicates, both undoped
and doped with aluminum, at early stages of synthesis by co-
precipitation were elucidated by using a complex of physico-
chemical methods, including XRD, IR spectroscopy, thermal
analysis, low-temperature adsorption of nitrogen, 27Al and 29Si
MAS NMR spectroscopy, and TEM with EDX analysis.

2. Experimental

2.1. Sample preparation

Undoped La10�x(SiO4)6O3–3x/2 (x=0; 0.67; 0.33) and
aluminum-doped La10�yþx/3(SiO4)6�x(AlO4)xO3�3у/2

(x=0.25; 0.5; 1; y=0.33; 0.67) samples were produced using
techniques described by Li for synthesis of an undoped sample
[34]. TEOS (EKOS–1, 99.1%) and water solutions of lantha-
num and aluminum nitrates prepared using La2(CO3)3 � 8H2O
(VEKTON, 99.0%) or La(NO3)3 � 6H2O (VEKTON, 99.0%)
and Al(NO3)3 � 9H2O (VEKTON, 99.0%), respectively, were
used as reagents for lanthanum silicates synthesis. In the case
of aluminum-doped samples, at first a stoichiometric amount
of aluminum nitrate water solution was added to the prepared
lanthanum nitrate solution. Ethanol and TEOS were added to
water solution of lanthanum nitrate or a mixed solution of
lanthanum and aluminum nitrates. The volume ratio of Н2O:
C2H5OH was 1:4; lanthanum concentration was 0.4 mol/l.
Thus prepared mixed solution was added to aqueous ammonia
solution (pH¼9–12) under constant stirring. A white residue
was filtered under vacuum, washed three times with distilled
water and three times with ethanol, dried at 80 or 120 1С for
12 h, and annealed in the air at different temperatures.

2.2. Methods of sample characterization

Samples were studied by methods of low-temperature
adsorption of nitrogen, thermogravimetry (TG) and differential
scanning calorimetry (DSC), X-ray phase analysis (XRD),
infra-red (IR) spectroscopy and transmission electron micro-
scopy (TEM) with elemental analysis by energy-dispersive X-
ray spectroscopy (EDX). Low-temperature adsorption of
nitrogen was carried out using specific surface and porosity



Fig. 1. Typical data of thermal analysis of the precipitate dried in air at 120 1С
(a) as well as mass-spectrometric analysis of gas phase during the thermal
analysis (b) exemplified by those of the sample corresponding to the
stoichiometry of La9.83(SiO4)5.5(AlO4)0.5O2.5.
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analyzer TriStar 3020 (“Micromeritics”, USA). Specific sur-
face area was calculated by BET method. To minimize
variation of the hydrogel structure under the action of capillary
forces, which accompany hydrogel transformation to xerogel,
drying was carried out in a rapid mode after changing the
water–ethanol mother solution to ethanol.

TG and DSC of xerogel were carried out using NETZSCH
STA 449C. Analysis was performed in the flow of O2/N2,
within the temperature range from 20 to 1000 1С; heating rate
was 10 1C/min. Al2O3 crucibles were used for analysis.

XRD was performed with XRD-6000 (Shimadzu, Japan)
and MiniFlex 600 (Rigaku, Japan) X-ray diffractometers using
CuKα radiation (40 kV; 30 and 15 mA, respectively). Scan-
ning was carried out within the angle range of 10–701 (2θ)
using scan step of 0.021. An intrinsic experimental broadening
of peaks was estimated using a silicon powder standard. Phase
composition of samples was determined using PDF-4 and
PCPDFWIN databases, as well as full-profile analysis program
POWDER CELL 2.4. The X-ray crystal size DXRD and strain
density were calculated using Williamson–Hall method.

IR spectra of samples were registered by IR Fourier
spectrometer Nicolet 6700 equipped with Smart Orbit™
diamond ATR accessory (Thermo Scientific, USA) using
single-beam optical scheme and built-in Michelson interfe-
rometer. Spectra were obtained within the range of 400–
4000 cm�1 with resolution of 4 cm�1.

TEM studies were performed on a JEM-2010 microscope
with EDX Phoenix Spectrometer equipped with Si (Li)
detector.

27Al MAS NMR and 29Si MAS NMR data were collected
using a Bruker Avance-400 spectrometer operating at
104.2 MHz (νr¼15 kHz, 25 1C) and 79.4 MHz (νr¼6 kHz,
25 1C), respectively. WVT-4 MAS probe was used, with the
outer diameter of the rotor being 4 mm. 29Si and 27Al chemical
shifts are referred to external SiMe4 and Al H2Oð Þ3þ6 standards,
respectively.

3. Results

Genesis of the local structure, phase composition and
textural characteristics of lanthanum silicate in the course of
synthesis was studied for undoped samples with stoichiometry
of La10�x(SiO4)6O3�3x/2, x¼0; 0.67; 0.33 and samples doped
by aluminum corresponding to a stoichiometry of La10�yþ x/

3(SiO4)6�x(AlO4)xO3–3у/2, x¼0.25; 0.5; 1; y¼0.33; 0.67.

3.1. Thermal analysis data

Fig. 1 represents typical data of thermal analysis and
respective mass-spectrometric (MS) analysis of the gas phase
composition for the precipitate dried in air at 120 1C. Gravi-
metric curves of both unmodified and aluminum-modified
samples are similar to the one presented by Li et al. for
undoped lanthanum silicate [34] and characterized by the
weight loss during heating up to �800 1C in the air flow,
with an essential weight loss occurring in several steps
between 25 and 600 1C. According to the MS data, the mass
change of the sample is caused by removal of water and CO2

(Fig. 1b). In particular, in the temperature range of 20–325 1C,
the mass change is mainly caused by the elimination of water
with the maxima at 114, 190 and 320 1C. In the temperature
range of 320–450 1C, the mass change is due to both
elimination of water (peak with the maximum at 372 1C in
the corresponding MS curve) and CO2 (peak with the max-
imum at 376 1C in the MS-curve with m¼44). In the
temperature range of 650–840 1C, the mass change is caused
by the continuous water removal accompanied by the CO2

evolution (peak with maximum at 787 1C in the corresponding
MS curve).
The mass change is accompanied by the endothermic effect

in the temperature range of 20–160 1C and exothermic effect in
the temperature ranges of 160–520 1C and 860–920 1C.
According to Li, a broad exothermic peak below 600 1C
indicates interaction of La(OH)3 and SiO2 to form amorphous
oxy-apatite phase, while the exothermic effect in the range of
860–920 1C, which is not accompanied by significant change
of sample mass, is associated with the phase transition from
amorphous to crystalline phase of silicate with the apatite
structure [34]. The latter was confirmed by XRD results.
However, Li's suggestion on the nature of the exothermic
effect below 600 1C, which imply the absence of component
interaction during co-precipitation and emergence of primary
particles of individual hydroxides/oxides, was not properly
justified.



Fig. 2. Typical X-ray diffraction patterns of La9.83(SiO4)5.5(AlO4)0.5O2.5

sample annealed at different temperatures (a) and undoped
La10�х(SiO4)6O3�3x/2 samples (x¼0, 0.33, 0.67) calcined at 1100 1C for 3–
8 h (b). n – La2O3; ↓– La2SiO5.
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3.2. X-ray diffraction data

The typical X-ray patterns of samples calcined at different
temperatures are presented in Fig. 2a. According to XRD data,
the precipitate dried at 120 1C is X-ray amorphous (X-ray
diffraction pattern is not given for brevity). Precipitate anneal-
ing at temperatures below 800 1C does not lead to crystalline
phase formation. However, formation of crystalline phase of
lanthanum silicate with the apatite structure is observed after
sample annealing at 800 1C for 3 h or at 900 1C (Fig. 2a), with
X-ray particle sizes DXRD of the crystalline lanthanum silicate
estimated from broadening of diffraction peaks amounted to
about 27–48 nm (Table 1). Hence, in accordance with the
thermal analysis data, XRD data confirm crystallization of
lanthanum silicate with the apatite structure above 800 1C. The
sample calcination at higher temperatures results in further
apatite lattice ordering, X-ray particle size being equal to about
56–81 nm after 1000 1C and 110–134 nm after 1100 1C.

It is noteworthy that some secondary phases can also be
formed during sample crystallization depending on sample
stoichiometry as well as temperature and duration of its
calcinations, which seems to be caused by the components
segregation at domain boundaries of the apatite-type lantha-
num silicates [21,27,48]. All prepared crystalline samples with
the stoichiometry corresponding to the composition within the
range of the homogeneous apatite-type phase existence such as
La9.33(SiO4)6O3, La9.83(SiO4)5.5(AlO4)0.5O2.5, La9.42(SiO4)5.75
(AlO4)0.25O2, are single phases (Fig. 2a and b, Table 1).
However, La2O3 or La2SiO5 are present in samples with the
stoichiometry corresponding to the composition outside the
homogeneity range. Thus, La10(SiO4)6O3 sample calcined at
1000 1C or 1100 1C contains some admixture of La2O3 or
La2SiO5 phases, respectively (Fig. 2b, Table 1), which is in
agreement with literature data [21,27]. There are traces of
La2O3 phase in La9.67(SiO4)6O3 sample calcined at 1100 1C
for 3 h (Table 1), with the sample composition being close to
the boundaries of the region of the homogeneous apatite-type
phase existence in the La2O3–SiO2 system [21,27]. A pro-
longed sample calcination at 1100 1C or its calcination at
higher temperatures should apparently result in La2SiO5 phase
formation instead of lanthana [34]. It is interesting that La2O3

phase formation precedes appearance of La2SiO5 phase during
lanthanum silicates crystallization from precipitate, which was
also observed by Li [34]. This implies a sequential mechanism
of their formation. However, no crystalline phase of a lanthana
precursor (lanthanum hydroxide or lanthanum carbonate) has
been detected in the sample. This can be explained either by an
amorphous state of the lanthana precursor or by a decomposi-
tion of nonstoichiometric lanthanum silicate with segregation
of the lanthanum excess as La2O3 phase.

3.3. Local structure evolution according to IR spectroscopy
data

IR spectra of the precipitate dried at 120 1С and then
calcined at different temperatures, along with those of
precipitate dried at 80 1С, La(OH)3 and silica gel prepared
by precipitation under the same conditions and dried at 120 1C
are presented in Fig. 3.



Table 1
Some characteristics of samples prepared.

Sample T
(1C)

Phase
composition

DXRD,
nm

Δd/d DBET,
nm

La9.33(SiO4)6O2 120 Amorphous – – 6.4
800 Apatite 45 3.8 � 10�4 34
900 Apatite 48 7.4 � 10�4 85
1000 Apatite 62 5.0 � 10�4 113
1100 Apatite 119 4.4 � 10�4

–

La9.83(SiO4)5.5(AlO4)0.5O2.5 120 Amorphous – – 6.4
800 Apatite 27 9.3 � 10�4 38
900 Apatite 32 7.1 � 10�4 93
1000 Apatite 81 5.4 � 10�4 231
1100 Apatite 117 1.4 � 10�4

–

La9.42(SiO4)5.5(AlO4)0.25O2 1000 Apatite 73 4.8 � 10�4 90
La10(SiO4)5(AlO4)O2.5 1000 Apatite 56 9.7 � 10�4 241
La9.67(SiO4)6O2.5 1100 Apatite,

La2O3 (1 wt
%)

134 3.2 � 10�4
–

La10(SiO4)6O3 1100 Apatite,
La2SiO5 (8 wt
%)

110 4.8 � 10�4
–

Fig. 3. IR spectra of La9.83(SiO4)5.5(AlO4)0.5O2.5 (black spectra unless
otherwise specified) and La9.33(SiO4)6O2 (gray spectra) samples dried in air
at 80 and 120 1С and annealed at different temperatures, as well as La(OH)3
and silica gel dried in air at 120 1С.
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Lanthanum hydroxide La(OH)3 is formed in the course of
precipitation from the water–alcohol solution of lanthanum
nitrate, which is revealed by intense absorption bands at 643
and 3607 cm�1 in the corresponding spectrum [54]. Along
with absorption bands typical for La(OH)3, the spectrum also
contains bands in the range of 3000–3600 cm�1 and at
1600 cm�1 typical for O–H bond vibrations in adsorbed water
as well as bands in the ranges 697–730 cm�1, 820–855 cm�1

and 1200–1400 cm�1 typical for C–O bond vibrations in the
CO3 group of lanthanum oxycarbonate La2O2CO3 [55,56],
which is due to its formation by interaction of lanthanum
hydroxide with СО2 in humid air. Stable to aggregation
opalescent sol is formed under the same conditions from
water–alcohol–TEOS solution. Absorption bands typical for
silica are presented in the IR spectrum of this sample dried at
120 1C [7].
IR spectra of precipitate obtained from the water–alcohol

solution of lanthanum nitrate and TEOS dried at both 80 and
120 1C contain absorption bands with maxima at 965 and
498 cm�1, which can be assigned to Si–O bond vibrations in
isolated SiO4 tetrahedra [7,57,58]. The absorption bands are
broadened, which implies a strong structure disordering of
silicate compound formed. It is noteworthy that typical Si–O
bond vibrations in the isolated SiO4 tetrahedra are situated at
900–920 cm�1 [7,57,58]. The shift of the Si–O band position
to 965 cm�1 can be caused by strong disordering of the local
structure of SiO4 tetrahedra as well as the presence of some
isolated Si2O7 groups along with SiO4 ones in the precipitate
[7,57,58], but their identification is not possible due to the
band broadening. At the same time, the absence of absorption
bands in the region of 1000–1300 cm�1 reveals that groups
containing more than two connected silicate tetrahedrons are
not formed. Besides, absorption bands typical for silica (bands
at 464, 552, 799, 950, 1093 and 1180 cm�1) [58] as well as
lanthanum hydroxide (bands 643 and 3610 cm�1) or lantha-
num oxide (bands in the range of 400–600 cm�1) [54] are not
observed in the spectrum (even for samples with the stoichio-
metry corresponding to the composition outside the range of
the homogeneous apatite-type phase existence, such as
La10(SiO4)6O3 (spectra not shown for brevity)). Therefore,
IR spectroscopy data indicate that amorphous lanthanum
silicate with the short-range ordering typical for the orthosili-
cate (silicate containing only isolated SiO4 tetrahedrons) or
ortho-diorthosilicate (silicate containing mainly isolated SiO4

tetrahedrons and some Si2O7 groups), to which apatite-type
lanthanum silicates belong, is formed already at the stages of
co-precipitation, ageing and drying of the precipitate formed.
Along with absorption bands of Si–O in the isolated SiO4

tetrahedrons, the spectrum of dried samples also contains
bands in the range of 697–730 cm�1, at 820–855 cm�1 and
in the range of 1200–1400 cm�1 typical for C–O bond
vibrations in the CO3 group of lanthanum oxycarbonate
La2O2CO3 [55] as well as bands in the range of 3000–
3600 cm�1 and at 1600 cm�1 typical for O–H bond vibrations
in the water adsorbed at the sample surface.
Unfortunately, due to strong broadening of absorption bands

in the spectrum, relatively small amount of aluminum in the
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sample and overlapping of bands of Al–O and Al–O–M bonds
(M¼H, Si, La) with those of Si–O, C–O and ОН bonds [7,58],
it is difficult to say anything about the state of aluminum in the
precipitate of aluminum-doped sample. In general, observed IR
spectra of precipitates in the case of undoped and aluminum-
doped samples are similar up to 700 1С of calcination
temperature.

According to IR spectroscopy data, subsequent thermal
treatment of precipitate at 300–1000 1C leads to water removal
and decomposition of carbonates. Thus, reduction of the
intensity of absorption bands of O–H bond vibrations in water
molecules, as well as reduction of intensity and change of
profile (in the range of 1200–1400 cm�1) of bands of C–O
bond vibrations in the CO3 group can be observed in the
spectrum of sample calcined at 300 1C (Fig. 3). In the Si–O
bond vibration region, the shift of absorption bands corre-
sponding to ν3 Si–O bond vibrations in the regular isolated
SiO4 tetrahedra to the region of smaller wave number values is
observed, which points to silicate structure ordering and/or
disappearance of Si2O7 groups.

In the spectrum of sample calcined at 700 1C, two absorption
bands at 507 and 917 cm�1 corresponding respectively to ν4 and
ν3 Si–O bond vibrations in the regular isolated SiO4 tetrahedra are
mainly observed. Absorption bands in the range of 698–850 cm–1

of ν2 and ν4 C–O bond vibrations in the CO3-group disappear,
and two symmetrical bands typical for monodentate carbonate
groups on the oxide surface are present in the range of 1200–
1400 cm�1. At the same time in the case of aluminum-modified
sample, intense absorption band with maximum at 917 cm�1 gets
a shoulder in the range of 698–850 cm�1 that should be assigned
to Al–O vibrations in the isolated AlO4 tetrahedra in the apatite-
type silicate structure [46].

Sample annealing at higher temperatures results in increased
intensity and splitting of absorption bands in the range of Si–O
and Al–O bond vibrations in the isolated SiO4 and AlO4

tetrahedra, respectively. This is caused by further ordering of
orthosilicate structure resulting in formation of crystalline
apatite-type lanthanum silicate accompanied by splitting of
degenerate Si–O mode (ν3, ν4) and appearance of forbidden
Si–O mode (ν1, ν2) as a result of reduction of Td symmetry in
SiO4 to Cs in silicate apatite structures characterized by the
presence of genetic defects (cation vacancies or interstitial
oxide ions) [7,57,58].

Generally, according to IR spectroscopy data, the long-range
ordering of the lanthanum silicate structure occurs during the
precipitate calcination. Thereupon, it is interesting to note that
the intermediate and final products of the xerogel thermal
treatment in whole retain a “memory” about the initial
amorphous orthosilicate structure.

3.4. Local structure evolution according to 27Al and 29Si MAS
NMR spectroscopy data

To clarify the features of the formation of aluminum-doped
lanthanum silicates, the evolution of the silicon and aluminum
local structure was additionally studied by 29Si and 27Al MAS
NMR spectroscopy, respectively, for the sample La9.83(SiO4)5.5
(AlO4)0.5O2.5. Corresponding
29Si and 27Al MAS NMR spectra

of the sample dried at 80 1С and calcined at 300, 500 and 800 1С
are presented in Fig. 4, with some spectra parameters being
presented in Table 2.

29Si MAS NMR spectra, especially those of samples
calcined at 80–500 1C, are characterized by broad lines and a
low value of signal to noise ratio due to a low 29Si isotope
content (o0.37 wt%) and amorphous state of samples leading
to a broad range of Si states in sample due to variation of their
local atomic environment. Nevertheless, they provide addi-
tional information about evolution of the local silicon environ-
ment at the initial stages of synthesis. In the 29Si MAS NMR
spectrum of the sample dried at 80 1С, a broad peak is
observed in the range of � (73–89) ppm (Fig. 4a). According
to the spectrum deconvolution, this peak is a superposition of
two lines with chemical shifts δ¼�78 ppm and δ¼�83 ppm
and intensity ratio of 3/2, corresponding to SiO4 tetrahedra of
Q1 and Q0 types, respectively (Table 2) [48,59,60]. The
presence of SiO4 tetrahedra of Q

1 type in the xerogel spectrum
is in agreement with IR spectroscopy data and confirms the
presence of some Si2O7 groups along with SiO4 ones in the
initial precipitate formed. There is no peak in the range of
� (90–130) ppm, which, in turn, confirms the absence of more
condensed silicate tetrahedrons.
The sample calcination at 300–500 1C results in decrease of

the signal at δ=�83 ppm, typical for SiO4 tetrahedra of Q1

type, up to its disappearance (Table 2). Thus, the intensity ratio
of the peaks with chemical shifts at δ¼�78 ppm and
δ¼�83 ppm is 7/3 in the spectrum of sample calcined at
300 1C, while there is only one broad peak at δ¼�78 ppm in
the spectrum of sample calcined at 500 1C. In the 29Si MAS
NMR spectrum of the crystalline sample treated at 800 1С,
only one intense narrow peak at δ¼�77.0 ppm corresponding
to SiO4 tetrahedra of Q0 type is observed as well, with peak
narrowing and shifting to be caused by sample crystallization.
This is also in accordance with IR spectroscopy data, which
indicate the presence of only isolated SiO4 tetrahedra in
samples treated at 500–800 1C.
In the 27Al MAS NMR spectrum of sample dried at 80 1С,

two intense peaks with δ¼6.3 ppm and δ¼56.3 ppm corre-
sponding to octahedral AlO6 and tetrahedral AlO4 units as well
as a low-intensity peak with δ¼32 ppm, which can be
assigned to five-coordinated AlO5 units, are present [59,61].
Following Iuga, who carried out a detailed study by means of
27Al MAS NMR and XRD methods of the amorphous and
crystalline lanthanum–aluminates of the composition (1�x)
Al2O3 � xLa2O3 (0oxo0.7) prepared by sol–gel synthesis
[61], one can conclude that aluminum is incorporated in the
structure of the amorphous precursor formed in the course of
co-precipitation followed by the residue drying at 80 1C, with
the four-, five- and six-coordinated units being formed by
OH� and O2� ions as well as water molecules. The presence
of low-coordinated aluminum atoms already in xerogel dried at
80 1C, in contrast to the calcination temperature range of 300–
600 1C required for this phenomenon in the case of La–Al–O
sol–gel samples as noted by Iuga [61], indicates the interaction
of the component during precipitation and drying stages.



Fig. 4. 29Si MAS NMR (a) and 27Al MAS NMR (b) spectra of
La10�x(SiO4)5.5(AlO4)0.5O2.75�3x/2 sample dried in air at 80 1С and annealed
at 300, 500 and 800 1С.

Table 2
29Si MAS NMR and 27Al MAS NMR data.

Treatment
temperature (1C)

Si species Al species

Coordination δ
(ppm)

I
(%)

Coordination δ
(ppm)

I
(%)

80 Q0 �78 60 AlO6 6.3 40
Q1 �83 40 AlO5 32 10

AlO4(A) 56.3 50
300 Q0 �78 70 AlO6 6.3 35

Q1 �83 30 AlO5 32 20
AlO4

(AþB)
59 45

500 Q0 �78 100 AlO6 6.3 20
AlO5 32 30
AlO4 (B) 61 50

800 Q0 �77 100 AlO4 76 100
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Taking into account the hydration effect observed by Iuga for
the amorphous samples treated at intermediate temperatures, it
can be also assumed that the six-coordinated AlO6 units
present in the xerogel are due to a part of four-coordinated
AlO4 units remain accessible to water molecules and may be
located at the surface of the primary particles forming the
amorphous precursor.
Subsequent thermal treatment of xerogel up to 500 1C

leading to its dehydration decreases the intensity of peak of
six-coordinated aluminum and increases that of penta-
coordinated aluminum, whereas peaks of four-coordinated
aluminum remains practically constant (Table 2). This is
accompanied by the shift of position of the peak corresponding
to tetrahedral AlO4 units to the weak field up to δ¼61 ppm. In
the 27Al MAS NMR spectrum of the crystalline sample
calcined at 800 1С, the only peak characterized by δ¼76 ppm
is observed, which corresponds to tetrahedral AlO4 units with a
great local tetrahedron distortion, typical for aluminum in
silicon sites in the apatite-type silicate structure [48].
The alteration of the peak corresponding to tetrahedral AlO4

units depending on the temperature of the sample treatment at
80–500 1C indicates that this peak is a superposition of two
peaks (Table 2). The former one (peak A), characterized by
δ¼56.3 ppm, corresponds to regular tetrahedral AlO4 units
formed during the precipitation followed by residue drying.
The latter one (peak B) characterized by δ¼61 ppm and great
local tetrahedron distortion is due to four-coordinated AlO4

sites formed during sample calcinations. In this respect, some
decrease of the intensity of peak corresponding to tetrahedral
AlO4 units observed at 300 1C (Table 2) can be caused by the
strong distortion of their coordination sphere, which may not
be seen in 27Al MAS NMR spectra of amorphous sample. The
relative proportion of the peaks A and B in the spectrum of
sample calcined at 300 1C is difficult to estimate. However,
according to the spectrum analysis, the peak A is practically
absent in the spectrum of sample calcined at 500 1C. The
further shift of the peak corresponding to tetrahedral AlO4



Fig. 5. Typical dependences of specific surface area (a) and specific volume of
pores (b) on calcination temperature exemplified by those of La9.33(SiO4)6O2

and La9.83(SiO4)5.5(AlO4)0.5O2.5 samples as well as corresponding pore size
distribution curves at different calcination temperatures exemplified by those of
La9.83(SiO4)5.5(AlO4)0.5O2.5 sample (c).
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units up to 76 ppm in the spectrum of sample calcined at
800 1C is caused by sample crystallization.

The formation of AlO4 units with the great local distortion
in the course of sample calcination is in good agreement with
IR spectroscopy data clearly indicating the appearance of the
absorption bands of Al–O vibrations in isolated AlO4 tetra-
hedra in the apatite-type silicate structure at 698–850 cm�1 in
the spectrum of the aluminum-doped sample calcined at
temperatures higher than 500 1C.

Therefore, according to 29Si and 27Al MAS NMR data, the
thermal treatment of xerogel at first results in ordering of the
amorphous precursor local structure by transformation of
Si2O7 groups into regular SiO4 tetrahedra as well as conversion
of six- to penta-coordinated aluminum in the course of
dehydration processes, which is accompanied by the strong
distortion of present tetrahedral AlO4 units. The complete
transformation of six- to penta-coordinated aluminum to form
AlO4 units occurs at temperatures higher than 500 1C and
seems to be accompanied by the precursor crystallization into
doped apatite-type silicate.

3.5. Low-temperature nitrogen adsorption data

Genesis of lanthanum silicate texture was studied by the
method of low-temperature nitrogen adsorption for dried
xerogel calcined at temperatures up to 1000 1C. According to
the data obtained, the produced xerogel possesses high specific
surface area SBET and specific volume of pores V, which are
about 170 m2/g and 0.6 cm3/g for xerogel calcined at 120 1C,
respectively (Fig. 5a and b). Besides, it is characterized by the
mesoporous structure with the pore size varying in the range
from 5 to 70 nm (Fig. 5c, SI1).

Xerogel calcination in the temperature range of 300–1000 1С
results in decrease of the specific surface area and pore volume,
with four specific regions being detected (Fig. 5). A sharp
decrease of specific surface area accompanied by considerable
decrease of pore volume is observed when xerogel is calcined at
300 1С. At the same time, the pore size distribution is not
changed. No drastic changes of specific surface area and pore
volume were observed under further calcination up to 700 1С,
with pore size distribution being only slightly shifted to larger
values. On the contrary, annealing at 800–900 1С results in more
substantial decrease of specific surface area and, especially, pore
volume accompanied by significant change in the pore size
distribution. The latter is represented by meso- and macropores
with sizes varying in the range from 10 to 120 nm. Finally,
calcination at higher temperatures is not accompanied by any
considerable change in the textural characteristics.

Assuming that a density of the amorphous lanthanum
orthosilicate/ortho-diorthosilicate precursor formed in the
course of co-precipitation is close to the density of silicate
with the apatite structure (5.4–5.5 g/cm3), one can estimate the
size of primary particles DBET based on the adsorption data by
the relation

DBET¼6000/(ρ � SBET),

where ρ is density (g/cm3); SBET is specific surface area (m2/g).
The estimated average size of particles for different samples is ca
6 nm (Table 1). Taking into account that the total surface area of
primary particles in agglomerates can be inaccessible for nitrogen
adsorption, this may be a slightly underestimated figure, and,
thereby, is in good agreement with the typical size of primary
particles of hydroxides obtained by precipitation (3–5 nm) [52].
Thereby, according to the nitrogen adsorption data, the size of
primary particles forming xerogel amounts to the one of sol
particles formed during precipitation under great oversaturation
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with respect to the forming phase, which is typical for amorphous
precipitates of slightly soluble hydroxides and oxides [52].

The xerogel calcination results in increase of particles size
estimated from the adsorption data (Figure SI2). For instance, the
average particle size of sample calcined at 500 1C is about 15 nm.
The calcination at 800 and 900 1C results in the particles size
increase up to about 34 and 89 nm, respectively. The observed
increase of particles size estimated from the adsorption data can be
caused by formation of compact agglomerates of primary particles,
growth of primary particle size, amorphous precursor crystallization
into primary crystals as well as formation of secondary crystals. To
specify this, TEM spectroscopy study was additionally carried out.

3.6. Transmission electron microscopy data

The typical micrographs of samples at different stages of
preparation are presented in Figs. 6–10. According to TEM data,
only amorphous phase was observed in xerogels of both
Fig. 6. Typical HRTEM image of xerogel dried at 120 1С exemplified by that of und
typical EDX data of amorphous particles of undoped (b) and aluminum-doped sam
undoped and aluminum-doped samples (Fig. 6a). According
to EDX analysis, the chemical composition of the amorphous
precursor includes silica and lanthanum as well as aluminum in
the case of doped sample (Fig. 6b and c). Besides, the local
composition of the sample does not change essentially from
point to point. Therefore, TEM with the EDX analysis
additionally confirms the interaction of component during
precipitation and drying stages to form the amorphous lantha-
num silicate precursor already in the course of precipitation.
Unfortunately, the xerogel structure under conditions of

TEM observations is very unstable, which hinders its detailed
studies at high resolution. However, TEM micrographs at
relatively low resolution show that obtained xerogels consist of
10–50 nm agglomerates of amorphous primary particles with
typical sizes in the range of 3–6 nm (Fig. SI3). The sample
calcined at 500 1C is still amorphous and consists of porous
particles with sizes of 20–300 nm, which seem to be formed by
rather compact agglomerates of primary particles (Fig. 7).
oped sample, corresponding Fourier transformation image (inset) (a) as well as
ples (c).
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Fig. 7. Typical TEM images of sample calcined at 500 1С exemplified by that
of undoped sample (a,b), corresponding Fourier transformation image (inset);
the image (b) is a higher resolution one of a fragment.

T. Kharlamova et al. / Ceramics International 41 (2015) 13393–1340813402
The sample calcined at 800 1C is formed by crystalline apatite
particles with sizes in the range of 30–200 nm having irregular
shapes and pores (Fig. 8), which appear to be formed by
agglomerates of primary particles of lanthanum silicate precursor
in the course of precursor crystallization. The particle size of
about 34–38 nm estimated from the adsorption data on the
assumption of spherical particles agrees well with the typical
size of elements of these irregular-shaped particles. In this respect,
it should be also noted that X-ray particle size estimated from
diffraction peaks broadening seems to correspond to the average
size of ordered regions of apatite particles agglomerates limited
by elements of their texture – pores, domain boundaries, etc.
Thereby, low-temperature nitrogen adsorption, TEM and XRD
data indicate that textural characteristics of crystalline apatite-type
lanthanum silicates are defined by textural features of amorphous
precursor, controlled by the size and morphology of primary
particle agglomerates. It is also interesting that along with well
crystalline apatite particles some amorphous ones of lanthanum
silicate precursor as well as partially crystallized apatite particles
were also observed in the sample calcined at 800 1C, with the
composition of the crystalline and amorphous particles being
practically the same according to EDX analysis (Fig. 9, SI4)

Only crystalline particles with typical sizes of 100–300 nm
consisting of stacked crystallites with size of 30–100 nm are
observed in samples calcined at 1000 1C (Fig. 10). Some
closed pores are observed in these particles as well as in the
sample calcined at 800 1C, which seem to agree with the X-ray
particle size of 30–55 nm.

4. Discussion

4.1. Tentative mechanism of lanthanum silicate formation and
crystallization

The formation process and crystallization mechanism of
many compounds prepared by the precipitation/co-precipitation
method can be considered in the relation to classical molecular-
kinetic theory, which is based on ideas of solutions and
solubility of substances and the Gibbs–Volmer concepts con-
cerning nucleation and growth of crystals [52,64–68]. However,
it was found that the formation and crystallization of slightly
soluble amorphous precipitates of hydroxides of transition and
some other trivalent metals cannot be fully described in terms of
classical theory via the stage of dissolution [52,69–73]. To
explain the behavior of such precipitates, Buyanov and Krivor-
uchko developed a theory of formation of amorphous precipi-
tates of slightly soluble hydroxides and oxides and their
crystallization via the mechanism of “oriented accretion” [52].

The peculiarities of the structure and texture of apatite-type
lanthanum silicates genesis revealed in the present study
indicates that the apatite-type lanthanum silicate formation in
the given conditions occurs via the mechanism of “oriented
accretion”. For one thing, IR spectroscopy and NMR data
indicate that amorphous lanthanum silicate with the local
atomic ordering typical for the ortho-diorthosilicate, notably
silicate containing isolated SiO4 tetrahedra and some Si2O7

groups, to which apatite-type lanthanum silicates can be
ascribed, is formed already at the stages of co-precipitation,
ageing and drying of the residue formed. Groups with more
condensed SiO4 tetrahedra are not formed in the precipitate.
This indicates that the interaction between constituents under
precipitation occurs at the level of hydroxocomplexes or at the
molecular level at the stage of polycondensation leading to
formation of a set of “deadlock” polyhydroxocomplexes,
which give rise to primary particles [52,71].
The formation of amorphous ortho-diorthosilicate phase

during residue drying as a result of interaction between primary
particles of individual hydroxides SiO2 � nH2O and La(OH)3
produced during co-precipitation, as some researchers assume
[34,35,53], seems unlikely in our case. The formation of
primary 3–6 nm particles of individual hydroxides formed under
great oversaturation with respect to the forming phase and their
aggregates composed both from primary particles of different
and the same chemical nature usually results in formation of
corresponding oxides in the course of aging or thermal treatment
of the residue [52,71–74]. At the same time, the solid-state
reaction between components of the mechanical mixture of
silica and lanthana to form silicate with the apatite structure was
shown to take place at temperatures exceeding 1000 1С [75].
Mixing of silica and lanthanum oxide or its precursor as a result
of the precipitate or gel formation from solution allows reducing
the temperature of their interaction to 800–850 1С [32,76,77].
On the second hand, the process of precipitate “ageing” starts

immediately after formation of primary particles. However,
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Fig. 8. Typical HRTEM images of sample calcined at 800 1С exemplified by that of undoped sample (a,b,c) and corresponding Fourier transformation image
(insets) from fragments marked IA and IIB in images (a) and (b), respectively; the images (b) and (c) are higher resolution ones of fragments marked, respectively, I
and II in image (a).

Fig. 9. HRTEM image of an amorphous particle in sample calcined at 800 1С and corresponding Fourier transformation image (inset) and EDX data (inset) from
fragment marked I in the image.
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Fig. 10. Typical TEM image of sample calcined at 1000 1С exemplified by
that of undoped sample.
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according to the nitrogen adsorption and TEM data, the size of
primary particles forming xerogel is close to that of typical sol
particles formed during precipitation, which indicates that dis-
solution of the precipitate formed can be hampered during its
aging in mother solution. Besides, crystallization of the amor-
phous lanthanum silicate does not occur in the course of
precipitate aging in mother solution at ambient conditions as
well as drying up to 120 1C, but only in the course of the
subsequent thermal treatment of the xerogel up to 800 1C, with
intermediate and final products of ageing preserving a “memory”
about the initial sample structure. The long-range ordering in the
bulk of primary particles may be hindered by water molecules
formed during precipitate ageing. They seem to remain in the
polymeric structure of primary particles occupying a part of
cation positions (for more details, see Section 4.2). This assumes
that the formation of the crystalline structure of the apatite-type
lanthanum silicate occurs inside primary particles via the
rearrangement of their polymer structure rather than via dissolu-
tion of the primary particle substance [52]. Simultaneous presence
of crystalline apatite particles, partially crystallized apatite parti-
cles and amorphous ones of lanthanum silicate precursor during
crystallization with similar composition, according to TEM with
EDX data, also confirms the possibility of the lanthanum silicates
crystallization via the mechanism of “oriented accretion” [52].

Crystallization of the apatite-type lanthanum silicates via the
mechanism of “oriented accretion” supposes a low solubility
(pKspo30) of the lanthanum silicate under the conditions
used. Unfortunately, we have not found a solubility product
(sp) data for apatite-type lanthanum silicates in literature.
However, it was shown that in the La2O3–CaO–SiO2–H2O–
CO2 system, the La-bearing hydroxylapatite and britholite
Ca4La6(SiO4)6(OH)2 are considerably less soluble phases than
lanthanum hydroxides or carbonates [78]. The lanthanum
concentration in solutions determined in this work for both
precipitates lg[La3þ ] was less than � (10–15), whereas
lg[La3þ ] is about �5.22 and �6.68 in the case of La(OH)3
(pKsp¼19.4–20.89) and La2(CO3)3 (pKsp¼33.4), respectively.
This confirms the possibility of the lanthanum silicate crystal-
lization via the “oriented accretion” mechanism. The absence
of primary particles growth during aging in mother solution
also indirectly confirms a low solubility of the lanthanum
silicate under the conditions used.
4.2. About the polymeric structure of amorphous lanthanum
silicate precursor and its rearrangement

In the present study, we did not aim at elucidation of the
composition and structure of key (or “deadlock” [52]) poly-
hydroxocomplexes as well as polymeric structure of primary
particles formed thereof. However, the set of data including IR,
29Si and 27Al MAS NMR spectroscopy, and EDX analysis
indicates that the polymeric structure of primary particles is
formed by lanthanum and silicon polyhydroxocomplexes as
well as aluminum ones in the case of doped samples or even
by some mixed polyhydroxocomplexes like
[LamSixAly(OH)n(H2O)p]

(3mþ4xþ3y�n)þ .
It is interesting to note that lanthanum hydroxide is an easily

crystallizing hydroxide and can be simply formed as crystalline
phase in the course of precipitation via dissolution of the
primary particle substance [79,80]. The hexagonal structure of
La(OH)3 belonging to P63/m space group contains stacked
nine-fold coordinated polyhedra with empty columns between
them [81]. It was shown earlier that tetrahedral SiO4 and AlO4

units can be relatively easily incorporated in such structure
without its considerable rearrangement [49], assuming a
structural “compatibility” of the polyhydroxocomplexes during
the primary particle formation [52]. In this respect, it can be
assumed that the polycondensation of lanthanum polyhydrox-
ocomplexes in the presence of silicon and aluminum ones
during co-precipitation results in the formation of the poly-
meric structure similar to that of lanthanum hydroxide with
columns to be partially filled by silica and aluminum. The
difference in acid–base properties of individual lanthanum and
silicon hydroxides should favor such interaction of the
polyhydroxocomplexes. Water molecules formed due to inter-
action of polyhydroxocomplexes seem to remain in the
polymeric structure of primary particles occupying a part of
cation positions, which hinders the long-range ordering in the
bulk of primary particles.
The presence of some Si2O7 units in the dried precipitate

indicates that the initial polymeric structure of the amorphous
precursor formed during co-precipitation, being similar to that
of La(OH)3, contains quite wide isotropic (in ab plane) empty
columns (or channels) generated by stacking of LaO9 poly-
hedra, with La–La distances between opposite La atoms being
equal (�6.55 Å as in La(OH)3). In the case of La(OH)3, LaO9

polyhedra, with an edge length being �3 Å, form channels
with the width of �5.2 Å. In such large channels both SiO4

(the edge length is �2.7 Å) and Si2O7 units (the length of two
SiO4 tetrahedra sharing a corner is �5.2 Å) can be located.
This conforms to the fact that linear dimension of coordination
polyhedra for cations with a large radius do not match to the
edge length of SiO4 tetrahedron, but is proportional to the
length of Si2O7 group [82,83]. According to IR and 29Si MAS
NMR spectroscopy data, the rearrangement of the polymeric
structure of amorphous precursor in the course of sample
calcination results in the channel distortion accompanied by
Si2O7 groups destruction to form regular SiO4 one, with the
formation of the orthosilicate local structure being completed
during thermal treatment up to 500 1C.
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It is also interesting that, according to 27Al MAS NMR data, a
part of aluminum atoms is present in the xerogel as octahedral
AlO6 units, while another part is present as AlO4 tetrahedra. The
presence of low-coordinated aluminum atoms in the amorphous
lanthanum aluminates was earlier revealed by Iuga [61]. In
accordance with Iuga, AlO4 tetrahedra are located in the volume
of the primary particles, while octahedral AlO6 units are due to a
part of four-coordinated AlO4 units remain accessible to water
molecules. In this connection, the latter may be located both at the
surface and in the bulk of primary particles forming the
amorphous precursor. Formation of four-coordinated AlO4 units
in amorphous lanthanum aluminates [61] and lanthanum alumi-
nosilicates may be caused by the similarity of the polymeric
structure of the amorphous precursor and lanthanum hydroxide,
where lanthanum is nine-coordinated. This does not require
considerable changes in the structure of the precipitate. Incorpora-
tion of octahedral AlO6 units into the polymeric structure of
amorphous lanthanum silicate, for example, leading to formation
of perovskite-like structure of LaAlO3 containing lanthanum with
coordination number 12, seems to be hindered due to the need of
considerable changes in the structure of amorphous precipitate. In
the whole, this points out some similarity of genesis of structures
of the apatite-type lanthanum silicates and lanthanum aluminates
at early stages in the course of co-precipitation. However, in the
case of aluminum-doped lanthanum silicates, only some structural
rearrangement accompanied by AlO4 unit distortion is observed,
whereas in the case of lanthanum aluminates with equimolar
composition, serious changes occur in both lanthanum and
aluminum local structure [61].

Finally, one can note that, according to IR spectroscopy data,
dried precipitate contains lanthanum oxycarbonates character-
ized by the layer-like structure built up of slabs of La2O2þ

2

� �
n

and carbonate ions occupying the interlaminar space [55,81].
The La2O2þ

2

� �
n layers have C3 symmetry and can be described

as consisting of linked seven-fold LnO7 polyhedra [81]. Thus,
La2O2þ

2

� �
n structural fragments can be assumed to be present in

the xerogel formed as typical for similar hexagonal structures of
lanthanum oxide and apatite-type lanthanum silicate [36,51,81],
which are produced due to dehydration and oxolation in the
residue empty columns generated by LaO9 polyhedra in the
amorphous precipitate structure in the course of precipitate
ageing or drying. The lanthanum oxycarbonates presence in the
xerogels suggests that precipitate drying under air is accom-
panied by the carbonation. In the course of drying under air,
CO2 molecules get embedded between La2O2þ

2

� �
n
pseudo-

layers of the polymeric primary particle structure, for example,
within particle interfaces, additionally forming structural ele-
ments typical for La2O2CO3.

All these results imply that crystalline apatite structure forms
by rearrangement of the polymeric structure of primary
particles of amorphous lanthanum silicate during thermal
treatment due to dehydration and decomposition of carbonates.
In this respect, the exothermic effect observed during sample
annealing in the non-isothermal mode within the temperature
range of 860–920 1C is indeed caused by crystallization of
silicon apatite. At the same time, Li's assignment of the broad
exothermic effect in the 160–520 1C range to interaction
between lanthana and silica domains producing amorphous
oxy-apatite phase [34], is not supported by our results
revealing formation of the amorphous lanthanum silicate
precursor already at the initial stages of synthesis. Besides,
according to the data of MS analysis of gas phase during the
thermal analysis, the sample mass loss is caused by the
dehydration as well as decomposition of carbonates in this
temperature range, which requires heat supply. Exothermic
effect within the range of 160–520 1C is likely caused by
ordering of amorphous ortho-diorthosilicate/orthosilicate struc-
ture via rearrangement of the polymeric structure of primary
precipitate particles [52].
It should be also noted that, according to the XRD data,

calcination of xerogels of samples with compositions falling
within the range of homogeneous apatite-type phase existence
does not result in formation of secondary phases – La(OH)3,
La2O3, LaAlO3, Al2O3 etc. In the case of samples with the
stoichiometry corresponding to the composition outside this
range, particularly with the lanthanum excess, the thermal
treatment first results in formation of some La2O3 phase along
with the apatite one, while La2SiO5 phase forms due to
subsequent solid state reaction between La2O3 and apatite at
higher temperatures. This agrees with formation of the binary
(La–Si containing) or ternary (La–Si–Al containing) precursor
of variable composition in the course of co-precipitation and
drying, which transforms to nonstoichiometric apatite-type
lanthanum silicate without decomposition into individual
oxides during subsequent thermal treatment. Such a transfor-
mation can be accompanied by formation of La2O3 phase in
the case of samples with the stoichiometry corresponding to
the composition outside the region of homogeneity.

4.3. Genesis of lanthanum silicate texture

Formation of crystalline lanthanum silicate phase on the
basis of oriented growth mechanism suggests that the size of
primary silicate crystals is approximately equal to the size of
primary particles formed during precipitation [52], which
agrees with the results of low-temperature nitrogen adsorption
and TEM data. Results of low-temperature nitrogen adsorption
and TEM data suggest that during co-precipitation from
solution weakly bound agglomerates of small primary particles
of amorphous lanthanum ortho-diorthosilicate/orthosilicate
precursor are formed. During the drying step (up to 120 1C)
under conditions minimizing alteration of the hydrogel texture,
contacts between the primary particles are strengthened and the
initial texture characterized by high specific surface area and
specific volume of pores is formed. In the course of subsequent
thermal treatment up to 300 1C, the aggregate compacting
accompanied by intergrowth of primary particles occurs, while
number of contacts between the particles remains unchanged.
This results in decrease of the specific surface area and volume
of pores, while the pore size distribution remains unaffected.
Subsequent calcination up to 700 1C does not appreciably
affect the surface area and pore structure of samples. Thereby,
formation of the supramolecular structure of amorphous
lanthanum orthosilicate is mainly completed during thermal
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treatment in the range of 120–500 1C. It is the amorphous
precursor texture that defines textural characteristics of crystal-
line apatite-type lanthanum silicates formed.

During annealing in the range of 700–900 1C, processes of
amorphous orthosilicate precursor crystallization occur, being
accompanied by considerable decrease of the specific surface
area and pore volume of samples as well as by significant
change in the pore size distribution. According to TEM data, the
shape of apatite crystalline particles resembles that of aggregates
in the amorphous sample. Taking into account that the main
weight loss of samples is completed below 700 1C (Fig. 1) and
assuming that density of the amorphous lanthanum orthosilicate
precursor is close to the one of crystalline apatite-type lantha-
num structure, one can conclude that the precursor crystal-
lization occurs with insignificant change of phase volume
(Pilling-Bedworth ratio ΔE1) and, thus, without dispersion of
a new phase. This feature along with the presence of amorphous
particles of lanthanum silicate precursor as well as partially
crystallized apatite particles simultaneously with well crystalline
apatite during crystallization implies that crystallization nuclei
are formed in the bulk of amorphous particles within mentioned
temperature range as a result of precursor polymeric structure
rearrangement. The irregular shape of formed apatite crystalline
particles indicates that the formation rate of secondary crystal is
higher than those of crystallization centers and nuclei. Some
pores present in the amorphous aggregates remain in the formed
crystalline particles. The additional oriented stacking of crystal-
lization nuclei resulting in formation of bigger secondary
crystals is accompanied by decrease of specific surface area
and pore volume.

During further annealing within the temperature range of
900–1000 1С specific surface and porosity of samples remain
practically unchanged, which is associated with completed
crystallization of amorphous solid in the course of annealing at
800–900 1С and absence of the phase transformations in
crystalline lanthanum silicate thus produced. Prolonged
annealing of the sample at 1000 1С or at higher temperatures
results in sintering of crystalline lanthanum silicate accompa-
nied by decline of sample surface area and porosity.

Therefore, the results obtained suggest that textural character-
istics of prepared crystalline silicates with the apatite structure are
in general determined by those of amorphous precursor formed
during xerogel thermal treatment in the range of 120–500 1C,
which in turn results from the size and morphology of primary
particle agglomerates. The results presented indicate that textural
characteristics of lanthanum silicates obtained by co-precipitation
could in principle be modified, for instance, by using proper
surfactants, varying conditions of ageing and thermal treatment of
precipitates to control the formation rates of secondary crystal,
crystallization centers and nuclei. Such approach to control
particle agglomeration and obtain fine apatite-type lanthanum
silicate powders was attempted by Yang by using a dispersant
additive [35]. Unfortunately, conditions of synthesis used in [35]
did not result in higher dispersion of lanthanum silicate formed.
Nevertheless, this work shows the possibility of controlling
textural characteristics of lanthanum silicates produced by
co-precipitation.
5. Conclusions

Peculiarities of genesis of the structure and texture of
apatite-type lanthanum silicates in the course of synthesis via
co-precipitation method were revealed. In particular, an
amorphous lanthanum silicate with the local atomic ordering
typical for ortho-diorthosilicate was shown to be formed
already at the stages of components co-precipitation, ageing
and drying of the precipitate formed. In the case of aluminum
doped apatite-type silicates, the initial formation of amorphous
lanthanum ortho-diorthosilicate precursor containing alumi-
num atoms in the polymeric structure was established. The
growth of size of primary particles forming precipitate as well
as crystallization of the amorphous lanthanum silicate was
shown not to occur in the course of precipitate aging in mother
solution at ambient conditions as well as drying up to 120 1C,
but only in the course of subsequent thermal treatment of
xerogel up to 800 1C, with intermediate and final products of
ageing preserving a “memory” about the initial sample
structure.
The peculiarities of the structure and texture of apatite-type

lanthanum silicates genesis revealed here suggest that the
apatite-type lanthanum silicates formation in the given condi-
tions occurs via the mechanism of “oriented accretion”. The
polycondensation of lanthanum polyhydroxocomplexes in the
presence of silicon and aluminum ones during co-precipitation
was assumed to result in the formation of primary particles
with the polymeric structure similar to that of lanthanum
hydroxide with incorporated Si–O and Al–O complexes.
Crystalline apatite structure is formed via restructuring of the
polymeric structure of primary particles of amorphous lantha-
num silicate during subsequent thermal treatment. Textural
characteristics of produced crystalline silicates with the apatite
structure are in general determined by those of amorphous
precursor formed during xerogel thermal treatment in the range
of 120–500 1C, which in turn results from the size and
morphology of primary particle agglomerates.
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