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Al-Doped Apatite-Type Nanocrystalline Lanthanum Silicates Prepared by
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Al-doped Lag 33.x/3+ySisxAlkO26.3y/2 (X = 0-1.5, y = 0-0.67)
apatite-type lanthanum silicates (ATLS) were synthesized
with a high-power (1200 rpm) planetary ball mill that allows
the formation of the lanthanum silicate phase after milling for
20-35 min at room temperature. The apatite phase already
appears after milling for 5 min. Phase, structural and micro-
structural studies on the nanocrystalline lanthanum silicates
were carried out by using XRD, TEM, and IR, 2’Al and 2°Si
MAS NMR spectroscopy to clarify the mechanism of ATLS
formation. The cluster-topotactic mechanism of the formation

of apatite by mechanochemical treatment involving hy-
dration of the starting compounds and acid-base reactions is
suggested. Al-doping results in promoting the formation of
apatite. However, a secondary LaAlO5; phase may be present
in the sample depending on its stoichiometry. This suggests
the existence of a biphase domain in the La,O3-SiO,-Al,03
phase diagram at room temperature, in which Al-doped apa-
tite and LaAlO3; phases coexist.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Apatite-type lanthanum silicates (ATLS) have recently
attracted considerable attention as oxygen ion conductors
because of their high ionic conductivity at intermediate
temperatures and low activation energy (4 X 103 S/cm at
500 °C and 0.6-0.8 eV).I!:?l These features are correlated
with the crystal structure of such silicates. The hexagonal
apatite structure belongs to the space group P6s/m or P63
and may be represented by the general unit-cell formula
M o(RO4)6X>, where, in the case of ATLS, M is La or an
alkaline earth ion, R is Si and X is an O ion.[! It can be
described as consisting of isolated tetrahedral RO, anions
and M cations located in two non-equivalent sites — nine-
coordinate 4f and seven-coordinate 6h sites (Figure 1). The
latter forms channels that run through the structure in
which the X anions are located. These channel anions are
suggested to be responsible for the high ionic conductivity.
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Figure 1. Structure of the apatite-type compounds, Mo(RO4)sX5:
RO, = tetrahedra, M = small spheres, X = big spheres.

The tolerance of the apatite lattice to M-site deficiency
and extensive doping is one more particular feature of these
apatite-type systems that provides an important tool for
property optimization."! ATLS may have 6.7 % vacancies in
M sites, which is necessary to maintain charge neutrality
of the compound. The amount of cation vacancies can be
changed by doping, which may also be accompanied by the
appearance of excess oxygen. It was shown that fully stoi-
chiometric systems, such as LagSr,SizO,4, have much lower
conductivities and higher activation energies than those
containing cation vacancies and/or oxygen excess.># In this
respect, different doping strategies were proposed to in-
crease the oxygen ion conductivity of ATLS.[
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However, there are some challenges with regard to the
synthesis and sintering that need to be solved to promote
the application of ATLS.I*l The conventional synthesis of
ATLS requires very long firing cycles at temperatures in the
range 1200-1600 °C.*3! Further, temperatures in the range
1500-1700 °C are usually required to densify ATLS electro-
lytes.’! Lower synthesis temperatures allow dispersed/nano-
crystalline powders to be obtained, which play a crucial role
in the sintering and densification of oxides.”! Some low-
temperature preparation methods such as sol-gel route or
mechanochemical milling have been successfully used for
the synthesis of undoped ATLS.[7-8]

Mechanical milling is widely used to synthesize nano-
crystalline metals, powder alloys and novel crystalline
phases.[®1 It has also attracted great interest because of the
possibility to carry out the syntheses at room temperature.
Thus, Rodriguez-Reyna et al.l® report that mechanical mill-
ing for 6 h with a moderate rotation speed (350 rpm) is suf-
ficient to obtain a product consisting primarily of an un-
doped ATLS. However, Tzvetkov and Minkoval'® report
that an amorphous precursor of lanthanum silicate oxy-
apatite was observed after milling of the starting SiO, and
La,O; mixture for 3 h at 256 rpm, and single-phase poly-
crystalline ATLS was obtained only after subsequent heat-
ing at 1000°C for 2h. In the present paper, the
results of the mechanochemical synthesis of Al-doped
Lag 33+./3+,816 xAlO2643,2 (x = 0-1.5, y = 0-0.67) ATLS
by using a high-power planetary ball mill are presented.
Phase, structural and microstructural studies on the nano-
crystalline lanthanum silicates were carried out to clarify
the mechanism of their formation.

Results and Discussion

Characterization of the Parent Compound

All parent compounds used here were characterized by
XRD, IR spectroscopy and TG/DTA analysis. The XRD
patterns and IR spectra of these reagents are presented in
Figure 2 and Figure 3, respectively. According to the XRD
data, admixtures of La(OH); (PDF 36-1481) and La,-
0,CO; (PDF 37-0801) are present together with the initial
lanthanum oxide and the hexagonal La,O; phase (PDF 05—
0602). This is confirmed by the corresponding IR spectrum:
bands at 643 and 3610 cm™' assigned to La—~OH vibrations
and those at 746, 853, 1089 and 1280-1650 cm™! assigned
to C-O vibrations in CO3 group are observed. According
to the XRD and IR data, the parent aluminium hydroxide
is a mixture of gibbsite (PDF 76-1782) and bayerite (PDF
20-0011); the former is the main phase. The broad bands
at 464, 552, 799, 950, 1093 and 1180 cm™! observed in the
IR spectrum of silical'"!? and the absence of any reflec-
tions in the corresponding XRD pattern (not shown) indi-
cate that the hydrous silica used here is an amorphous
phase. The exact composition of the reagent mixture was
calculated on the basis of thermal analysis, which takes into
account the presence of H20, hydroxide and carbonate.
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Figure 2. X-ray powder diffraction patterns of the parent com-
pounds: (A) aluminum hydroxide, (B) lanthanum oxide; < — gibb-
site, ® — bayerite, ¢ — La,O3, * — La(OH)3, | — La,0,COs.
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Figure 3. FTIR spectra of the parent compounds: (A) aluminum
hydroxide, (B) lanthanum oxide, (C) silica.

Synthesis of Lag 33515056

The results of milling of the mixture of the parent La,O;
and SiO, powders corresponding to the Lag 33SigO54 stoi-
chiometry for 35 min are shown in Figure 4 and Figure 5.
According to the XRD data (Figure 4), a product of the
mechanochemical activation consists primarily of the apa-
tite-structured phase (PDF 49-0443). The reflections for the
apatite phase are very broad; this is caused by both small
crystallite size and lattice distortion because of the high-
power milling. The mean crystallite size calculated from
Scherrer’s equation is ca 10 nm. Any admixed phases if
present are difficult to reveal in the diffraction pattern be-
cause of the broad reflections for the apatite phase.

The IR data show (Figure 5) that only small amounts of
unreacted SiO, (bands at 1087 and 1200 cm™') and some
surface carbonates (wide bands in the region 1386—
1485 cm™!) are present in the product along with apatite
(bands at 458, 495, 539 cm™! ascribed to the bending modes
and a band at 914 cm ! ascribed to the stretching mode of
[SiO,] isolated tetrahedra in the apatite),’®!3] thus indicating
that the synthesis reaction for apatite is practically com-
pleted in 35 min.

Eur. J. Inorg. Chem. 2008, 939-947
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Figure 4. X-ray powder diffraction patterns of the activated SiO,
+ La,O3 mixture corresponding to the Lag33Sic0,¢ composition
after (A) milling for 35 min and following calcination at (B) 900 °C
and (C) 1200 °C.
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Figure 5. FTIR spectra of the activated SiO, + La,O3 mixture cor-
responding to the Lag 33SigO,¢ composition after (A) milling for
35 min and following calcination at (B) 900 °C and (C) 1200 °C.

According to the literature data,l''! a weak band at
669 cm! in the IR spectrum of uncalcined Lag 3351505 cor-
responds to Si—O-Si vibrations and may be caused by for-
mation of [Si,O;] units in the by-product Si-containing
phases or by strong lattice disordering of the apatite phase.
However, in the spectra of the calcined sample, this band,
as well as those assigned to the CO5; group and to SiO,, is
not observed (Figure 5). According to the XRD patterns
(Figure 4), samples calcined at 900 and 1200 °C are single-
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phase ATLS; the crystallite size increases with the anneal-
ing temperature but remains in the nanorange — 19 nm at
900 °C and 36 nm at 1200 °C. The lattice parameters re-
fined for the sample calcined at 1200 °C (Table 1) are sim-
ilar to those obtained by Sansom et al.,’] which suggests
the formation of the target phase.

Synthesis of Doped ATLS: Kinetics Study

XRD and TEM Data

The kinetics for the mechanochemical synthesis of ATLS
was studied for the mixture of La,03, AI(OH)3 and SiO,,
which corresponds to the Lag g3Sis sAl; 5O, composition.
The phase evolution when milling was carried out for
35 min is presented in Figure 6. In the XRD pattern of the
starting mixture, reflections for the La,O;, La(OH); and
La,0,CO; phases and weak reflections for AI(OH); are
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Figure 6. X-ray powder diffraction patterns of the SiO, + La,O3 +
Al(OH); mixture corresponding to the Lag g3Sis sAl; 50,6 composi-
tion before and after milling for different times: (A) starting mix-
ture, (B) 1 min, (C) 5 min, (D) 10 min, (E) 15 min, (F) 20 min, (G)
25min, (H) 30 min, (J) 35 min; < — AI(OH);, ¢ — La,Oj, * —
La(OH);, | — La,0,CO;, A — apatite, 7 — LaAlO;.

Table 1. Some characteristics of the sample synthesized after calcination at 1200 °C.

Sample stoichiometry Phase composition

Apatite stoichiometry?l

Unit-cell parameters

aA] ¢ [A]

La9_33Si6026 apatite Lag 33Si6026 9730(0) 7194(5)
Lag_g3si5_5Alo_5026_5 apatite Lag 83S15 51A10 49026 5 9744(3) 7209(6)
La9_33Si5A1026_25 apatite, LaA103 Lag 90S15 ogAlo 92026 39 9741(3) 7218(9)
Lag_g3si4_5A11_5026 apatite, LaA103 La9_95S14_64A11_36026_25 9740(6) 7237(0)

La ¢,SisAlO5 apatite, LaAlO, - 9.738(0) 7.212(8)
La9_55i5_5A10,5026 apatite Lag_SSi5_5A10_5026 9744(0) 7207(4)
Lag_4zsi5_75A10_25026 apatite Lag_4zsi5_75A10_25026 9740(1) 7201(2)

[a] According to ?Al NMR MAS spectroscopic data.
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apatite

Figure 7. TEM images of the SiO, + La,O5; + AI(OH); mixture corresponding to the Lag g3Si4 sAl; 5056 composition after milling for

5 min.

present; La,Oj3 is the main lanthanum-containing phase.
After milling for 1 min, the reflections for La(OH); become
very intense along with a significant decrease in the reflec-
tions for La,0Os. In addition, there are no reflections for the
parent AI(OH); phase in the pattern.

Further milling results in a decrease in the La(OH); peak
intensity to practically the same intensity as that before
mechanochemical activation — the intensity of the reflec-
tions for La,Oj; increase after treatment for 5 min. The re-
flections for all phases observed in the pattern of the mix-
ture that was activated for 5 min are broad, which is mainly
caused by a significant lattice distortion during the first
stage of milling. Thus, TEM images show that after acti-
vation for 5 min a sample consists of big (=200 nm) crystal-
line La,Oj3 particles and agglomerates (=1 pm) of the La,O3
and Si-based amorphous particles (Figure 7a—c). The lan-
thanum oxide particles are shown to be highly disordered,
and are composed of crystallites with a size of about 10 nm
(Figure 7c¢).

Another interesting fact that arises from the XRD
pattern is that milling for 5 min with a rotation speed of

1200 rpm may be sufficient to initiate ATLS formation. In
the corresponding XRD pattern, there is a new weak reflec-
tion at 21.1° (20) that may be the {200} line of lanthanum
silicate. Other reflections for apatite overlap with those for
the parent phases. The transmission microscopy data con-
firm this suggestion, which indicates the formation of the
apatite phase (Figure 7d).

After milling for 10 min, the reflections for the apatite
phase become more evident, and the intensities of the re-
flections for La,O3 decrease detectably. After milling for
20 min, apatite is the main phase; however, some amounts
of La,0O5 and La(OH); are still present. Reflections for the
latter phase disappear after mechanochemical activation for
25 min. However, new reflections for the LaAlO; phase
(PDF 31-0022) first appear at 33.4° after milling for 25 min
and then also at 23.4° after 30 min of activation.

After milling for 35 min, only reflections for the apatite
and LaAlO; phases are present in the XRD pattern. High
resolution TEM micrographs of the sample after 35 min of
activation (Figure 8) shows that it comprises well-ordered
nanoparticles (10-60 nm) and their micron-sized agglomer-

Figure 8. TEM images of the SiO, + La,O5; + AI(OH); mixture corresponding to the Lag g3Sis sAl; 50, composition after milling for

35 min.
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ates. The apatite nanoparticles with sizes of 30-60 nm are
shown to be formed by the stacking of nanocrystallites with
sizes of 10-15 nm.

IR Spectroscopy Data

An IR spectroscopic study of the formation of ATLS
gives new information that completes the XRD data. The
IR spectra of the starting mixture and that after milling are
shown in Figure 9. A band at =912 cm ! attributed to the
asymmetric stretching vibrations of the Si—O band in iso-
lated SiOy, tetrahedra of apatite, which is absent in the spec-
trum of the initial mixture, appears in the spectrum of the
mixture that has been milled for 5 min, and its intensity
increases with further activation. Moreover, a weak band in
this region is observed already after milling for 1 min, which
suggests that changes have begun to take place in the short-
range structure of the parent SiO,. However, the IR data
show that apatite formation is completed only after milling
for 35 min. The spectra of the sample after milling for a
shorter time contain bands assigned to unreacted SiO,,
La,O5; or La(OH)s.
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Figure 9. FTIR spectra of the SiO, + La,O; + Al(OH); mixture
corresponding to the Lag g3Sis sAl; 50,5 composition before and af-
ter milling for different times: (A) start mixture, (B) 1 min, (C)
5 min, (D) 10 min, (E) 15 min, (F) 20 min, (G) 25 min, (H) 30 min,
(J) 35 min.

According to the IR data, which is in agreement with the
XRD data, La,O3 (a strong band assigned to the La-O
mode at 400-600 cm™') converts to La(OH); after acti-
vation for 1 min, but further milling causes a significant de-
crease in the amount of La(OH); (bands at 643, 3610 cm™!),
and again the band intensity of La,Oj; increases. However,
some La(OH); is present in the mixture even after milling
for 25 min, which is indicated by the presence of a weak
band at 3610 cm™! (Figure 9).

Eur. J. Inorg. Chem. 2008, 939-947
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Further, the IR data show that milling for 1-5 min results
in the perceptible transformation of the parent Al(OH)s.
Thus, a strong band at 1023 cm™! assigned to the Al-O
mode disappears, and some changes in the main band of
SiO, (Si-O stretching vibrations with a maximum at
1093 cm™') are observed as well. In the region of the OH
stretching vibrations, a band at 3448 cm™! shifts to ca.
3463 cm™! after milling for 1 min, but after further acti-
vation, it appears at 3448 cm™! again, and disappears com-
pletely only in the spectrum of the sample milled for 20 min.
The other bands for the AI-OH modes in this region al-
ready disappear after 5 min of activation, and a wide band
for the OH stretching modes in H,O appears. These data
suggest the formation of an amorphous aluminium sili-
cate,'' which is confirmed by EDX analysis of the amorph-
ous particles (Figure 7b). The latter indicates that the
amorphous phase observed is not just silica, but contains
both Al and Si atoms.

Further activation results in new bands at 782 and
726 cm™!, which are attributed to the AI-O modes in [AlOy],
that appear concurrently with the rise in the intensity of
the apatite bands. This suggests the formation of Al-doped
apatite. The additional shoulder at ca. 677 cm™' that ap-
pears after milling for 25 min indicates, in accordance with
the XRD data, the formation of LaAlO; containing Al cat-
ions in the octahedral coordination.'-14l

Finally, the IR study shows changes in La,O,COj that is
present in the parent lanthanum oxide. Thus, the spectrum
of the reagent mixture before activation and that of the par-
ent lanthanum oxide contain bands corresponding to the
vibrations of the CO; group in the crystalline carbonate (in
particular, a single band at 1464 cm™"). The mechanochemi-
cal treatment results in significant changes in the spectra in
the region 1386-1485cm™! assigned to the carbonates,
which reflects the formation of surface carbonates (broad
bands at 1400 and 1490 cm™!) along with the formation of
apatite.

27 Al and ?°Si MAS NMR Spectroscopic Study

For a better understanding of the process for the forma-
tion of the ATLS structure, >°Si and 2’Al MAS NMR spec-
troscopy was used (Figure 10). In the 2°Si MAS NMR spec-
trum (79.4 MHz, v, = 8 kHz, 25 °C) of starting SiO,, two
overlapping peaks at 6 = —109.8 and —-102.1 ppm corre-
sponding to [SiOy] tetrahedrons of Q* and Q? types are ob-
served.[’”] Milling of the initial mixture for 5 min results in
the broadening of these peaks, which suggests distortion of
the local structure of silica. The appearance of the signal at
6 = —77.2 ppm, typical for isolated [SiO,4] tetrahedra (Q°
type), indicates the beginning of the formation of apa-
tite,[!>161 which agrees with the XRD and IR data. After
milling for 20 min, the 2°Si MAS NMR spectrum shows a
single signal at 6 = —77.2 ppm, which characterizes the apa-
tite phase. Subsequent increase in the milling time to up to
35 min is accompanied by line broadening, thus indicating
the distortion of the apatite structure.

www.eurjic.org 943
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Figure 10. (a) Al NMR MAS spectra (104.2 MHz, v, = 10 kHz,
25°C) and (b) ?°Si NMR MAS (79.4 MHz, v, = 8 kHz, 25 °C)
spectra of (A) parent AI(OH); and SiO,, respectively, and of the
SiO, + La,O3 + Al(OH); mixture corresponding to the Lag g3Siy 5-
Al 50,6 composition after milling for different times: (B) 5 min,
(C) 20 min, (D) 30 min, (E) 35 min.

In the 2’A1 MAS NMR spectrum (104.2 MHz, v, =
10 kHz, 25 °C) of starting AI(OH);, the characteristic peak
at 0 = 7.5 ppm, corresponding to octahedral [AlO¢] units,
is present.l'>] Broad signals at 6 = 63 and 38.5 ppm, as-
signed to tetrahedral [AlO4] and five-coordinate [AlOs]
units, respectively, which appear in the >’Al MAS NMR
spectrum after 5 min of mechanochemical treatment, imply
the formation of an amorphous Al/Si-containing
phase.l'>!7] This confirms the suggestion based on the IR
and TEM data. According to the 27A1 MAS NMR spectra
of the sample that was activated for 20 min, a rise in the
[A1O4] content and the disappearance of [AlOs] and [AlOg]
units are observed. The signal at 6 = 75.5 ppm, assigned
to tetrahedral [AlO,4] units, is somewhat different from that
observed in the spectrum recorded after milling for 5 min;
this may be related to the incorporation of Al into Si sites
in the formed apatite phase. Simultaneously, a new peak at
0 = 11.5 ppm, corresponding to octahedral [AlOg] units of
LaAlOs, appears and grows with further activation,!!>
which indicates that only a part of Al could be incorporated
into the apatite structure for the mixture corresponding to
the Lag g3Si4 sAl; 50,6 composition.

Mechanism of Formation of Apatite

There are different ways of chemical interaction between
solid compounds during mechanochemical treatment. The
interaction may be affected by many factors, including
chemical composition, structure, particle size, hardness and
disordering of reagents, reaction medium, etc. For the most
part, formation of new compounds during mechanochemi-
cal synthesis occurs through the amorphous state of all rea-
gents followed by crystallization of the target phase.l>-!%18
However, when the reagents and product have similar struc-
tures, the cluster-topotactic mechanism, where the product
is formed on the surface of the initial matrix, is possible.['”]
944
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As pointed out previously, La,Oj5 is characterized by the
hexagonal lattice belonging to the P3m1 space group (PDF
05-0602; a = 3.9373 A, ¢ = 6.1299 A). The apatite formed
also has a hexagonal lattice that belongs to the P6s/m space
group. The lattice parameters estimated for the calcined Al-
doped sample are @ = 9.712(8) A and ¢ = 7.185(8) A
(Table 1). In addition, the La(OH); observed has a hexago-
nal lattice that belongs to the same space group (P6s/m;
PDF 36-1481) as that of apatite. According to PDF 36—
1481, the lattice parameters of La(OH); are a = 6.5286 A
and ¢ = 3.8588 A, which are similar to those of La,O;. Such
structural similarity could favour the cluster-topotactic
mechanism of ATLS formation.

The kinetic features of the mechanochemical synthesis of
ATLS studied by XRD, TEM, and IR and NMR spec-
troscopy (vide supra) agree with the cluster-topotactic
mechanism of its formation. First of all, in spite of strong
disordering, La,O; remains crystalline during the milling
process until its complete consumption. Further, IR and
XRD data show that both reagent and product phases are
simultaneously present in the mixture during the process.
Therefore, the formation of the apatite phase does not pro-
ceed through its crystallization from an amorphous matrix.

According to the XRD and IR data, during the first
stage of activation, the transition of La,O3 to La(OH); due
to hydration is observed, followed by a decrease in the
La(OH); phase content and an increase in that of La,Os.
As can be seen in the TEM images, which are supported by
EDX spectra (Figure 7b), amorphous SiO, (or aluminosili-
cate) begins to cover the crystalline particles. Hydrous sil-
ica, as a weak acid, appears to react with basic La(OH);
and covers the La,0O; particles to form a lanthanum silicate.
The latter is confirmed by the appearance of a band attrib-
uted to Si-O vibrations in isolated SiO, tetrahedra in the
IR spectrum and a Q° type signal for Si in the °Si NMR
MAS spectrum already after milling for 5 min (vide supra).
Such an abrupt La,O; transformation into La(OH); fol-
lowed by a decrease in the La(OH); content and easy apa-
tite formation during the first 1-5 min of milling is typical
for soft mechanochemical synthesis involving hydration and
acid-base reactions.[”]

The La,O5 with a hexagonal structure may play a role of
the initial matrix for the topotactic growth of the emerging
apatite; in so doing, strong disordering of the La,O; lattice
favours apatite cluster formation on its surface (Figure 7c,
d). Such clusters of a new phase apparently play the role
of nuclei for its further crystallization, which results in the
formation of nanostructured apatite particles, as can be
seen from the TEM data (Figure 8).

Comparison of the XRD patterns for undoped and Al-
doped samples after milling for 20 min (Figure 6 and Fig-
ure 11) suggests that the presence of AI(OH); in the starting
mixture promotes apatite formation. Thus, after milling for
1 min, the mixture corresponding to the Lag 33SigO,4 com-
position as well as that of the Al-doped sample contains
mainly the La(OH); phase. In contrast to the Al-doped
sample, apatite formation for the undoped sample is not
complete even after activation for 20 min. This may be

Eur. J. Inorg. Chem. 2008, 939-947



Al-Doped Apatite-type Nanocrystalline Lanthanum Silicates

Eur|IC

caused by the formation of an aluminosilicate as a result of
the acid-base reaction between AI(OH); and SiO, during
activation, as was shown by Klevtsov et al.l'’l The IR and
27TA1 MAS NMR data of the Al-doped sample that was
milled for 5 min confirm such aluminosilicate formation
(vide supra). As it is a stronger acid than silica,’*’! alumino-
silicate could favour the acid-base reaction for apatite for-
mation by soft mechanochemical synthesis. On the other
hand, the presence of AI(OH); results in the formation of
a secondary LaAlO; phase.
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Figure 11. X-ray powder diffraction patterns of the SiO, + La,0;
mixture corresponding to the Lag 33Sis0,6 composition after mill-
ing for different times: (A) 5 min, (B) 20 min; * — La(OH)3;, | —
La,0,CO;3, A — apatite.

Influence of Al Concentration on Phase Composition

A range of Al-doped ATLS with different Al content was
synthesized by mechanochemical activation for 20 min fol-
lowed by calcination at 1200 °C to investigate the possibility
of Al-doping. The results are presented in Table 1. Accord-
ing to these data, some LaAlO; can be formed along with
apatite. The 2’Al MAS NMR data (104.2 MHz, v, =
10 kHz, 25 °C) testify that for biphasic samples Al is pres-
ent in both phases: 6 = 75.5 ppm assigned to tetrahedral
[AlO,4] units in the apatite phase and 6 = 11.5 ppm corre-
sponding to octahedral [AlOg¢] units in the LaAlO; phase
(Figure 12a).I'31 The apatite composition depends on the
amount of Al incorporated into silicate and on lanthanum
content in the sample, which determines the concentration
of vacancies in the cation sublattice and the oxygen excess.
According to the >°Si MAS NMR (79.4 MHz, v, = 8 kHz,
25 °C) data (Figure 12b), different environments of silicon
exist in some samples. The peak at 6 = 77.0 ppm corre-
sponds to [SiOy] tetrahedrons of the Q° type, while those at
0 = 81.0 and 84.5 ppm seem to be due to [SiO,4] tetrahe-
drons of Q! type.[!'>!6 The same features for apatite-type
silicates were reported by Sansom et al., who suggest that
they correspond to local distortions caused by the presence
of cation vacancies and interstitial oxide ion defects.'® The
27A1 MAS NMR and ?»°Si MAS NMR data (Table 1)
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suggest that cation vacancies favour association of two
[SiO4]* groups, which leads to the additional formation of
some interstitial oxygen species.
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Figure 12. (a) 2?A1l NMR MAS (104.2 MHz, v, = 10 kHz, 25 °C)
and (b) 2°Si NMR MAS (79.4 MHz, v, = 8 kHz, 25 °C) spectra of
(A) Lag g3Sis sAly 50265 » (B) Lag g3SisAlO5655 and (C) Lag g3Siy s-
Al 50,6 calcined at 1200 °C.

The secondary phase formation may be caused either by
a limited substitution of [SiO4] with [AlO,4] in the apatite
structure or by the action of high-power mechanochemical
treatment, which may result in both synthesis and destruc-
tion.['2211 Tt was reported that a dynamic mechanochemical
equilibrium may be established in the mixtures under the
milling process, if different stable phases can form.[®! The
octahedral coordination for Al is more typical than the tet-
rahedral one. Therefore, an equilibrium between the apatite
phase containing Al with a tetrahedral coordination and
LaAlQOs3, in which Al has an octahedral environment, could
exist.

As indicated above for the sample with the Lagg3Siy 5-
Al 50,6 composition, the reflections for the LaAlO; phase
appear in the XRD patterns after milling for 25 min. How-
ever, according to the Al MAS NMR data, some LaAlO;
is already present in the mixture after activation for 20 min.
For a better understanding of the nature of formation of
LaAlO;, the mixture corresponding to the Laggs3Siys-
Al 50,6 composition after milling for 5, 20 and 30 min was
calcined at 900 and 1200 °C (Figure 13, Figure 14 and Fig-
ure 15). According to the XRD data, calcination of the
sample after activation for 35 min at 1200 °C for 5 h does
not result in the disappearance of the perovskite phase (Fig-
ure 15). The patterns of the samples activated for 5 and
20 min and calcined at 1200 °C also contain reflections for
the LaAlOj; phase, though apatite forms through different
routes. According to the XRD and IR spectroscopic data
(not shown), in the case for the sample that was activated
for 5 min, the formation of the apatite phase occurs through
a solid-state reaction route, and primarily the apatite phase
with a small admixture of the LaAlO5; phase forms only at
1200 °C (Figure 13). In the case for the sample activated for
945
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20 min, as was noted before, the apatite phase is the main
phase already after milling, and calcination at 900 °C re-
sults in practically the formation of single-phase apatite
(Figure 14). In addition, the intensity of the reflections for
the perovskite phase in the XRD pattern of the sample that
was activated for 5 min is lower than those in the pattern
of the sample that was activated for 35 min and calcined at
1200 °C for 5 h. However, the former was shown to increase
with calcination for longer times (10 h), which may be
caused by structure ordering and the slow approaching to
thermodynamic equilibrium.
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Figure 13. X-ray powder diffraction patterns of the SiO, + La,O3
+ Al(OH); mixture corresponding to the Lag g3Sis sAl; 5O, com-
position after milling for 5 min: (A) as milled, (B) calcined at
900 °C, (C) calcined at 1200 °C; ¢ — La,O5, * — La(OH);, | —
La,0,CO3, A — apatite, T — LaAlOs.
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Figure 14. X-ray powder diffraction patterns of the SiO, + La,O;
+ Al(OH); mixture corresponding to the Lag g3Sis sAl; 5O, com-
position after milling for 20 min: (A) as milled, (B) calcined at
900 °C, (C) calcined at 1200 °C; ¢ — La,O5, * — La(OH);, | —
La,0,CO;3, A — apatite, T — LaAlOs.

Thus, the present data suggest that the formation of
LaAlO; is mainly caused by limited substitution of Si by
Al in the apatite structure, and there is some domain in the
La,03-Si0,-Al,05 phase diagram at room temperature in
which the Al-doped apatite and LaAlO; phases coexist and
in which apatite apparently forms a continuous range of
solid solution Lag.33+x/3+},Si6,xAlx026+3y/2 (X = 071.5, y =
946
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Figure 15. X-ray powder diffraction patterns of the SiO, + La,O;
+ Al(OH); mixture corresponding to the Lag g3Siy sAl; 5O, com-
position after milling for 35 min: (A) as milled, (B) calcined at
900 °C, (C) calcined at 1200 °C; A — apatite, T — LaAlOs.

0-0.67). The upper limit of the incorporation of Al into
apatite may be higher than the value pointed out in this
study (Table 1), which is determined by the domain bound-
aries. Further, as is evident from the kinetic study, mecha-
nochemical treatment may affect both the formation and
destruction of doped apatite, which results in the establish-
ment of a mechanochemical dynamic equilibrium, which
may correspond to or be near the thermodynamic equilib-
rium.

Conclusions

The mechanochemical synthesis of Al-doped ATLS has
been described. The lanthanum silicates were successfully
prepared at room temperature by using a high-power
(1200 rpm) ball mill, which primarily favours the formation
of the apatite phase already after activation for 20-35 min.
The data obtained indicate a cluster-topotactic mechanism
for the synthesis of the lanthanum silicates, which involves
hydration of the reagents and acid-base reactions. La,O3
with a hexagonal structure is suggested to be an initial ma-
trix for the topotactic growth of apatite. Strong disordering
of the La,O; lattice favours the formation of apatite clusters
on its surface, which play the role of nuclei for further
crystallization to form nanocrystalline apatite particles. Al-
doping results in the formation of aluminosilicate, which
promotes that of the apatite. The formation of a secondary
phase of LaAlO3, which depends on the sample stoichiome-
try, suggests the existence of a biphase domain in the
La,03-Si0,-Al,05 phase diagram at room temperature.

Experimental Section

Al(OH); (REACHIM, 99.5%), La,Os; (VEKTON, 99.99%) and
Si0, (REACHIM, 99.9%) were used as parent compounds to syn-
thesize ATLS. The stoichiometric mixtures of the starting materials
were activated in a high-power planetary ball mill AGO-2 (steel ball
diameter 8 mm; steel drum volume 150 mL; rotation rate 1200 rpm;
sample-to-ball mass ratio 1/20). Samples were activated for 1-
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35 min for the kinetic study and for 20 min (to prevent destruction
of the apatite structure as a result of mechanochemical treatment)
for the preparation of doped samples with different Al content.
Unless specially stated, the products of MA were calcined at 900
and 1200°C for 5 h.

Thermal analysis of the starting compounds was carried out with
a Q-1500D thermoanalyzer. The phase composition of the parent
compounds and samples prepared was examined by using powder
X-ray diffraction. XRD patterns were obtained with URD-6M or
Dron-3M diffractometers by using Cu-K, radiation with a second-
ary monochromator. TEM studies were performed on a JEM-2010
with EDX Phoenix Spectrometer equipped with Si (Li) detector.
IR spectra were recorded with a Shimadzu FTIR-8300 spectrome-
ter by using KBr pellets. 2’A1 MAS NMR (104.2 MHz, v, =
10 kHz, 25 °C) and #°Si MAS NMR (79.4 MHz, v, = 8 kHz, 25 °C)
data were collected by using a Bruker Avance-400 spectrometer op-
erating with a 4-mm MAS probe. 2°Si and ?’Al chemical shifts are
referred to external SiMey and Al(H,O)s>* standards, respectively.
Estimation of the stoichiometry of the apatite was made by con-
sidering the distribution of Al between the apatite and LaAlO;
phases. The latter was calculated from 2’Al MAS NMR data on
the basis of the proportionality between the peak integral in the
NMR spectrum and the number of atoms. The Fe impurity caused
by using steel drums and balls was analyzed with a Optical Atomic
Emission Spectrometer Optima 4300DV; the amount of Fe impu-
rity in the samples after 25 min of MA was less then 0.05*0.01
w.-%.
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