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Polycrystalline samples of Ca,y(PO,)gF, (calcium fluor-apatite, FAP) and of Sm3* doped
FAP have been obtained by precipitation from aqueous solutions. The optimum conditions
to obtain single-phase polycrystalline doped and undoped FAP are pH = 4.7 and T = 80°C.
Effect of physicochemical conditions on the sample characteristics has been studied. The
luminescence and luminescence excitation spectra of FAP doped with samarium have been
measured. The spectra obtained are identified as those of Sm3*.

MeTomom ocaskaeHusi U3 BOIHBLIX PACTBOPOB IMOJYYEHBI IMOJUKPHUCTAJINYECKHE 00pasiibl
Ca,((PO,)6F, (bropanmarura xanemusa, PAII) u PAII, aKTHBIPOBAHHOTO Sm3*. Omrrumass-
HBIMHU YCJOBUAMMU IIOJYUYEHUS MOHO(PABHOTO, MOJUKPUCTAJIINYECKOTO, TOIMMMPOBAHHOTO U He
ponupoauuoro @AII asaaorea pH = 4.7 u T = 80°C. Usyueno Biausinue (pU3NKO-XUMUUEC-
KHX YCJOBHH HA XapaKTEePUCTUKH OOPAa3yIOIUXCH OCAAKOB. 3MepeHbI CIIEKTPHLI JIOMUHE-
cueHIMU U €€ BO30yKaeHus muas odopasmos DPAII, monmpoBaHHBIX MoHAMU camapus. Lloay-
YeHHBIHl CIIEKTP JIOMUHECIEHINH, UIeHTUPULUPYETCS KAK CIeKTp JoMuHecmeHnun Smo* .

In the frame of lighting problem, apa-
tite-like structures Me,o(Z0,4)gX, (Me = Ca,
Sr, Ba; Z=P, V; X=F, CIl, OH...) are con-
sidered now to be materials of good promise
for light converting coatings, large-frame
plasma displays, UV protecting coatings,
etc. Such materials include, in particular,
calcium fluorapatite (FAP) Ca;o(PO4)sF2
doped with rare-earth elements (RE) such as
Nd3*, Sm3*, Eud*, etc. [1]. Since the apatite
crystal lattice contains two non-equivalent
positions of the metal atoms in different
local environment symmetry, the control-
lable replacement of Me2* ions (Me = Ca,
Sr, Ba) in the matrix with RE ions at the
growth step makes it possible to regulate
the spectral and luminescence properties of
the materials [2]. The RE ions can replace
the calcium one in two non-equivalent crys-
tallographic positions of the lattice, depend-
ing on the growing method and local charge
compensation [3].

Traditionally, the apatite-like material
synthesis are synthesized using the solid-
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phase and hydrothermal methods as well as
various vacuum sputtering techniques [4-6].
The powders, including the nanocrystal
ones, as well as coatings with a pre-speci-
fied phase compositions, are difficult to ob-
tain proceeding from multicomponent com-
pounds, because the synthesis control in a
system consisting of several precursors is a
complicated task. Among alternative and
promising ways to polycrystalline coatings,
disperse structures and nanocrystals of apa-
tite-like materials, the low-temperature pre-
cipitation of precursor salts from super-
saturated aqueous solutions is worth to
mention [7, 8]. It is known [9] that intro-
duction of impurity ions into an aqueous
solution may result in a decreased super-
saturation relative to the main crystallizing
phase and, due to inhibiting effect, in de-
creased growth rate and changed growth
mechanism as well as in changed phase com-
position and structure of the growing mi-
crocrystals. There are numerous works [7,
8, 10] aimed at study of formation and
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Table 1. Elemental analysis results for pure and Sm-doped FAP.

Sample Element, %
Ca P F C 0 Sm Impurity
FAP 29.3 17.5 5.4 36.2 11.0 - < 0.6
FAP:Sm3* (Cg,3" =1 %) 27.5 16.2 5.1 30.7 19.8 < 0.3 < 0.4
growth of alkali-earth haloapatites (includ- |, imp a)

ing those doped with various metal ions)
from aqueous solutions. Nevertheless, the
growth of haloapatites activated with RE
elements as well as of mixed apatites
Me!,o_,Me! (PO,)sF, and, in particular, of
FAP, are scarcely studied to date. The pur-
pose of this work is to study the effect of
the growing conditions from aqueous solu-
tions (temperature, pH, dopant concentra-
tion, annealing) on the phase composition,
structure and morphology of polycrystalline
FAP: Smd3*.

The initial FAP was precipitated from
aqueous solutions by mixing together in a
glass the CaCl, and KH,PO, solutions con-
taining KF in the presence of acetate buffer
under controlled temperature. The total so-
lution volume was 280 mL. The mixture
temperature was 20, 37, or 80°C, the solu-
tion pH was adjusted to 4.7, 5.5, or 6.5.
The FAP: Sm3* was obtained at pH = 4.7
and T = 80°C. The activation was done by
introducing samarium chloride., the activa-
tor concentration being 1 and 8 at. %. The
precipitates formed were washed, dried at
60°C and annealed in air at 500°C for 40 h.
The phase composition of the samples was
examined by XRD (DRON-4 instrument, Fe
K, emission, A =1.93728 A, the scanning
angle 26 range 10 to 70 deg). The coating
crystallinity extent (the average size of
crystalline blocks) was calculated from the
XRD line half-width using the Selyakov-
Scherer equation. The microstructure char-
acteristics of the synthesized samples were
studied using scanning electron microscopy
(SEM) (JEOL-820). The elemental composi-
tion was determined using a photoelectron
spectrometer Kratos XPS-800 as well as
X-ray fluorescence (XRF) analysis. The lumi-
nescence ans luminescence excitation spectra
were recorded using an automated SDL-2 set
(LOMO, St.Petersburg). The XRF and elemen-
tal analysis have shown that the ratios of
main components in the powders amount
Ca/P =1.67+0.02 and Ca/F = 5.42+0.05,
thus corresponding to FAP stoichiometry
(see Table 1). The presence of carbon is due
to hydrocarbons adsorbed from the environ-
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Fig. 1. XRD patterns of nominally pure FAP (a)
and FAP:Sm® (1 at.%) (b) precipitated from
aqueous solutions at T'= 80°C and pH = 4.7.

mental air. The impurities (Na, K) in a total
amount less than 1 % are due to the presence
of those components in the initial solutions.
In Fig. 1, presented are the XRD data
for the initial nominally pure FAP and for
FAP:Sm3™ (Cg®" =1 at.%) obtained by
precipitation at pH = 4.7 and T = 80°C. The
XRD patterns contain the set of main re-
flections corresponding to the FAP crystal
lattice. No amorphous phases are found. In
the apatite crystal lattice, Ca2* ion occupies
two non-equivalent crystallographic posi-
tions, namely, Ca(I) one with C3 symmetry
is surrounded by nine oxygen atoms while
Ca(Il) one with C, symmetry is coordinated
with six oxygen and one fluorine atoms
[11]. As the heterovalent Sm3* ions enter
the FAP structure (r(Sm3*+)=1.13 A,
r(Ca2*) = 1.06 A [12]), the charge compen-
sation, according to the Goldschmidt rule
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Fig. 2. XRD patterns of FAP precipitated at
T = 20°C (a) and at pH = 6.5 (b).

and to [2], may occur by way of mechanism
3Ca%* > 2Sm3* + Vi, (Vga~ being a cal-
cium vacancy). The vacancy may be in vari-
ous crystallographic positions relative to
Sm3* ion. Doping of FAP with heterovalent
Sm3* ions (CSm3+ =1 %) (see Fig. 1b) re-
sults in enlarged FAP crystal lattice pa-
rameters, a = 9.401 A, c=6.882 A (for
pure calcium fluoro-apatite, a = 9.83475 A,
¢ = 6.8646 A, Fig. 1a) [13]. For FAP doped
with Cg37 =8 %, a =9.390 A, ¢ = 6.888 A.
When FAP was doped with Pb2* ions having
ionic radius exceeding considerably that of
Ca2* (r(Pb2*)=1.832 A), the increase of
Pb2* concentration from 5 % to 10 % has
resulted in linear changes of the FAP
crystal lattice parameters from a = 9.401 A,
c=6.892A to a=9.440 A, ¢=6.909 A, re-
spectively. Proceeding from the broadening
of X-ray reflections for the FAP powders,
the coherent scattering field (the crystalline
block) size has been estimated. For the
nominally pure FAP obtained at pH = 4.7
and T = 80°C, the size is L = 43 nm. Intro-
duction of samarium ions (Cg®t =1 %,
3 at.%) results in an insignificant diminu-
tion of the nanocrystalline block size down
to 43 and 39 nm, respectively.

When studying the temperature effect on
the sample phase composition, the following
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Fig. 3. EM images of nominally pure FAP (a)
and FAP:Sm3* (1 at.%) (b).

regularities have been revealed. The solu-
tion temperature lowering down to 7' = 20°C
at pH = 4.7 (Fig. 2a) results in formation of
additional CaF, phase and a diminution of
the nanocrystalline block size (for the sam-
ple obtained, L = 30 nm). Effect of the so-
lution pH on the sample phase composition
at a constant temperature has been studied,
too. At pH = 5.5 and T = 37°C, the single-
phase FAP with the crystal block size of
29 nm has been obtained. As pH is raised to
6.5, the dissociation extent of HF increases
and, as a result, the fluorine ion concentra-
tion in the solution rises. Moreover, the pH
increase favors a higher supersaturation of
the solution in CaF, phase, thus initiating
its formation (Fig. 2b). As the solution pH
increases, the nanocrystalline blocks become
diminished sown to L =21 nm. The XRD
analysis data are summarized in Table 2.
The results of FAP and for FAP:Sm3*
(Cgm®™ =1 at.%) morphology analysis
using SEM are presented in Fig. 8. The
crystallites are seen to form spherical con-
glomerates of 5 to 15 um size (Fig. 2a). The
electron microscopic image of a Sm3*

Functional materials, 13, 1, 2006



N.V.Babayevskaya et al. /| Growing of Sm3Jr

Table 2. Summary of X-ray phase analysis for experimental samples.

Sample pH T, °C

L(FAP), nm

FAP lattice parameters
a, A ¢, A

L(CaF,), nm

FAP
FAP
FAP
FAP

4.7
4.7
5.5
6.5

80
20
37
37

43
30
29
21

- 9.37 5.89
8 9.39 6.88
- 9.40 6.88
9.42 6.89

(1 at.%) doped FAP sample shows that the
impurity entering causes changes in the
crystallite size and shape. The crystallite
grow in a denser plate-like shape and the
size there of attains 10 um. These shape
and size changes can be supposed to be due
to the inhibiting effect of the impurity [9].

The spectral and luminescence measure-
ments have shown that unannealed samples
of both initial and doped FAP are not lumi-
nescent at room temperature. Annealing of
the samples in air at 500°C results in ap-
pearance of an intense luminescence. The
luminescence spectra evidence that samar-
ium ions enter the FAP crystal lattice in
the trivalent state Sm3* (Fig. 4). The lumi-
nescence was excited in the band peaked at
Aoy, = 402 nm. It is seen (Fig. 4a) that in
the 300-490 nm range, the luminescence ex-
citation spectrum of FAP:Sm3* consists of
three groups of poorly resolved bands, the
highest intensity lines being just 361, 374,
402, and 470 nm ones. Similar to the lumi-
nescence excitation spectrum, the lumines-
cence spectrum of FAP:Sm3* contains three
highest intensity groups of lines peaked at
562, 597, and 643 nm. According to [14],
those groups of lines are due to intra-configu-
ration electron transitions from the lower ex-
cited level 4G5 5 (metastable state) to the
ground multiplet levels °Hy o, SHy 9, 6Hyg q.

Thus, our investigation has shown that
single-phase  polycrystalline FAP and
FAP:Sm3* can be obtained using precipita-
tion from aqueous solutions. The optimum
precipitation conditions are pH = 4.7 at
T = 80°C as well as pH = 5.5 at T = 37°C.
The crystallites of the samples studied con-
sist of nanocrystalline blocks of 21-43 nm
size. The temperature lowering down to
20°C results in formation of additional CaF,
phase and a diminution of the block size.
Increased pH causes formation of two-phase
FAP/CaF, system and the block size dimi-
nution. In the case of pH increase, the
amount of CaF, is larger than in the sample
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Fig. 4. Luminescence excitation (1, = 597 nm)
(a) and luminescence (,, = 402 nm) (b) of
FAP:Sm3" (1 at.%) crystals.

obtained at low temperature, that is evi-
denced by increased intensity of CaF, lines
as compared to that of fluorapatite lines.
The presence of samarium has been confirmed
by X-ray fluorescence and elemental analysis.
Samarium has been found to enter the calcium
fluorapatite crystal lattice as a substitution
impurity and does not initiate the formation of
any additional phases. The as-prepared samples
have been found to be not luminescent. The
annealed samples show a luminescence identi-
fied as that of trivalent samarium.

Authors are thankful to Z.I.Kolupayeva
and S.V.Dukarov who assisted in determina-
tion of the phase composition and structure
of the samples under study.
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BupomyBaHHS MOJIiKpHUCTAJIYHOTO (pTOpPpAMATHUTY
KaJbIil0o, aKTHBOBAHOT0 SM3*, 3 BOMHMX PO3UYMHIB

H.B.Ba6aeeécvrka, I0.M.Casséin, O.B.Tonmawos

BukopucroByoun MeToL OCaIKEeHHSA 3 BOSHMX PO3UYMHIB OTPMMAaHO MHOJIiKpHCTAJiUHi 3pas-
ku Ca,y(POygF, (bropamarury rameniro, @AII) i PAII, akTuBOBAHOTO Sm3*. OnrumanbuuI-
MM yMOBaMU OTPHUMAHHS MOHO(ASHOTO IOJiKPUCTAJTIYHOTO [JOMOBAHOTO Ta HEIOIIOBAHOI'O
DAII e¢: pH =4.7 i T = 80°C. Bupueno BmiuB (PisMKO-XiMiuHMX yMOB HA XapaKTEPUCTUKU
oTpuMaHHMUX ocafiB. OTpMMAaHO CIEKTPHU JOMiHecueHIil Ta ii s0ymxenns aas 3paskis DAII
ta @DAII, akTuBoBaHHOro iomamu camapiro. OrpumaHuili cuexTp JaoMiHecueHiii izenTu-

(BiKyeTbCH K CIEKTD JIOMUHecmeHmii Smd* .
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