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Substitution of neodymium for lead in the apatite structure in accordance to scheme
2Pb%* + O — 2Nd3* + 0% has been investigated by X-ray powder diffraction, scanning
electron microscopy, IR spectroscopy and the measurement of electrical conductivity. It
was established that single phase solid solutions Pb(B_X)NaZNdX(VO4)GO(X,2) are formed in the
range of x = 0-0.25. The crystal structure features of some samples have been refined by
the Rietveld method. It was shown that ions Nd3* preferably occupy M(1) site. Influence of
the composition x on the electrical conductivity and activation energy has been investi-
gated.

MerogaMu peHTreHO(A30BOr0 AHAAU3a, PEHTIEHOCTPYKTYDPHOIO AHAJNM3A IIOPOIIKA, CKAHMU-
pyoIIell 2JIeKTPOHHON MUKpocKonuu, MK-cueKTpocKonmny U M3MepPeHHeM 3JIeKTPOIIPOBOIHOCTH
U3y4YeHO u3oMOpP(HOe 3aMellleHue CBUHIIA HA HEOAMM B CTPYKTypPE allaTUTa B COOTBETCTBUU CO
cxemoit samemenus 2Pb%* + O — 2Nd3* + O%~. Veramosaeno, uTo OZHO(MABHBIE TBEPLBIE PAC-
TBOPBI COCTABA Pb(s_x)Naszx(VO4)GO(X,2) obpasyrorca B obaactu cocrasoB x = 0—0.25. Ocoben-
HOCTHY KPUCTAJINYECKON CTPYKTYPBI HEKOTOPBEIX 00PAsI0B YTOUHAJKCEH € IIOMOIILLIO aJrOPUT-
Ma Pureenbna. Veranoeneno, uro monbl Nd3* mpemmymiecrBenno sacensror mosunmo M(1)
CTPYKTYpbl. M3yueHO BJAMAHUE CTEICHH 3aMEIeHHUs HA 5SJIEKTPOIPOBOLHOCTL U BSHEPIUIO
AKTUBALUY IIPOBOLUMOCTI TBEPABLIX PACTBOPOB.

CuHTe3, XapaKTepUCTUKA Ta eJEKTPO(Mi3HUHI BIACTHBOCTI TBEpPAUX PO3UYMHIB CKJIATY
Pl}g_X NaZNdX(VO4)GO(X/2). €I.l'emvman, T.M.Casanxosa, O.B.Iznamos, K.I. ][]idopenko,
A.IO0.Tanuxosa, JI.I.Apdanosaa.

MeTomamMmu peHTreH0()a30BOTO aHaNiI8y, PEHTTE€HOCTPYKTYPHOTO aHAaJNi3y MOPOIIKY, CKaHYyIO-
4ol eJJeKTPOoHHOI Mikpockomnii, IY-cmekTpockonii Ta BUMipIOBaHHAM eJIEKTPONIPOBiAHOCTI IO-
crif:KeHo iBoMoOp(gHe 3aMilieHHA MIIOMOYMY Ha HEOAWM y CTPYKTYpPi amaTuTy y BiAmosix-
Hoeti mo cxemum 2Pb2* + O — 2Nd3* + O2?. BeramosaeHno, 1o ofHoO(AsHI TBepAi POSYMHUI
CKJTATY Pb(g_x)NazNdX(VO4)60(X,2) yTBOpPIOIOTHCA y maiamasoni x = 0—0.25. Ocobausocti Kpuc-
TaNiuHOl CTPYKTYPU AeAKWX 3pas3KiB yTOUHIOBAIMCA 3a AOTIOMOTOI0 alaropuTMmy PiTeennga.
Beranosaeno, mo ionm Nd3* epeBasyKHO JOKaNisyoThes y moauiito M(1) crpykrypu. Ho-
CHiIyKeHO BILIUB CTYNEHIO 3aMillleHHs Ha eJeKTPONpPOBiAHICTL Ta eHepriio axkTusBalii mpo-
BiTHOCTI TBEPAMX PO3UMHIB.
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1. Introduction

Apatites of general formula M,(ZO,4)eXo
(where M = Na*, K+, Ca2*, Sr2+, Ba2*, Pb2+,
Cd2+, Eud+, Y3+, Lad*, ete.; Z = Si*t, Ge?*,
P5+, V5+, AsS+, 6+ Crb+, etc.; X = OH-, F-,
CI, Br, I-, 027, 0 — vacancies, etc.) are
characterized by different properties. Com-
pounds with apatite structure find an appli-
cation as bioactive, luminescent and laser
materials, sensors, solid electrolytes, adsor-
bents, catalysts [1-4] and so on. Thus, com-
pounds with apatite structure have been in-
vestigated intensively. In terms of crystal
chemistry the formula of apatite can be
written as [M(1)]4[M(2)1g(Z04)eX5- In this
structure M ions occupy two structurally non-
equivalent positions M(1) and M(2). M(1) site
(4f position) is occupied by nine atoms of
oxygen which also are part of ZO, tetrahedra.
M(2) site (6kF position) is occupied by six
atoms of oxygen which enter into the compo-
sition of ZO, tetrahedra and the atom X (2a
position) located in the channel of the struc-
ture. Ions in 64 position form triangles. The
central axis of these triangles coincides with
axis z. Repetition of this structure along the
axis z allows the formation of channels. Ions
X located in the channel can move along [5].

Compounds with apatite structure can
easily accommodate a great variety of sub-
stitutions. Substitutions not only make
changes in already existing properties, but
also cause the emergence of the new ones.
Thus, synthesis and investigation of solid
solutions based apatite are not only a way
to produce novel functional materials with
improved physical and chemical charac-
teristics, but also solving the fundamental
problem of modern chemistry such as estab-
lishment of relationship "composition-struc-
ture-property”.

Substitutions of rare-earth elements for al-
kaline-earth elements in the structure of apa-
tite [6—8] have been studied by now. In spite
of ionic radii of lead and alkaline-earth ele-
ments are similar, the information about sub-
stitutions of rare-earth elements for lead in
Pb(lO—x%Lnx(Zo4)6(OH)(Z—x)ox systems is ab-
sent. It’s due to the presence of stoichiomet-
ric active electron pairs of lead which prevent
to substitution by scheme Pb2* + OH™ — Ln3+
+ 0% However, such substitutions in com-
pound PbgNa,(VO,)g are possible (similar sub-
stitutions were investigated in PbgNay(PO,)g
[9]) because of OH™ groups which are absent
in its structure and this compound has less
electron pairs as compared with the com-
pound Pb10(VO4)6(OH)2.
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Considerably lower synthesis temperature
is the advantage of the system based on
lead-sodium apatite [10, 11] as compared
with apatite of alkaline-earth elements [6].
This fact simplifies the technique of synthe-
sis and promotes obtaining fine-dispersed
grains. Furthermore, the channels of the
structure of these compounds are empty.
This favors the conduction of oxygen in
case of realization the foregoing scheme.
Therefore, the purpose of this study is to
investigate substitution of neodymium for
lead in the structure of PbgNay(VO,)g com-
pound.

2. Experimental

Samples of Pbg ,)NasNd,(VO4)gO y0) were
prepared from mixtures of lead oxide PbO
(99.0 % purity), neodymium oxide Nd,O4
(99.0 % purity), sodium carbonate Na,COj
(99.8 % purity) and ammonium vanadate
NH4VO5 (99.0 % purity) which were com-
posed stoichiometry for x =0, 0.05, 0.10,
0.15, 0.20, 0.25, 0.30, 0.40, 0.50 and 0.60.
The mixtures were homogenized in an agate
mortar for 20 min, placed in alumina cruci-
bles and calcined at 300 and 500°C for 1 h
at each temperature. After that the mix-
tures were heated up to 600°C for 5—6 h.
After sintering the samples were powdered
and analyzed by X-ray powder diffraction.
Then the samples were sintered again. This
step was repeated several times until a con-
stant phase composition was obtained. Total
time of sintering at 600°C came to 67 h.

X-ray powder diffraction patterns of the
samples were recorded at room temperature,
using a powder diffractometer DRON-3M
with Ni-filtered copper K, radiation. The
scanning rate was 2°/min, Si was used as an
external standard. Parameters a and c¢ of
the hexagonal unit cell of apatite were cal-
culated from the positions of the 16 most
intense and sharp reflections by using a
least refinement program. The X-ray pow-
der diffraction data for ecrystal structure
refinement was collected in the step regime:
step 0.05° (20), interval 15.00<20<140°,
scanning rate 3 s per step. The crystal
structure was refined using program FULL-
PROF.2k (version 3.40) [12] with graphic
interface WinPLOTR [13]. Factors of verac-
ity Rp, Rp, Rp, Ryp and Xz are 7.86, 6.88,
7.85, 10.1, 1.63 for composition x = 0 and
5.03, 5.02, 6.37, 8.30, 1.34 for composition
with x = 0.2.

IR spectra of the samples dispersed in
KBr tablets (pressure 700 MPa) were re-
corded using Bruker-Optics Fourier trans-
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Fig. 1. Microphotography of

Pb, ;5NaysNdj 55(V0,)g0 125 sample (zooming
in 2.500).

form infrared spectrophotometer in the
range of 400—40000 cm™1.

Elemental analysis was performed using
JEOL JSM-6490LV SEM with INCA Penta
FETx3 (OXFORD Instruments) energy dis-
persion spectrometer. The micrographs and
element distribution maps over the surface
of the samples were also obtained using this
instrument.

d

Electrical conductivity measurements
were performed using DE-5000 LCR-meter
at frequency 100 kHz in the range of 300—
600°C with heating rate 2°/min. The pow-
ders of single phase solid solutions were
pressed under 120 MPa (diameter 0.8 cm)
and sintered at 600°C during 70 h for elec-
trical conductivity measurements. Elec-
trodes were deposited as silver paste. The
applied signal frequency was 100 kHz.

3. Results and discussion

The sample of Pb7.75Naszo_25(VO4)6OO_125
was investigated using scanning electron
microscopy. Fine powder was obtained from
the synthesis; the size of aggregates was 3—
5 um, and the grains’ size was 1 um (Fig. 1).
Electron microscopy reveals (Fig. 2) that
the elements are distributed over the parti-
cle surface almost uniformly, which indi-
cates formation of the homogeneous sample.
The residual nonuniformity is due to the
surface pattern.

Elemental composition was determined
over 14 points (surface regions) for compo-
sitions x = 0 and 0.25 (Table 1). The error
of determination of element content is com-

e) » | H

Fig. 2. Microphotography of Pb;,5Na,Nd; 55(V0,)g0q 125 sample (a) and distribution of elements:
lead (b), sodium (¢), neodymium (d), vanadium (e), oxygen (f).

Table 1. Results of elemental analysis for the samples Pb(g_x)Na2NdX(VO4)GO(X,2) (mass. %)

x \ Pb Nd Na 0
exper. theor. | exper. theor. exper. theor. | exper. theor. | exper. theor.
0 13.62 12.77 69.99 69.26 - 1.93 1.92 14.46 | 16.05
0.25 14.32 12.85 68.93 67.49 1.52 1.77 1.93 13.06 16.21
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Table 2. Unit cell parameters for the sam-

ples Pb(g_x)Na2NdX(VO4)60(X/2)

Composi- a (A) c (,3,)
tion, x
0 10.0569+0.0012 | 7.326510.0011
0.05 10.05344+0.0014 | 7.327210.0014
0.10 10.0499+0.0012 | 7.326210.0012
0.15 10.0466+0.0010 | 7.3230+0.0010
0.20 10.0415+0.0013 | 7.323210.0014
0.25 10.0396+0.0015 | 7.3209+0.0015

parable with the data obtained in [14] for
compounds with apatite structure using the
same method of research. It indicates that
lead oxide has not undergone sublimation
during the apatite synthesis.

The peaks in X-ray diffraction patterns
of the samples with x = 0-0.25 are sharp
and well resolved and can be attributed to
hexagonal crystal form of apatite (Fig. 3).
The diffraction patterns of the samples with
x > 0.25 also contain reflections of neodym-
ium vanadate NdVO,. The intensity of these
reflections increases with increase of neo-
dymium content. Thus, it was established
by X-ray powder diffraction that the limit
for substitution of neodymium for lead in
the structure of apatite is in the range of
0<x<0.25.

The lattice parameters of the hexagonal
unit cell are presented in Table 2. The unit
cell parameter a of the hexagonal lattice
decreases slightly, while the parameter ¢ re-
mains almost unchanged of single-phase
samples with increasing neodymium content
in solid solution. It is due to smaller ionic
radius of neodymium Nd3*+ (1.163 A) com-
pared to the radius of lead Pb2* (1.350 A).
Here and below the ionic radii are presented
according to R. Shennon [15] for coordina-

Fig. 8. Diffractograms of Pb(S_X)NaQNdXNO4)GO(X,2)
samples ( — apatite structure phase, + —
phase of NdVO,).

ference between the ionic radii is consider-
able (0.187 A).

The unit cell parameters of apatites such
as Pb10(VO4)6(OH)2, Nazpbs(VO4)6 and
K5Pbg(VO,)g are presented in Table 3 for ex-
planation of the reasons for such change. It
is seen that substitution of alkali metals for
lead reduce to significant decrease of pa-
rameters not only in the case of sodium, but
in the case of potassium although the radius
of ion K* (1.550 A) is bigger than the ionic
radius of the ion Pb2* (1.350 A).

Entry to Pbyg(VO,)g(OH), structure of al-
kaline metals reduces the size of the cells of
apatite so much that the partial substitu-
tion of neodymium for lead doesn’t influ-
ence on the values of parameters.

The refinement results indicate that so-
dium substitute for lead mainly in M(1) po-
sitions according to [17—20]. Fourfold M(1)

tion number 9. However, such a small position contains 41.5 % sodium and
change needs to be explained, since the dif- 58.5 % lead, while sixfold M(2) position
Table 3. Unit cell parameters for some apatites
Composition a (A) c (A) Reference
Pb;o(VO,)6(OH), 10.2242(3) 7.4537(3) [15]
Na,Pbg(VO,)g 10.060(2) 7.346(1) [16]
Na,Pbg(VO,)s 10.059(3) 7.434(2) [11]
K,Pbg(VO,)g 10.111(2) 7.448(1) [16]
Na,Pbg(VO,)g 10.057(1) 7.327(1) This article
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Table 4. Interatomic distances (A in the
structure of Pbg  Na,Nd,(VO,)O )

Composition x=0 x=0.2
Pb(1)-O(1) x 3 2.44(3) 2.46(3)
Pb(1)-O(2) x 3 2.82(8) 2.75(3)
Pb(1)-O(3) x 3 2.98(8) 3.02(2)

<Pb(1)-O> 2.75(1) 2.74(1)
Pb(2)-O(1) 2.71(4) 2.81(3)
Pb(2)-0(2) 2.30(4) 2.26(4)
Pb(2)-O(3) x 2 2.62(3) 2.70(3)
Pb(2)-O(3) x 2 2.48(2) 2.55(2)
<Pb(2)-O(1-3)> 2.54(1) 2.60(1)
Pb(2)—(4) - 2.533(4)
Pb(2)-Pb(2) 4.405(7) 4.387(7)

contains 5.7 % sodium and 94.3 % lead. On
the assumption of this fact we considered
that sodium substitute for lead mainly in
the M(1) positions during refinement of the
crystal structure Pbgg ,)NasNd,(VO,4)gO x/2)-
The refinement of the crystal structure of
Pb78Nasz02(VO4)6001 showed that the
M(1) position contains 41.5 % sodium,
54.0 % — lead, 4.5 % — neodymium,
while the M(2) position contains 5.7 % so-
dium, 94.0 % — lead, and 0.3 % — neo-
dymium. Thus, neodymium substitute for
lead mainly in the M(1) positions. Obtained
values of atomic coordinates enable calcula-
tion of the interatomic distances; some of
them are given in Table 4. As can be seen
the values of average interatomic distances
are changed insignificantly. A little increas-
ing of distance Pb(2)—O(1-3) from 2.54(1) to
2.60(1) and decreasing of distance Pb(2)-
Pb(2) from 4.405(7) to 4.387(7) A can be
explained by appearance of oxygen ions in
the structure channels. It increases the co-
ordination number of lead ions Pb(2) from 6
to 7 which results in increasing its dimen-
sions. In addition oxygen ions located in the
channels react with lead ions Pb(2). Because
of this fact the distance between Pb(2)-
Pb(2) decreases.

The cause of slight change of the both
unit cell parameters and interatomic dis-
tances should be searched in the electronic
structure of lead atom. Impossibility of sub-
stitution in Pb(lO—X)LnX(ZO4)6(OH)(Z—X)OX SySs-
tems has the same explanation. Lead apatite
Pb49(Z04)g(OH), has OH™ groups located in
the structure channels and stoichiometric
active electron pairs. Concentration of the
both OH™ groups and electron pairs is re-
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Fig. 4. Logarithm of conductivity, lgo (S em™1)
as a function of 1000/T (K1) for
Pb(S_X)NaszX(VO4)60(X,2).

duced during the substitution according to
Pb2* + OH- — Na* + 0. It results in com-
paction of the structure. Indeed, the values
of Pb-O distances are 2.210 and 2.218 A
for vanadates PbgNa,(VO,)g and
PbgK5(VO,)g, respectively [17], while the
value of Pb—O distance for Pb;y(VO,4)g(OH)s
is 2.35 A [21]. Thus, character of the
chemical bond has determining the influ-
ence in this case.

IR spectra for compound PbgNa,(VO,)g
and solid solution Pb; 75NasNdg 55(VO04)0q 125
have been investigated. For PbgNay(VO,)g
the lines observed at 760, 819, 845 and
416, 466 and 514 cm™! correspond to
stretching vs (VO,) and v, (VO,), respec-
tively [11, 21, 22]. Frequency of lines v,
and vg (819 cm™!) are increasing by 3-
5 cm! and 2 em™! respectively during the
substitution of neodymium for lead. Further-
more, the spectrum of
Pb; 75NasNdg 55(V0,4)gO0q 105 solid solution has
an additional band at 444 em™!. However, addi-
tional bands were found during the investiga-
tion of substitution in Ca 10_X)LaX(PO4)6(OH)y
[6] and Sr(lo_X)EUX(PO4)6(O )(Z—X OX [22] Sys-
tems. These bands were attributed to vibrations
of La—O and Eu-O, respectively. Therefore, the
band at 444 cm™! can be attributed to the vi-
brations of Nd-O.

Temperature dependences of conductivity
are presented in Fig. 4 for compositions
x = 0 and 0.25. Only one linear segment
was obtained in [11] for PbgNa,(VO,)e in the
temperature range of 350-456°C. In our
work the conductivity was defined in the
temperature range of 300—-600°C. Four lin-
ear segments were obtained with activation
energies of 0.49, 1.61, 4.84 and 1.41 eV in
the temperature ranges of 300-440, 440-
480, 480—530 and 530-600°C, respectively
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Table 5. Activation energy (eV) for the samples Pb(g_x)Na2NdX(VO4)GO(X,2)

x=0 x = 0.05 x=0.1 x=0.15 x=0.2 x=0.25
0.49 (300-440°C)* 0.50 0.62 0.64 0.61 0.67
1.61 (440-480°C)* 0.58 1.11 1.14 1.20 1.26
4.84 (480-530°C)" 2.92 2.97 2.96 2.91 2.57
1.41 (530-600°C)* 2.89 2.76 2.27 1.30 0.99

* Temperature intervals are presented for PbgNa,(VO,)s. Everything else has similar values.

Table 6. Conductivity (S,em™) and relative density (p, %) for the samples Pb(B_X)Na2NdX(VO4)GO(X,2)

x 350°C 400°C 450°C 500°C 550°C 600°C P, %
0 0.38:10°° | 0.52.10°° | 0.86:10° | 2.510°° 17107 30-10°° 94

0.05 0.12:10°® | 0.16:10°° | 0.22:10°% | 0.63:10° | 1.9-10°° 3.7:10°° 94
0.10 0.17:10°® | 0.1910°° | 0.29-10°% | 0.69:10° | 2.4.10°° 5.1:10°° 94
0.15 0.22:107% | 0.84.107® | 0.55:107% | 1.0-107° 3.8-107° 9.5:1073 95
0.20 0.29-107% | 0.49-107® | 0.80-107% | 1.5-107° 4.2:1075 9.7:1073 94
0.25 0.85:107° | 0.60-107° | 1.0-107° 2.2.107° 5.3-107° 10-107° 95

(Table 5). The values of activation energy G

and electrical conductivity (Table 6) un- 0*10, S'em |- ¢

modified PbgNa,(VO,)g in the temperature 25 |

range of 300-440°C (activation energy of 20l

0.59 eV, conductivity 0.37-107°, 0.67-107° 5

and 1.80-10°% at 850, 400 and 450°C) agree 15

with [11]. In the temperature ranges of 10 | oo 600C

440-480 and 530-600°C activation energies 5 L p __%550C

are 1.61 and 1.41 eV, respectively, which 1 *’:* K%

enter the range of 1.21-2.07 eV for 1oL A 450

PbgK(2_)Na,(PO,)g also having cationic con- R

ductivity [23]. 08 A
However, the value of activation energy o6 L / o 400C

for PbgNay(VO,)g is very high in the tem- ' ° A

perature range of 480-530°C (4.84 eV), 04| m // o 350°C

which is not typical for ionic conductivity. A /:/l/

Similar activation energy (8.85 eV) and 02 | g—

temperature dependence of the conductivity 0,0 L~ ! | ! I !

are obtained for compound with the apatite
structure Pb, gBij gNas g(POy)g [24]. High
value of activation energy was explained
using the Rietveld analysis. Authors estab-
lished that sodium atoms initially localized in
(6h) site, are found in the center of the tun-
nel at 900 K. Herewith Pb4sB|16Na36(PO4)6
has cationic conductivity throughout the
temperature range.

The value of activation energy depends
on the both composition x and temperature.
In the temperature range of 300—440°C the
activation energy increases insignificantly
with increasing of x (Table 5). In the tem-
perature range of 440-480°C the activation
energy decreases considerably from 1.61 to
0.58 eV, where upon it increases gradually

252

0,00 0,05 0,10 0,15 0,20 x

Fig. 5. Conductivity of Pb(S_X)Na2NdX(VO4)GO(X,2)
samples as a function of x at different tem-
peratures.

to 1.26 eV. In the temperature range of 530—
600°C the activation energy increases consider-
ably from 1.41 to 2.89 eV, whereupon it de-
creases gradually to 0.99 eV. In spite of de-
creasing of the activation energy from 4.84 to
2.57 eV in the temperature range of 480—
530°C, its value is maximum for each com-
position. It is evidence of relocation of so-
dium in tunnel of structure not only for

Functional materials, 21, 3, 2014
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PbgNa,(VO,)g but also for solid solutions
of Pb(S—X)NaZNdX(VO4)60(X/2)'

In the beginning (for x = 0.05) the con-
ductivity decreases considerably, but after
that it increases gradually with increasing
the composition x (Table 6, Fig. 5). At the
temperature 400-450°C the conductivity for
x = 0.25 is greater than for PbgNa,(VO,)s,
however it is less at more high temperature.
Foregoing dynamics of change of the activa-
tion energy and conductivity is needed of
explanation.

It is known that a kind of conductivity de-
pends on chemical composition. Thus, compounds
have protonic conductivity, compound
Cagglay 5(VO,4)gO4 75 has anionic conductiv-
ity (O™), compound PbgK,(VO,)g has cat-
ionic conductivity (K*') [25], compound
Pb49(PO4)g(OH), has mixed conductivity (e~
and OH7) [26]. The kinds of ionic conductiv-
ity are cationic, anionic or mixed [27, 28].

Compound PbgNa,(VO,)g has cationic
conductivity because of movement of alkali
metal cation along the structure channels.
In consideration of scheme of substitution
2Pb2+ + O — 2Nd3* + 02~ emergent oxygen
ions are located in the channels of the
structure. These ions block partially
transfer of sodium ions in the channels and
their movement along the structure chan-
nel. Consequently cationic conductivity de-
creases considerably at x = 0.05 and anionic
part of the conductivity appears. The value
of anionic conductivity increases with the
rise of neodymium content.

4. Conclusions

Solid solutions Pb 8_X)Na2NdX(VO4)GO(X/2)
have been investigated using X-ray diffrac-
tion, refinement of crystal structure by the
Rietveld method, scanning electron micros-
copy, IR-spectroscopy and measurement of
electrical conductivity. Substitution of neo-
dymium for lead corresponded to the
scheme 2Pb2+ + O — 2Nd3* + 02~ as been
carried out in range of homogeneity
0<x<0.25. Dynamics of change of activation
energy and conductivity are the reason for
transition from cationic conductivity to
mixed cationic and anionic conductivity.
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