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Abstract : Na3 goCao.67Al0.23Ti0.77(PO4)3 phosphate exists in both crystalline and vitreous forms. It has been
synthesized as microcrystalline powder, single crystals and glass. The structure of the crystalline form,
belonging to Nasicon family with M(1)M(2)3A2(PO4); formula, was solved by single crystal X-ray diffraction
(Space group R32, Z =6, an = 8.9976(1) A, cn = 21.8312(3) A, R1 = 0.03, wR> = 0.06). A Rietveld refinement
was also performed. The structure is formed by a 3D network of PO4 tetrahedra and AOg (4= Na/Ca and Al/T1)
octahedra sharing corners. One of the two positions of A sites is statistically occupied by Na* and Ca**, the
other position is statistically occupied by AI** and Ti*'. The remaining sodium atoms occupy totally M(1) and
partially M(2) interstitial sites. Raman and infrared spectra show for the crystalline powder, broad peaks
attributed principally to monophosphate PO4 modes. The structure of the glass contains PO4 and P>O7 groups
and short -Ti-O-Ti-O- chains. UV—Visible spectra consist of strong bands at high energy assigned to O-Ti and
O-Al electronic charge transfers.
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1. Introduction [03A03NaM( 1)03A03-03A04NaM(1)03A04],, connected by POy

tetrahedra. The M(2) sites, totally empty in NaA;(POy); (A = Ti,

Nasicon-type materials (Nasicon: Na super ionic conductors)
have been extensively studied after the discovery of sodium super
ionic conductors Naj, xZr;SixP3.401; by Goodenough et al. [1].
These materials were known to show relatively high chemical
stability and have been proposed for use in various fields of
solid-state chemistry: solid electrolytes, electrode materials, low
thermal expansion ceramics, ionic conductors, sensors, catalysts,
luminophores and materials for immobilization of radioactive
waste [2-14]. Their structure was first described for NaA;(PO4)3
(A =Ti, Ge, Zr) phosphates [15]. It consists of a three-dimensional
framework built up of PO4 tetrahedra sharing corners with AOg
octahedra. Within this covalent skeleton, there are two sites,
labelled M(1) and M(2). There are three M(2) sites and one M(1)
site by formula unit: M(1)M(2)3A5(POy4)3. The M(1) site, fully
occupied by sodium, is an antiprism formed by the triangular
faces of two AOg octahedra along c¢ axis of the hexagonal cell.
Thus, the network of NaA;(PO4); (A = Ti, Ge, Zr) phosphates
can be considered as made up of infinite ribbons of composition

* Corresponding author.
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Ge, Zr), are located between these ribbons in large cavities with
an eight-fold coordination. M(1) and M(2) sites can be completely
empty like in NbTi(POy4); [16] and AlgsNby5(POy)3 [17], partially
occupied like in MpsTiy(PO4)3 (M = Ca, Mn, Fe, Co, Pb) [18-25],
BagsFeNb(POy )3 [26], NaAy(POy4)s (A =Ti, Ge, Zr) [15], LisTiy(POy4)4
[27], NagAZr(PO4)3 (A = Mg, Ni) [28], NassCri5Cogs(POy)s
[29] and Na,FeA(PO4)3 (A = Ti, Sn) [30,31] or full as in NagA(POy4)3
(A =Ti, Zr) [32-33] and NagAB(PO4)3; (A = Mg, Mn, Ni; B = Al,
Cr) [34-36]. Nasicon structure permits a large number of sub-
stitutions at M(1), M(2), A and P sites giving rise to a range of
compositions. It can accommodate several ions with different
sizes and charges [37]. Previous studies showed that introduction
of AP* ions in Nasicon-type phosphates improves their ionic
conductivity [38-40]. Some compositions of Nasicon type mate-
rials can be obtained in the glassy form like Nas_,CayTi(POy4)3
(0 = x = 1) and NazCayyMnyTi(PO4)3 (0 = x < 1) [41-43].
They are called Nasiglasses (Sodium superionic conductor
glasses). During the study of Naj py.yCayyAlyTiiy(POy)3 sys-
tem, we isolated a new composition (x = 033, y = 0.27:
NasggCapg7AlpasTig77(POy4)3)  which exists in  baoth  crys-
talline and vitreous forms. We present here its synthesis
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Fig. 1. Photographs of (a) grinded glass, (b) glass block and (c) crystallized powder
of Na;g5Caps7Alp23Tip77(POg)s samples.

methods, crystal structure determination by single crystal X-
ray diffraction (SCXRD) and powder X-ray diffraction (PXRD), as
well as its vibrational and optical spectra.

2. Experimental
2.1. Synthesis

Naj ggCagg7Alg23Tig77(POy4)3 was obtained as single crystal, mi-
crocrystalline powder and glass. The starting reagents used for the
synthesis were Na,CO3 (99.5%), CaCO3 (99%), Al;05 (99%), TiO,
(99.5%) and (NH4),HPO4 (99%). Single crystals were prepared by
melting in a platinum crucible the mixture of reagents, (Atomic ra-
tios: Na/Ca/Ti/Al/P: 7/2/1/1/6) at 1000 °C, followed by slow cooling
at rate of 5 °C/h, until 250 °C and finally cooled to room tempera-
ture by turning off the furnace power (Amount of final compound:
about 5 g). The crystals are transparent and colorless. White mi-
crocrystalline powder of NasggCapgrAlp23Tip77(POy4)3 was obtained
by standard solid-state preparation, according to the following re-
action:

38INa,CO3 + 0.67CaC03 + 222A1,05 + 0.77Ti0; + 3(NH4),HPO4

+
Na3 89Cao.67Al0 23T ip.77 (POs)3 + 6NH3 + 2H20 + 222C0,

Stoichiometric proportions of reagents, in order to obtain 1 g
of the final compound, are heated respectively at 200 °C (12 h),
400 °C (12 h) and 700 °C (24 h) with intermediate grindings.
Crystalline powder of NajggCaggrAlg23Tip77(POy)3 can also be ob-
tained by recrystallization of the corresponding glass at 650 °C
for 24 h. The glass was obtained in air by melting, in a plat-
inum crucible, stochiometric amounts of reagents (about 10 g). In
a first step, powder was heated at 200 °C (12 h), 400 °C (6 h)
and 600 °C (4 h) to eliminate NH3, H,O and CO,gasses. The tem-
perature was then progressively raised to 1050 °C and held con-
stant at this value for 15 min. The liquid was then poured onto a
metal plate. Under these conditions, the glass is colorless (Fig.1(b)).
The amorphous state of the vitreous sample was confirmed by
powder X-ray diffraction (Fig. 2(b)). No Bragg peaks were de-
tected in a wide range of 26 angles between 10° and 80° We
observed only a broad peak around 20 = 32° characteristic of
amorphous compounds. The glass was also characterized by den-
sity measurement (d = 2.73) and DTA (Fig. 3). The values of the
glass transition and crystallization temperatures are Ty = 436 °C
and T, = 589 °C. Chemical analysis was performed, for all ele-
ments except oxygen, by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) using an ICAP 7000 (Thermo Fisher)
spectrometer. The number of oxygen is deduced from the bal-
ance of positive and negative charges. The analysis results led to
the formula NajgpCap71Alg25Tig75P2.98011.985 which is close to the
studied one (NasggCaggrAlga3Tip77P3012), taking into account the
measurement error (+ 0.03).

2.2. Single crystal and powder X-ray diffraction

A platelet shaped NaszggCapg7Alga3Tig77(PO4)3 colorless single
crystal (0.34x0.191x0.041 mm?) has been selected and mounted

Table 1

Results of single crystal refinement of Na;gqCapgrAly23Tig77(P0y)a-

Chemical formula

NasgsCansrAlo23Tio77 (POs)s

Temperature

Wavelength

Crystal system | Space group
Unit cell dimensions [A)

Volume [ Z

Molecular weight (g/mol)
Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta=33.62°
Refinement method

Data | restraints [ parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

293(2) K

0.71073 A

Trigonal | R32 (155)
a—b—8.9976 (1), c=21.8312 (3)
a=p5=90° y=120°

15306 (3) A | 6

44428

2.892 glem?

1.733 mm~'

1302.7

0.34 x 0.191 x 0.041 mm’

3.21 to 33.62°

-13<h<14 [ -13<k<13 | -33<l<33
6991

1329 [R(int)=0.0297]

98.9 %

Full-matrix least-squares on F?
1329/ 3/ 72

1.089

R, = 0.0268, wR, = 0.0600

R, = 0.0304, wWR; — 0.0643

0.00(5)

0.0020(2)

0.613 (Na2) and -0.651(Na2) e.A 3

Table 2

Results of powder Rietveld refinement of NajgqCaggrAlya:Tig77(POg)s.

Structural formula

NasgsCanerAlo2sTiors (POs)s

Wavelength [A)

Step width (26°); angular range (°)
Program

Zero point (28°)

Pseudo-Voigt function PV =nL
+(1-n)G

Half-width parameters: U; V; W
Number of reflections

System; space group; Z; Density
(calculated)

a(A) c (Ax V(A?)

Ra; Rr; Re; Rwe

X2

D1 —=1.5406; Ayy— 1.5444
0.02; 8-80

Fullprof

0.0304(16)

n=0.2862(437)

0.16(2); -0.07(1); 0.02 (2)
2827
Hexagonal; R32; 6; 2.902 g/cm”

8.9906 (4); 21.8096(1); 1526.7(2)
3.12%; 2.99%; 7.27%; 10.1%
1.58

on glass fiber for X-ray diffraction analysis. The diffraction data
were collected on a Nonius Kappa CCD diffractometer with a
graphite monochromator using MoKe radiation. The single crys-
tal data and the conditions of data collection are summarized in
Table 1. The powder of NasggCaps7Aloz3Tio77(PO4)3 was analyzed
by X-ray diffraction with a Panalytical X'Pert 6-26 (CuKw1.2 radi-
ation) diffractometer. Its pattern (Fig. 2(a)) shows a Nasicon-type
phase and some very weak lines attributed to rutile TiO; [ASTM
powder diffraction data file, N°01-087-0710] and Na4P,07 [ASTM
powder diffraction data file, N°00-010-0187]. Results of powder
Rietveld refinement of NasggCagg7Alg23Tig77(PO4)3 are reported in
Table 2.

2.3. Vibrational and reflectance diffusion spectroscopies

Infrared spectra of a mixture of KBr and
NasggCaggrAlgosTip77(POy4)3 (3%) powders were recorded by
the diffuse reflection technique using a Bruker IFS Equinox 55 FTIR
spectrometer in the range of 1400 - 400 cm~!. Raman spectra
were recorded under the microscope of a Dilor XY multichannel
spectrometer in the range of 1500 - 150 cm~!. Excitation was
accomplished with 514.5 nm line of argon-ion laser. The diffuse

2|Page



116
113
- (b)
3
s
*
> - Na,P,0,
2 ETiO, Rutile
@
E
0 ws A 226
o 024
012
-

T v T T T T T T T T T T T T 1
10 20 30 40 20(°) 50 60 70 80

Fig. 2. Powder X-ray diffraction, at room temperature, of (a) crystalline and (b) vitreous forms of NasggCap g Al 23 Tig77(PO4)a-
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Fig. 3. DTA curve of vitreous NajggCapgrAly2:Tig77(POy)s.

reflectance spectra were recorded in the range 200 - 1400 nm at
room temperature using a Cary 5000 spectrophotometer (Varian).

3. Results and discussion

3.1. Single crystal structure resolution of
Nas s9Cagg7Alg.23Tio77(PO4)3

The structure of NasggCagg7Alp23Tip77(PO4)3 was solved using
single crystal X-ray diffraction data. The observed reflection con-
ditions agree with the R32 space group. The starting model was
established by direct methods using SHELXS-97 program [44]. The
refinement with anisotropic displacement parameters for all atoms
converged to Ry = 0.0304, wRy = 0.0643 for 72 refined parameters
based on 1329 observed reflections. The peaks of the residual elec-
tronic density map were in the range between 0.613 and -0.651

eA=3. The final atomic coordinates with the equivalent isotropic
displacement parameters are presented in Table 3. Selected inter-
atomic distances, bond valences and angles are listed in Tables 4.
Bond valence sums are calculated using the Brown method [45]:
Vi = SjVij, where Vij = exp[(Rij - dij)/b], b = 0.37 A, Rij (A) char-
acterizing a cation-anion pair (02— 1.815 for Ti**, 1.651 for AP+,
1.967 for Ca2*, 1.803 for Na* and 1.617 for P5*) and dij: distance
between i and j atoms. Anisotropic displacement parameters for
Naz ggCagg7Alpa3Tig77(PO4)s are reported in Table 5.

3.2. Rietveld refinement of NazggCaggzAlg23Tip77(PO4)3
The structure of NasggCagg7Alga3Tig77(PO4)3 has been also
determined from powder X-ray diffraction data by the Rietveld

method [46], using the FullPof program [47]. The initial atomic
coordinates used for the refinement were those obtained previ-
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Table 3

Atomic coordinates, occupancy rate and equivalent isotropic displacement parameters of NajgqCaggrAlg2:Tip77(POy); obtained from

single crystal and powder X-ray diffraction (underlined).

Atom Wyckoff site X y z Occupation Ueq (A2)/ Biso

AlTi 6c 0 0 0.1009(1) 0.23(1)/ 0.77(1) 0.008(1)

0 0.1011(5) 0.23/ 0.77 1.84(26)

Nal/ Ca 6c 1/3 -1/3 0.0697(1) 0.33(1)/0.67(1) 0.017(1)

13 -1/3 0.0692(5) 0.33/0.67 0.96(27)

Na2 6c 0 0 0.2489(1) 1 0.042(1)

0 1] 0.2505(9) 1 2.30(33)

Na3 ad -0.6176(2) 0 0 1 0.032(1)

-0.6154(13) 1] 0 1 2.06(35)

Nad 9e 13 0.3318(3) 1/6 0.71(1) 0.050(1)

13 0.3363(13) 1/6 071 0.98(50)

P1 ad -0.2800(1) 0 0 1 0.010(1)

-0.2782(5) 0 0 1 0.36(21)

P2 9e 1/3 -0.0092(1) 1/6 1 0.012(1)

13 -0.0072(5) 1/6 1 1.34(26)

o1 18f 0.1779(2) 0.0173(2) 0.1566(1) 1 0.019(1)

0.1773(10) 0.0162(16) 0.1580(5) 1 1.07(13)

02 18f 0.3746(3) -0.0812(3) 0.1108(1) 1 0.039(1)

0.3827(13) -0.0832(13) 0.1142(4) 1 1.07(13)

03 18f -0.2946(2) 0.0077(1) 1 0.017(1)

-0.2962(13) 0.1601(2) 0.0064(5) 1 1.07(13)

04 18f -0.1895(3) 0.1618(9) 0.0562(1) 1 0.033(1)

-0.1941(10) -0.0241(3) 0.0565(3) 1 1.07(13)

-0.0230(12)

M(1) site is an antiprism formed by the triangular faces of
¢ Yon Na/CaOg and Al/TiOg octahedra along c-axis of the hexago-
Yeao nal cell. The structure can be described as infinite ribbons
_;':::'Yf;‘gsmon ([Na1/CaOg][Na1/CaOg][Na2Og(M1)][AlTiOg][Al|TiOg])oe parallel to
— Hag the [001] direction and linked by PO4 tetrahedra in the three di-
S rections (Fig. 5). The M(2) sites are located between these rib-
= M bons. The 2-2 cationic ordering in the A sites creates two differ-
_-E‘ ent M(2) sites (Na3: 9d; Na4: 9e) and two different PO4 groups
2 (P1: 9d; P2: 9e). The M(1) site, occupied by sodium, Na2 (6¢
9 position) is surrounded by three 03 oxygens belonging to one
= H face of Nal/CaOg octahedron and three O1 oxygens belonging to
one face of Al/TiOg octahedron (Fig. 6). The Na2 - 03 distances
(2.429 A), where O3 is connected to Nal/Ca, are shorter than Na2
- 01 distances (2.530 A), where O1 is linked to Al/Ti; Al/Ti atoms
I IR BRI BRI RI IR TR are slightly displaced from the geometrical center of the octa-
- ot ahont PR— hedron due to the repulsions of oxygen 04 planes along the ¢
T T T T y J axis (Figs. 5 and 7) implying the formation of three short Al/Ti
10 20 30 40 50 60 70 80 _ 04 bonds (1882 A) and three long Al/Ti-O1 bonds (1954 A)
20 (°) (Fig. 6). The average distance, <Al/Ti - 0= =~ 1918 A is shorter

Fig. 4. Observed (...), calculated (), difference (—) and Bragg position (| ) for pow-
der X-ray diffraction patterns of NasgaCapgrAlp2sTip77(PO4)s.

ously from single crystal X-ray diffraction study. Experimental con-
ditions and results of the refinement are reported in Tables 2 4.
The refinement led to a good agreement between the experimen-
tal and calculated PXRD patterns (Fig. 4) and to good reliability fac-
tors (Table 2). All the observed reflections could be indexed in the
space group R32 (Table 6).

3.3. Structure description

NazggCaggrAlp23Tip77(P0O4)s crystallizes in the trigonal space
group R32. Its structure consists of a 3D network of PO4
tetrahedra and AOg [A = Naj/Ca; Al/Ti] octahedra sharing cor-
ners (Fig 5). One of the two positions of A sites is statisti-
cally occupied by Na* (Nal) and Ca2* ions, the other posi-
tion is statistically shared by AP+ and Ti** ions, the remain-
ing sodium ions fully occupy the M(1) site and partially the
M(2) sites: [Na]ui[Nazsg]m2[NapssCaggrAlo23Tiorr]a(POs);. The

than the calculated one (1.99 A] from ionic radii of AI*, Ti*+ and
0% [48]. The Nal/CaOg octahedron is distorted (Fig. 6), Nal/Ca
- 02 distances (2.290 15\) are shorter than the Nal/Ca - O3 dis-
tances (2.439 A) due to the repulsions between 02 oxygen planes
(Fig. 7). Along the ¢ axis, the AlfTi - Al/Ti distance (4.40 A) is
longer than the Nal/Ca - Nal/Ca distance (4.26 A] because the
ABHTI* — ABPHTi*t electrostatic repulsions are more important
than the Na*t/Ca%" - Na®/Ca®"repulsions (Fig. 7). The Na3 and Na4
sodium atoms occupy two types of M(2) sites (9d and 9e posi-
tions) (Fig. 6). Na3 sodium, occupying 9d position of M(2) site,
is surrounded by 6 oxygen atoms. The Na3 - O distance range
is between 2398 A and 2.522 A. The average distance 2.479 A
is slightly larger than the sum of the ionic radii (rnz.= 1.02 A;
rgz. = 140 A) (Fig. 6). Na4 sodium, occupying 9e position of
M(2) site, is surrounded by 8 oxygen atoms with a broad dis-
tribution of Na4 - O distances (2.461; 2.656; 2.741; 2.793 A)A In
PO4 tetrahedra, the P - O distances are between 1513 A and
1.547 A. They are similar to those usually found in Nasicon-type
phosphates [15,32]. The calculated bond valence (BV) using Brown
and Altermatt model [45] are 1.84 for Nal/Ca (expected 1.67),
4.19 for TijAl (expected 3.77), 0.97, 0.98 and 0.83 for Na2, Na3
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Table 4
Bond lengths (A), bond valences (BV) and angles (°) for NassaCans7Aln23Tin77(PO4)s obtained from single crystal and powder X-ray diffraction (underlined).

Bond length BV Angles
AlTI -04#1 1.882(2) 1.917(8) < AUTi > OF L AUTI-04%2 <3 9559(9)  96.5(8)
AUTI -0442 1.882(2) 1.917(8) 0.765 0.696 OFZ AVTI-O1""2 3 8531(8) 84.4(2)
AlTI -04 1.882(2) 1.917(8) 0.765 0.696 O4* 12 AUTI 01712 3 88.36(8) 88.3(8)
T o T65 e m
Al/Ti 0142 1.954(2)  1.967(2) 0.631 0.608 O AUTI 0117 X3 172.56(9) 1—(—171 38
Al/Ti-O14#1 1.954(2) 1.967(2 0.631 0.608 : : 171.3(8)
Average <1.918> <1.942> 0.631 0.608
Te=4.19  Zs=3.91
Nal/Ca-O2#4  2290(2) 2.285(1) <Nal/Ca > 02% Nal/Ca-02% x3 105.68(8) 102.9(6)
Nal/Ca-02 2.290(2) 2.285(1) 0.368 0.369 O3 _Nal/Ca-03"" 3 77.29(6) 71.7(7)
Nal/Ca -02#5 2290(2) 22851 1 ) 0.368 0.369 02.‘7—"4#5_ Na”‘ca_oalﬁﬁ#?:% %3 8589(7) 876(6)
Nal/Ca-O3#6  2.4395(2) 2.392(2)  0.368 0.369 025 Nal/Ca -0367% 3 §7.17(7) 88.9(7
Nal/Ca-O3#7  2.4395(2) 2.392(2)  0.246 0.279 025 Nal/Ca -03%# 3 15§ 16(8) 16]' ye
Nal/Ca-O3#8  24395(2) 2392(2)  0.246 27¢ - halias ‘ 161.8(1
Average <2.365> <2.339> 0.246 !
Es=1.84 Ts=1.94

P1-03 1.5202)  1.513(9) 1.300 1.325 03- P1-0(3)#25 111.85(2) 110.7(7)
P1-03#25 1.5202)  1.513(9) 1.300 1.325 03#25- P1-O(4)#25 110.22(10) 110.4(8)
P1-04 1.545(2)  1.548(1) 1.216 1.205 03-P1-04 110.21(1) 110.4(11)
P1-044#25 1.545(2)  1.548(1) 1.216 1.205 03#25-P1-04 108.78(9) 107.7(9)
Average <1.533> <1.531> Es=5.03 Zs=5.1 04- P1-04#25 106.90(2) 109.9(8)

03- P1-0(4)#25 108.78(9)  107.7(11)
P2-02#27 1.513(2) 1.508(1) 1.325 1.343 01- P2-01"% 105.43(2) 106.9(9)
P2-02 1.513(2) 1.508(1) 1.325 1.343 O277_p2.002 113.1(2) 106.3(10)
P2-01 1.547(2) 1.531(2) 1.207 1.262 027 p2.01 10638(2) 1044(11)
P2-01#27 1.547(2)  1.531(2 1.207 1.262 02-P2.01 112.68(1) 117.7(11)
Average <1.530>  <1.520>  Es=5.06 Es=5.2 02#27- P2-01#27 112.68(10) 117.7(14)

02- P2-01#27 106.39(12) 104.4(14)
Na2-03#14 2.428(2) 2405(18) 0.185 0.194 01%#1_Na2-01/" x3  63.12(7) 63.0(8)
Na2-03#15 2.429(2) 2.405(18)  0.184 0.194 03115 Na2-0341516 3 77.70(7) 77.2(6)
Na2-03#16 2.429(2) 2.405(18) 0.184 0.194 O3F14H1SHIE N2 (01192 3 103.89(5) 104.4(8)
Naz—()l»‘fZ 2.530(2) 2.530(19) 0.140 0.140 O3F14#1SH16_ o 01 #1523 115.82(5) 115.8(8)
Na2-01#1 2.530(2) 2.530(19)  0.140 0.140 O3S NGD O1F 3 166.47(7) 166.9(10
Na2-01 2.530(2) 2.530(19)  0.140 0.140 - - ’ 166.9(10)
Average <2.479> <2.468> Zs=0.97 Es=1.00
Na3-03#21 2.398(2) 2.406(9) 0.200 0.196 03"5_Na3-03 59.88(7)  61.2(5)
Na3-03#22 2.399(2) 2.406(9 0.200 0.196 0372 Na3-03"5  x2  76.46(7)  75.6(6)
Na3-02#23 2.517(3) 2.489(14)  0.145 0.157 032 Na3-03%5 %2 136.22(5) 136.8(6)
Na3-02#24 2.517(3) 2.489(14)  0.145 0.157 #1_Na3. 0322 : :
Na3-03#25 2522(2) 25989)  0.143 0.117 g;mﬁﬁg?mm s éf_"%?é” 1‘;;‘3:
Na3-03 2523(2) 2.59809)  0.143 0.117 O3 NG0B 2 8195(6)  81.7(5)
Average <2.479> <2.498> Zs=0.98 Zs=0.94 . i : -

02754 Na3-03"  x2  87.63(7) 87.4(6)

0371722 Na3-02"3%4 2 101.89(6) 102.8(6)

0213 Na3-02" 166.54(2) 164.2(6)
Nad-O1#27 2.461(3) 2.500(16)  0.169 0.152 01#27- Nad-O1 60.04(9)  58.9(6)
Na4-01 2461(3) 2.500(16)  0.169 0.152 O1"*7-Nag-Q1#1#30 x2  60.92(7)  60.6(6)
Nad-02#28 2.656(3) 2.529(12 0.100 0.141 017 Nad-01! 178.45(12) 179.8(5)
Nad-02#29 2.656(3) 2.529(12)  0.100 0.141 O1#77_Nad-01#1#30 <2 120.63(8) 119.3(6)
Nad-01430 2.741(2) 2.728(8) 0.079 0.082 025 Nad-022 100.81(2) 100.1(6
Nad-01#1 2.741(2) 2.728(8) 0.079 0.082 04915 Nad 04 158.4002) 157.1(4
Nad-04#135 2.793(2) 2.770(7) 0.069 0.073 s A40@2)  157.1(4)

01#7_ Nag-02#2%29 X2 144.61(8) 145.7(8)
Nad-04#2 2.793(2) 2.770(7) 0.069 0.073 o w29 : -
Average <2.663> <2.632> Es=0.83 s5=0.9 017"~ Na4-02%=*" %2 105.77(7] 107.0(9

02F2F29_Nad-01"10 %2 124.82(8) 125.9(5

Symmetry transformations used to generate equivalent atoms: M ,
A N & END 02799 Nad-O1¥0 2 53.97(5) 54.2(5

#1 -y x-y,z; #2 -xty,-x,z; #3 y-1/3 x-2/3,-2+1/3; #4 x+y+1-xz #5 -y,x-y-1,27;

#6 -x,-xty-1,-z; #7 x-y+1,-y-z; #8 y.x,-z; #9 -xty,-x-1,z; #10 x+1,y,z; #11 OU)MMU‘NRM)‘Q(‘”HZHj x2 57.78(5)  59.003)
X 3y=1/3,2-1/3; #12 x,3-1,2 #13 —y+1 x-y,2; #14 x-1/3,x+y-2/3,-z+1/3; #15 0177 Nag-04"%1% X2 98.35(9)  96.6(6)
X-Y+2/3,-yH1/3 2413, #16 y-1/3 x+1/3 -2+ 1/3; #17 xty-1/3,x-213 z+1/3; #18  O1*1¥- Nad-04"#15 %2 122.56(5) 121L.0(5)
—y-1/3,x-y+1/3,2+1/3; #19 x+2/3,y+1/3,7+1/3; #20 x-1/3,y+1/3,7+1/3; #21 y- O1%27_ Nad-04#2#13 x2  61.98(6) 62.6(5)
1x,-7; #22 -xby-1,-%,7; #23 X-1,y,2, #24 X-y-1-y.-7, #25 x-y.-y-7, #26 -y-1.x-  02"%20_Nad-04"71F  x2 90.68(6) 91.0(5

voz; H27 X203 —x+y+1/3.-24+1/3; #28 x+y+l-x+1.2; #29 x-y-1/3.-y+1/3.-2+1/3 2128129 Na4-OgF2H15 x2 103.12(6) 103.8(5)
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Table 5
Anisotropic displacement parameters (A2) for Na, goCag gy AlyosTig7(POs)s (single crystal).

Atom Ull U22 U33 U23 u13 UIZ

AlTi 0.007(1) 0.007(1) 0.009(1) 0 0 0.004(1)
Nal/Ca 0.018(1) 0.018(1) 0.014(1) 0 0 0.009(1)
Naz 0.056(1) 0.056(1) 0.016(1) 0 0 0.028(1)
Na3 0.019(1) 0.016(1) 0.060(1) -0.005(1) -0.002(1) 0.008(1)
Nad 0.018(1) 0.019(1) 0.112(3) -0.005(1) -0.009(1) 0.009(1)
P1 0.007(1) 0.008(1) 0.015(1) 0.003(1) 0.001(1) 0.004(1)
P2 0.008(1) 0.009(1) 0.020(1) -0.001(1) -0.003(1) 0.004(1)
01 0.014(1) 0.026(1) 0.022(1) -0.007(1) -0.008(1) 0.013(1)
02 0.026(1) 0.047(1) 0.049(1) -0.030(1) -0.005(1) 0.022(1)
03 0.016(1) 0.010(1) 0.026(1) -0.001(1) o(1) 0.008(1)
04 0.023(1) 0.039(1) 0.034(1) 0.013(1) -0.012(1) 0.013(1)

Fig. 5. Structure of NasggCapgrAlg23Tig77(POs); along the ¢ axis.
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[(TVAD:2(P(1)O4)s]

[(Ca/Na(1))2(P(2)04)s]

Fig. 7. [(AlTi)}2(P104);] and [(Na1/Ca)z(P204);] motifs in NajzaCags7Aln2: Tinz7(PO4)s.

and Na4 (expected 1), 5.03 and 5.06 for P1 and P2 (expected
5). The difference observed between the calculated and expected
values for ions in A (Nal/Ca and Al/Ti) and M(2) (Na4) sites, is
probably due to the distortion of these polyhedra. For the other
ions, the obtained values are very close to the expected ones. The
substitution in NasCaTi(POy4); (a, = 8.985 A; ¢, = 21.920 A) of

AR+ for Ti** ([Naly[Naasx + ylma[NaxCay_xAlyTiiy]a(PO4)3 with
x =033 and y = 0.23; a, = 8.998 A; ¢,=21.813 A) induces
a decrease of the ¢ parameter value, due to the decrease of
the size of the cation located at the octahedral A site (rys3.=
0.53 A; rrig, = 0.61 A) and to the decrease of the strength of the
Nat(M1) - A™ electrostatic repulsions [Na*(M1) - NatyCa®*t,

7|Page



Table 6
Powder X-ray diffraction data of NajggCapgrAlgasTig77(P04)s.

hkl daps (A) dey (A) 1/3*100
101 7.308 7.333 21
003 7.270

012 6.317 6.337 9
104 4.458 4466 28
113 3.817 3.823 a1
006 3.629 3.635 23
024 3.163 3.168 14
211 2912 2916 30
205 2.904

116 2.822 2.827 100
300 2.591 2595 61
214 2590

303 2.439 2.444 6
125 2.440

027 2433

220 2245 2248 4
208 2230 2233 5
131 2.145 2.149 16
223 2.147

312 2.115 2.118 4
306 2.112

134 1.998 2.008 8
128 2.000

315 1.933 1.935 4
226 1.909 1912 29
0210 1.903

0012 1.815 1.817 6
045 1.773 1.778 7
137 1.775

306 1.771

2110 1.750 1.752 9
324 1.695 1.697 8
318 1.693

413 1.651 1.654 3
235 1.653

407 1.651

416 1.537 1.539 11
1310 1535

330 1.498 1.498 6
0312 1.489 1.489 6
241 1.468 1.468 3
152 1.385 1387 4
336 1385

1115 1383

514 1.353 1355 3
508 1352

(A) < Na*(M1) - Ca%* (A) and Na*(M1) - Al3+yTi4+1_y(A) <
Nat(M1) - Ti**(A); x = 033 and y = 0.23]. The main aver
age atomic distances and angles obtained from PXRD Rietveld re-
finement of NasgoCaggzAlg23Tig77(PO4)3 are close to those ab-
tained from the SCXRD structure determination of this phosphate
(Table 4).

34. Vibrational study of NayggCaggzAlp23Tip77(P04 )3

34.1. Crystalline compound

Vibrational analysis for an isolated PO4°~ anion with point
group Td leads to four modes: Al[(vy: vs(PO4)], E[(va: 85(PO4)]
and 2Ts[vs: vgs(PO4) and vy: 8g5(PO4)]. All of them are Raman-
active modes whereas only v and vy are infrared-active modes.
In NasggCapg7Alpa3Tig77(PO4)3 phosphate, Nasicon structural type
(R32 space group), the P atom is in a C; symmetry site. There-
fore, for the stretching vibrations we can expect 12 Raman-active
modes: [(2A1 + 2E)(vq) + (2A; + GE)(v3)] and 12 IR-active modes:
[2E(vq) + (4A; + 6E)(v3)]. For the bending vibrations we achieved
16 Raman-active modes: [(4A; + 4E)(v;) + (2A; + 6E)(v4)] and 14
IR-active modes: [(4E)(v,) + (4A; + 6E) (v4)] [49,50].

3_

The Raman and infrared spectra of  crystalline
NasggCagg7Alga3Tig77(PO4)3 (Fig. 8) are dominated by the vi-
brations of PO4 tetrahedra. The observed peaks are very broad
due to the disorder, around POy tetrahedra, in A (Na/Ca; Al/Ti)
and M(2) (Najvacancy) sites. The high frequency part (800 -
1300 cm~1) corresponds to the stretching vibration of va5(PO4)
and vs(POy4) tetrahedra (vas > vs). The peak around 1039 cm~!
can be attributed to the vibrations of the diphosphate NayP,07
present as impurity in the sample [51]. The broad shoulder ob-
served around 763 cm~! (731cm~! in IR) can be attributed to
the vibrations of Ti-O and P-O-P bonds of TiO; and NasP,07
impurities [51-54]. Indeed, for all Nasicon-type phosphates, in
which tetrahedra, as well as octahedra, are isolated from each
other, no peak is observed in 700-800 cm™! region [28,50,55,56].
The peaks observed between 700 and 400 cm™! are assigned to
the angular deformation modes §5(PO4) and 8,5(PO4) and to the
vibrations of Ti-O and Al-O bonds in TiOg and AlOg octahedra
[28,50,55,57,58]. The peaks below 400 cm~' are attributed to
the external modes and to the lattice vibrations: PO4>~ rotations
and translations of Na*, Ca®*, AP+, Ti** and PO43- ions. The
Raman and IR band positions of POy modes, observed in the
present NaCaAlTi-phosphate, are close to those obtained for other
Nasicon-type phosphates [28,50,55,56].

3.4.2. Vitreous compound

The peaks observed in the high frequency region 800 -
1250 cm~! are due to monophosphate and diphosphate groups.
The peak in Raman spectrum at ~1035 cm~!, relatively sharp,
is due to P,0;% diphosphate ions [52,54,59,60]. The strong Ra-
man peak, between 700 and 800 cm™!, observed also in titanium
oxyphosphates and in titanium phosphate glasses, is assigned to
Ti-O vibrations in the -Ti-O-Ti-O- chains [42,43,61-G3]. It indicates
that the glass structure contains TiOg octahedra which are linked
by corners and form short -Ti-O-Ti-O- chains. These chains are cer-
tainly linked to phosphate groups to form -Ti-O-P- linkages. The
peaks observed between 400 and 700 cm~! are attributed to O-P-
0 and P-O-P deformations (§, and 84 PO4 modes) and to Ti-O and
Al-O vibrations of TiOg [64] and AlOg octahedra [65]. The peaks
observed below 400 cm ! are attributed to the external modes and
to the lattice vibrations.

3.5. UV-Visible Stlldy of Nﬂj_gg(ﬂg.g;AIgQgTig_W(PO;;)3

Fig. 9 shows the powder diffuse reflectance spectra of crys-
talline and vitreous NasggCagg7Alg23Tin77(PO4)3 and TiO, rutile.
Crystalline NasggCapg7Alga3Tip77(POy)3 presents three bands la-
beled A (A = 350 nm), B (A = 275 nm) and C (A = 225 nm). The
spectrum of the vitreous compound shows an intense and wide
band covering the B and C absorption bands. The absorption bands
observed in TiO; is ascribed to the O-Ti electronic charge transfer,
according to the following mechanism:

027 (2p) + Ti**(3d°) — 0~ (2p°) + Ti**(3d")

The B band is similar to that observed in Nasicon-type titanium
phosphates [42]. The values of the O-Ti charge transfer gap en-
ergy (Eg) of these crystalline phosphates (Eg ~ 3.54 eV) is larger
than that of TiO, (Eg = 3.00 ¢V). In TiO, every oxygen ion 0%~
is linked to two Ti*t ions (Ti-O-Ti), while in Nasicon-type tita-
nium phosphates every 02~ is linked to Ti** and P>* (Ti-O-P)
(Fig. 10). As P-O bond is more covalent than Ti-O bond, the trans-
fer of an electron from 0%~ to Ti** is more difficult in crystalline
Nas ggCagg7Algo3Tig77(P0O4)3 than in TiO, and explains the high
value of Eg obtained for the phosphates. The C band observed at
high energy (E = 5.39 eV) is attributed to O-Al charge transfer as
reported for aluminum phosphate (E = 5.41 eV) [G6]:

0% (2p°) + AT (35%) — 0 (2p°) + AI* (35")
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Fig. 8. Raman (I) and infrared (1I) spectra of (a) vitreous and (b) crystalline forms of Naj g5Cagg7Alp23Tig77(PO4)s-

The A band is similar to that observed in TiO, but with less in-
tensity. This band is absent in the glassy compound. The powder
X-ray diffraction of crystalline NasggCapg7Alg23Tig77(POy4)3 sam-
ple showed the presence of TiO; as impurity (Fig. 2). So, we at-
tribute A band to the O-Ti charge transfer in TiO;. Indeed, previ-
ous studies of Ti*+- doped compounds [crystalline K,ZrqTixSiz0q
(0 = x = 0.02) [67] and 20Nap0-10Ca0-(1-x)Si0-xTi0; (x = 0.01)
glass [68]] showed that UV-visible spectroscopy is very sensible to
low amount of Ti** ions. Diffuse reflectance spectra of these com-
pounds showed absorption near 300 nm attributed to O-Ti charge
transfer. For the glassy NajggCaggrAlg23Tig77(POyg)s, the value of

the gap (Eg = 3.33 ¢V) is intermediate between those of TiO,
(3.00 eV) and Nasicon titanium phosphates (~ 3.54 eV) and very
close to that obtained for titanium oxyphosphates (3.37 eV) [69].
This evolution can be explained by the structure of these com-
pounds. In TiO; every TiOg octahedron is surrounded by six other
TiOg octahedra, in titanium oxyphosphates every TiOg octahedron
is surrounded by two TiOg octahedra and four PO4 tetrahedra,
while in Nasicon phosphates every TiOg octahedron is surrounded
by six PO4 tetrahedra (Fig. 10). As P-O bond is more covalent than
Ti-O bond, the value of the gap increases when we replace TiOg
octahedra by POy tetrahedra.
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Fig. 9. Diffuse reflectance spectra of crystalline and vitreous forms of
NayggCaps7Aly23Tig77(P0Oy4)s and of Ti0, (rutile).

(b) (c)

Fig. 10. Environment around TiOg octahedron in (a) TiO, rutile, (b) titanium
oxyphosphates and in (c) Nasicon-type phosphates.

4. Conclusion

A new crystalline and vitreous phosphate composition
NazggCaggzAlg23Tig77(POs)3 has been synthesized and struc-
turally characterized. The structure of the crystalline compound,
determined from single crystal and microcrystalline powder,
consists of a 3D network of PO, tetrahedra and AOg (A= Na/Ca;
Al/Ti) octahedra sharing corners. One of the two positions of A
sites is statistically occupied by Na®™ and Ca2*, the other position
is statistically occupied by AI** and Ti**. The remaining sodium
atoms occupy totally the M(1) site and partially the M(2) sites.
Raman and IR study is consistent with the crystal structure. The
structure of the glass contains PO4 and P,07 groups and short - Ti
- 0 - Ti - O - chains. Reflectance diffusion spectra showed bands
attributed to O-Ti and O-Al electronic charge transfers.
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