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Abstract 

The phosphates Nit,  ~, Eu,Ti2(PO. t h, M,s'l'i.4PO4)~ and MosFeNb(PO4)a (M is a divalent cation) belong to the Nasicon 
structural family. The structures have been determined by the Rietveld refinement of the powder X°ray diffraction patterns. 
The space group is R~ for Na,t~sEn. jl~'i:(PO,, ), and Ca./l'i:(PO,, )a and R.~c for M.~FeNbIPOa)~ (M ~ Cd, Ca, St, Pb, Ba). 
The chatlge of space group, which is related It) the cation distribution, is discussed with regard to the composition of the 
phosphates. ~e~ 1997 Elsevier Science S.A, 

K,3'wemL~ ~ Cationic tlisl ribulion; (,ryslallochc mist ry: N:tsicon: I~hosphatc; St ruct ure 

I. Introduction 

Nasicon-type phosphates have been studied exten- 
sively in the context of various fields of solid state 
chemistry: fast alkali ion conduction [I], low thermal 
expansion ceramics [2,31 and luminescence [4]. More 
recently, the introduction of copper or silver into the 
structure has extended the potential applications of 
such materials to various catalytic processes, for ex- 
ample the dehydrogenation reaction, periodic cat- 
alytic activity, etc. I5,61. 
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Nasicon-type phosphates can be expressed by the 
general formula M,A3(PO4)~. The structure consists 
of a three-dimensional framework of PO~ tetrahedra 
and AO, octahedra sharing corners. Within this covao 
lent framework exist two additional cationic sites usu- 
ally labelled M(I) and Mr2). The M(I) site is an 
antiprisn't sharing faces with the octahedron AO, site. 
The M(2) site is a large cage bounded by 10 oxygens. 
Cations of various size and charge can be introduced 
in both sites. The cationic distribution in the M(!) site 
can be analyzed in the context of the R3"c and R3 
space groups (SG). This paper reviews rely recent 
structural determinations of such new phosphates with 
the object of determining the influence of the compo- 
sition on the cationic ordering. The phases of compoo 
sition Na,_3,Eu,Ti:(PO.,)~ (0 ~x ~ 0.25), M,,r~Ti: 
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Pa~amcici~ in the cquivlilcnI Ilcxa~Olliil cell of N~i) ,, 
E u , T i : i ~ l h .  M,,TI.,tPO.~)~ IM  = Mn. ('d. t'a..'St'. Pb), l ind 
M~,~FcNRPO, t, IM ~ (2d. Ca. St. Pb. Ba) 

t~ e 

Compound ~i~, ( ~ it.till4 A)  fit { ~0'112 A) t'C,/al~ Rot. 

N~i i .~, Eu ,T i : (  PO~ )3 
x ~ 0 8.402 21.7S 2.5t~4 [12] 
,~ ~ 0<05 S.45q 21.S4 2.5S1 [7] 
x - 11,[0 S.41() 21.Oil 2.~14 [7] 
.~' ~ 0,15 8.303 213)7 2.~17 [7] 
.~ ~, 0.20 S.371) 22,(~t) 2A~2S [7] 
x ~ 0.25 :;354 22.1i3 2.t~37 [7] 

Mn~ ~Ti~IPO.; 1-~ S.520 21.Oq 2.475 [S] 
C~Ti, lPO.t)~ S.45fi 21.5f, 2.540 [0] 
Cl~<Tiai'O0~l~ S 3% 22.1)2 2.628 [0.15] 
St, (Fi:ll~)a)~ ~.307 22.53 2.7i2 [9] 
D,<Tia(PO l )~ S,20S 22.71 2.73f~ [9] 
C~)~FcNb(PO,~)~ S.612 21.(g 2.512 Jill.Ill 
C~I,<FcNb(P()))~ N3s4 21>12 2.554 [IO.II] 
Sr~,<FcNb(PO,)~ s.55h 22.51 2.631 [ll).l I] 
I)b~,<I"¢NRI)(.))):~ S.541 22.f,7 2.f64 [10.11] 
B;.)() < FcNMPOt)~ 8.483 23.16 2.730 [li),I I] 

(PO.4)j (M ~, Mn, Cd. Ca. St. Pb). and 
M,,~FeNbIPO~)j (M = Cd, Ca. Sr. Pb. Bat will be 
described. The elaboration process and the structural 
determination have been described previously [7-11]. 
All th¢ X-ray powder diagrams can be indexed as- 
suming ~l rhombohedral cell and the order of magnio 
lode of  the parameters c~' ou la ted  hi an  equivalent 
h¢~go~ll  cell (all, c:,) in consistent with the 
N~)siconolype structure ( T a b l e  I), T h e  r e l a t e d  i l~ terao 

ton~i¢ d i s i [ ) nccs  ~ltc g i v e n  in J l i b l c  2. 

2. The phosphates of composition 
Nal_ ~Eu,Tiz(PO~)~ (0 _<. x < 0.25) 

The phosphates of general formula Nal_3 , 
Eu,Ti:(PO~)~ (0 <x <0.25) have the Nasicon-type 
structure. The substitution of europium for sodium 
induces z decrease of al, and an increase of c h. 

The structure of the phase with composition x = 0 
has been solved previously with the R3c SG [12], 
whereas the structure of the Na,):sEu<~Ti.,(PO4).~ 

m 

phase was solved in the context of the R3 SG [7]. The 
projection of the polyhedra typical of the respective 
cationic distribution is given in Fig. I. In NaTi.,(PO4 l a 
the sodium is located at the center of Mill  and the 

o 

Na-O distance, 2.472 A, is slightly larger than the 
distance calculated from tht: ionic radii. 2.42 ,-?\ [13]. 
For Na,  ,~ Eu,:~Ti,(PO4 )~ the sodium and europium 
are randomly located in half of the Mill  sites with a 
1-1 ordering along the c-axis between the full and 
empty sites (Mill  and M(ik, a. in Fig. 2). In this case 
the metal=oxygen distance. 2.489 A. is less than the 
distance between the center of the vacancy and the 
surrounding oxygens at 2.5% A. Such a high value is 
the consequence of the electrostatic repulsions 
between the plane of oxygens perpendicular to the 
c-axis, Therefore, the Ti-O distance close to the 
enlpty Mill  site tl.859 Jr) is less Ihail the Ti-O 
distance facing the full Mill site 11.q82 ~l. This latter 
dislitnce is exactly the Ti~-O distance of the bond near 
lhc sodium site in Ndri~iPO4)~ [12]. Tile transition 

l i d @  
i{ iitiott lt~i~tl~li ttllciiiiOliiit~, di~l~lll~.,~ iii Nit,, > / i u .  :(l~i al i i  )~ i,.  ( ' a .  (l~i~ii){)~ 1~ ~md M, ) . I :cNI . IP( )~  t~ (M = i 'd.  ( l u  Si. Pb. i h !  

{)oP~ll~Otllld ~illd ,~pitl~¢ 7rii|ll~ M <() di~iitllc'c'~ 1~1 i l l  II1¢ M( 1 ) '~ii¢ F c ! N h ' ( )  ot T i ( )  di,~l~til¢c~ 1¢~1 P ( )  tti,qiill¢¢~ I1¢~1 l i d ,  

N~i. : ,~u,, j l ' i~If~!t~t~, li 24~,1 ~,~ t~ li(l), O: I,S52 ';<3 1.517 lTll 

1,01)2 × 3 t3~i.t 

4=7 ~:: t) T((|)(): I,(B(I × 3 II,54~ [~}] 
Ln04 ~ 3 13~s 

1 ,~lolt4 )~ 3 1371 
i ' d , ,  I:cNblP()~ I~. RJc 23~tO ", t) l.t~tl$ × ] 13~1t ,~ 2 l l " l  

I,li"S It .* J 13l~t ~ 2 I I I I  
( in, ° l:cNl~ll)()t )~. RJc 24t)4 ~ t~ l.t)~,? :~ j 1314 ;~ 2 l l l l l  

1 >-t?j ~ t 135 t x 2 I! I I 
~)~,,f:cNl*lPl)t ),, R~c 2.5'12 ,~ c~ 1>t20 x 3 1347 .~ '2 l i l t ]  

1947 ~ ,! t374 × 2 i i l i  

l.~lSf~ × 3 1.535 × 2 ! ! l j  
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cation M " ,  as the size of this cation increases, a h 
decreases whereas c h increases. On the other hand, 
by comparing the cell parameter~ of these phosphates 
with those of the titanium phosphates containing a 
monovalent cation of the same size, the value of c h is 
larger and the value of a h is smaller [e.g., NaTi,,(PO.~).~ 
vs. Ca~,.~Ti.,tPO.l )3 (Table 1 )]. 

The crystal struct_re of the calcium phase was 
solved assuming the R3 SG [9,14,15]. Recently, 
Fakrane et al. [8] have also sol,~,ed the structure of 
Mn0.sTi_.(PO4) 3 in the same SG (R3). The divalent 
cations are located in half of the M(1)sites with the 
same I - I  ordering along the c-axis between the full 
and emp~ sites. The Mn-O and Ca-O distances are 
2.262 and 2.427 ,A, respectively, i.e. slightly larger than 
the distances expected from the ionic radii of 2.23 and 
2.40 ~, respectively [13]. The distances between the 
center of the empty M(I) site and the ,,surrounding 
oxygens are larger, respectively 2.363 A (Mn) and 
2.603 A (Ca). The Ti-O distances facing the full site 
are very close, 2.014 A (Mn) and 2.005 ,A (Ca), respec- 
tively. 

Nb/[e 

Fig, !, Atxangement, along the c-axi~, of the octahedral and an- 
tipfismatic sites in tile nasiconqype structure assuming the R.~c 
space group. The tctrahedra represent the Pea groups. 

from the R3c to the R.3 SG with the variation of 
composition is in agreement with the conclusions of 
Mentre et ai. [14] for the description of the solid 
solution Ca~t~,~/:Na~Ti:(PO4)a and with Senbha- 
garam et al. tot M,~Ti:(PO4)~ compounds (M = Ca, 
St, Ba)[151. 

3. The phosphates of composition Mo.sTi2(PO4 }~ (M 
Mn, Cd, Ca, Sr, Pb) 

In the titanium phosphates containing the divalent 

4. The phosphates of composition Mo, sFeNb(PO4)~ 
(M = Cd, Ca, St', Pb, Ba) 

The crystal structures of all the Mo3FeN~POa)~ 
phases have been solved assuming the R3c SG [10,11]. 
As the size of M : '  increases, ch increases but a h 
decreases, whereas the oh~a), ratio increases. The 
niobium and iron atoms are distributed statistically 
over the octahedral sites and the M: '  cations ;~re 
also located statistically in the M(I) sites (Fig. 1). In 
this family of phosphates two interesting features 
must be underlined: (i) the oct~hedral sites become 
progressively regular from the calcium to the b~rium 
compounds; (it) the M:~=O distances are larger lhan 
those deduced from the ionic radii for the smaller 
cations (Cd :~ , Ca "~' ), closely match the calculated 
values for the intel~aediate cation sizes (St :~, Pb :~ ) 
and become smaller for Ba:" (Table 2). 

S. Discussion and conclusion 

The rules gow',ting the variation of the Nasicon- 
type phosphate parameters have been reported previ- 
ously [16,17], but the present data allow the determi- 
nation of the relation between the composition ~md 
the cationic distribution. With this in mind, the dis° 
cussion will be focused on the cluster consisting of 
M(I) sites surrounded by octahedral sites sh;~ring 
faces in the configuration of the R3c or R3 SG, i.e. 
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I+i++ ++ Aihm+cmcl+h +d,m+ lh+" ++++:++~i.~+ +el lh+ ,~'l++ll++dr~d ~md ~+n+ 
!+pM++m+Ii¢ +ilc+ m lhc m+mi¢+m:lyl+ ~Iro¢Im+ ++~mumi+++ Ihc RJ 
~,p+l,~c gh~ilp The |Ofid~{+dn+ I+~.li++++~++iiI lh¢ PIt+ ~h+llpm (Mlliv+l 
v+~¢+m+ l+ Ih¢ M( I ) mile i, 

In the M,,.~Ti,(PO4)3 family the expansion of the 
covalent network along the c-axis is directly related to 
the size of M -'+ and Ch/a h attains, for lead phos- 
phate, a higher value of 2.74. A parallel evolution is 
also observed for the iron niobium phosphates. In 
Mn~L~Ti_,IPO4)3 and Cao sTi.,(PO4)3 the M(I)empty 
sites are somewhat larger than the MIll occupied 
sites. Similar results have been obtained for 
Catu~Zr_,(PO4)3 [!8] and the distances between the 
center of the M(1) site and the surrounding oxygens, 
whether occupied by Ca or not, are slightly larger 
than those of the titanium phosphates, respectively 
2.47 and 2.66 ,~ (Zr) vs. 2.43 and 2.60 A (Ti). 

Finally, it is of interest to discuss the apparent 
difference of the cationic ordering in M,sTi,(POah 
(M + Mn. Ca) and M,.sFeN~PO4)+a. With regard to 
the respective ion size and charge, there are no crys- 
tal chemistry+ reasons for changing the cationic dis- 
tribution. The R3 SG implies two different octahedrai 
sites. By considering the cluster of Fig. 2 several 
combinations of the ,espective distribution of niobium 
and iron atoms in octahedrai sites and calcium atoms 
and vacancies in the antiprism M(I) can be assumed, 
e.g. Ca-Fe-Fe-Ca,  Ca-Fe-Nb-Ca,  etc. Each of these 
microscopic entities is characterized by a more or less 
strong distortion of the octahedral sites. Actually, the 
final refinement in the R:~c SG represents the "'mean" 
de~ription of these various cationic arrangements. In 
contrast, in titanium compounds, only one kind of 
atom is located in the octahedral sites and the num- 
ber of cationic arrangements on the microscopic scale 
i~ ~trongly reduced. Therelore, Ihe R~'~ SG accounts 
fi)r the actual  c |ysla l  ,~l|uclurc, 

with disorder or with ~.~d,.:~ between the occupied and 
the empty sites, respectively, a~ shown in Figs. 1 and 

The value of ch results from th+~ coulombic attrac- 
lions between the cation in Mill :,nd the surrounding 
osygens and from the O:+O ++ .... repulsions occurring 
when M( I ) is empty, ~e magnitude of ah is governed 
by the size of the cation in the ~tahcdral sites, but is 
extremely sensitive to expansion of the covalent net+ 
work in a ~rpcadicular direction, i.e. along the c-axis, 
The influence of ~hcsc various factors is illustrated by 
the evolution of the parameters of the sodium eu- 
ropium phosphate family, Na' and E u "  in six.fold 
c~rdination have approximately the same size, re. 
sp,¢c!ivety I~!12 and 11,95 ~, [i3]+ The substitution of 
europium t~r sodium leads to an increase of c h and a 
dec rea~ oi' a h, ~ e s e  variations are induced only by 
the creation of the MIll empty site, The chtah ratio 
mercases with the europium, but its maximum value 
remains relatively , .  smell,, 2,63, 
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