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Crystal determinations of the rhombohedral phase (space group R?c), for different compositions (2 < 
x < 2.4) in the true NASICON solid solution Na I+xZrZSixP3-r012r have been performed at different 
temperatures by X-ray diffraction. We observe, as a consequence of interionic repulsions, the partial 
occupation of a mid-Na interstitial site within the conduction path. The composition dependence of the 
mid-Na occupation factor, maximum at x = 2, explains the maximum of the c hexagonal parameter and 
of the Na(l)-oxygen average distance observed at about x = 2. Moreover, structural results clearly 
suggest that the enhanced conductivity at x = 2 arises from sodium interactions instead of geometry 
changes of the framework. 6 1988 Academic press, 1~. 

Introduction transport properties of Na3Zr2Si2POu (x = 
2) a composition called NASICON (so- 

Fast ion conduction in solid solutions be- dium super ionic conductor), are clearly 
tween sodium zirconium phosphate and equivalent to those of p” alumina. 
sodium zirconium silicate, Nai+XZr#iXP3-, The general features of the NASICON- 
Oi2 (0 I x I 3), was first reported by Hong type packing, in the rhombohedral symme- 
(I) and by Goodenough et al. (2). The two try (R%), have been known for many years 
end member compositions (i.e., x = 0 and x from crystal structure determinations of 
= 3) have high resistivities. In contrast, both end members x = 0 (I, 7) and x = 3 (8, 
polycrystalline samples with compositions 9). The robust three-dimensional frame- 
1.8 < x < 2.4 exhibit a low resistivity which work is formed by fundamental groups con- 
is minimum for x = 2 (about 3 fl cm at sisting of two Zr06 octahedra and three 
300°C) (2-6) (Fig. 1). For instance, the SiO4/PO4 tetrahedra with which they share 
0022-4596188 $3.00 160 
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FIG. 1. Resistivity versus composition at 300°C for 
Na+ in NASICON ceramics (adapt from Ref. (6)). 

corner oxygen. Sodium ions occupy three- 
dimensional interstices: all the octahedral 
interstices noted Na(l) in pure phosphate 
(x = 0) and also all the irregular gcoordi- 
nated Na(2) in pure silicate (x = 3). There is 
respectively one Na(1) and three Na(2) by 
unit formula Nal+xZr#ixP3-X0r2. 

In fact, since its initial discovery, there 
has been extensive discussion about the 
“true” stoichiometry of NASICON. Dif- 
ferent formulae were proposed such as 

Na ~+4y+~Zr2-ySixP3-xO12 GO, 10 

and 

Na ~+4y+xZr2-y-zSixP3-xo12-2z U-3. 

This refiects difficulties during the prepara- 
tion of the powders and of the crystals such 
as free zirconia precipitation, P205 and 
Na20 losses, glassy phase formation, in- 
congruent melting . . . , which suggests 
that the observed stoichiometric differ- 
ences can be attributed to the different 
paths by which each NASICON was pre- 
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pared: high-temperature solid state reac- 
tion, hydrothermal, or sol-gel procedure 
(13). However, we have recently clearly 
demonstrated, from a crystal structure de- 
termination (M), the formation of Na3.0gcs, 
Zr2.~~~,Po.slSi2.~012, which confirms the ex- 
istence of the Nai+xZr2P3-XSix012 Hong 
solid solutions which only exhibit the Si-P 
nonstoichiometry mechanism. 

In his fundamental paper, Hong (1) has 
shown that the variations in conductivity 
with composition were closely coupled 
with structural changes: 

(a) First, all the compositions showing 
fast ionic sodium transport are character- 
ized at room temperature by a slight mono- 
clinic distortion @2/b) of the ideal rhombo- 
hedral packing. In fact, it was later 
observed (3, 15) that the monoclinic low- 
temperature structure transforms into high- 
temperature rhombohedral structure, at 
temperature close to 400 K, via a structural 
phase transition. 

(b) Second, upon substitution of the 
larger Si ion for P and associated insertion 
of charge-compensating sodium ions, the 
hexagonal a axis increases monotonically. 
In contrast, as x increases, the hexagonal 
(or pseudohexagonal) c parameter rises to a 
maximum near x = 2 and then therefore 
anomalously decreases up to x = 3. 

(c) Finally, the high conductivity of NA- 
SICON was geometrically rationalized in 
terms of the dimensions of the window be- 
tween Na(1) and Na(2) positions. The geo- 
metrical bottleneck for the diffusion is the 
triangle formed by the oxygens of the Na06 
octahedron and the opening of the bottle- 
neck seems to be associated with the in- 
crease of the c& parameter, maximum at 
x - 2. 

The structural changes with variations in 
composition were then examined by 
Wuensh et al. (16) using Rietveld analysis 
of neutron powder diffraction data at room 
temperature. These authors investigated 
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the structure of two rhombohedral (x = 1 
and x = 2.5) and of two monoclinic (x = 1.6 
and n = 2) compounds. They found that the 
Na(1) site remains fully occupied and the 
excess x of sodium progressively fills the 
Na(2) sites. The principal changes in the 
framework with change in composition are 
distortion and increased rotation of the 
Si-P tetrahedra up to x = 2, followed by 
progressive return toward the original ori- 
entation for larger x. This rotation acts to 
increase the height of the Na(l) octahedra 
and is responsible for the anomalous maxi- 
mum in the length of the c axis. The rota- 
tion also causes the windows along likely 
diffusion paths to increase to a maximum 
size, close to the ionic radius of Na+, near 
x = 2. 

Kohler et al. (II, 17) examined the diffu- 
sion path in the high-temperature phase for 
a Zr defective single crystal, Na3.1Zrr.7sPr.76 
Si1.24012, using the results of joint probabil- 
ity density function (p.d.f.) They estab- 
lished that the most probable path, from 
Na(l) to Na(2), does not follow a straight 
line but has a zigzag shape. They observed 
that the opening of bottleneck increases 
when the temperature is raised, which is 
associated with the decrease of the poten- 
tial barrier and the increase of the hexago- 
nal c parameter. But p.d.f. revealed that the 
bottleneck does not correspond to the max- 
imum barrier 0.19 eV at 614 K which is lo- 
calized further in the conducting channel. 

Finally, from our recent crystal structure 
determination of the true NASICON (24), 
we have detected a new sodium position 
(mid-Na) in the conduction channel, inter- 
mediate between the usual Na( 1) and Na(2) 
sites. In fact, only at high temperature (500 
K), a very weak occupation of this site has 
been previously observed by neutron dif- 
fraction (18) in the Na&(PO& NASI- 
CON analog and also by NMR (19) in NaZrz 
W4)3. 

There are six mid-Na per unit formula in 
a five-fold coordinated polyhedron. Con- 

duction channels ideally corresponding to 
infinite zigzag lines of identical segments (7 
A) with 3II14 bents are schematically repre- 
sented in Fig. 2. 

We present here X-ray single crystal de- 
termination of the rhombohedral phase for 
different compositions in the true NASI- 
CON solid solution (between x = 2 and x = 
2.4). Emphasis is laid on the temperature 
and on the composition dependences of: 

(i) the filling ratio of each sodium site (as 
there are at most 4 Na ions per unit formula 

FIG. 2. Schematic representation of a part of the 
conduction channels in NASICON. The planes are on 
z = m, A, A, . . in the hexagonal cell. Large circles 
correspond to Na(l) positions, small circles to Na(2) 
positions, and crosses to mid-Na positions (only six 
are indicated). A given Na(l) is connected to six mid- 
Na and six Na(2) positions. A given Na(2) is connected 
to two Na(1) positions. 
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within the conducting channels, it is clear 
that all positions cannot be occupied simul- 
taneously); 

(ii) the sodium-oxygen average dis- 
tances; 

(iii) the a and c hexagonal parameters. 

These results show that the maximum of 
conductivity at x = 2 can be rationalized in 
terms of the sodium-sodium interactions. 
The framework of the structure mainly 
serves to define conducting channels. 

Experimental 

Single crystals of pure phosphate were 
obtained directly from the melt or by flux 
technique in boron oxide (20). Single crys- 
tals of various compositions (2 < x < 2.4) 
were prepared by graingrowth in sol-gel 

ceramics. As previously reported (13), a 
well-crystallized NASICON phase can be 
prepared by sol-gel technique after a ther- 
mal treatment above 1150°C. In fact, at this 
temperature, especially for compositions 
outside the 1.9 < x < 2.1 range, ceramics 
consist of NASICON grains (a few micro- 
meters in size) accompanied by a second 
phase (monoclinic zirconia or glass). Nev- 
ertheless, as shown in Fig. 3, by long ther- 
mal annealing just below the melting point 
(for instance 4 months at 124X), an abnor- 
mal growth of NASICON crystals is ob- 
served (dimensions of crystals are typically 
100-300 pm). This has been related (21) to 
the high chemical purity of sol-gel ce- 
ramics which prevents the impurity con- 
centration at the grain boundaries and con- 
sequently enhances the grain growth. 

Crystal structure determinations have 

FIG. 3. Microstructure of NASICON sol-gel ceramics (at two scales) after long thermal treatment 
just below the melting temperature. Small crystals (100-300 pm) have grown beside small crystallites 
formed of NASICON and a second phase. 
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been performed at different temperatures 
by X-ray diffraction on several crystals of 
different compositions. In fact, we present 
here only the results concerning crystals in 
the rhombohedral phase, i.e., above the 
phase transition for compositions (around 
x = 2) exhibiting the monoclinic distortion. 
Details of crystal structure determination 
for the end member x = 0 at room tempera- 
ture (in the rhombohedral phase) and de- 
scriptions of low-temperature monoclinic 
phase will be published elsewhere. 

NASICON crystals are systematically 
twinned with respect to the rhombohedral 
average lattice: reflections such as (-h + 
k + 1) = 3n and (h - k + k = 3n) in hexago- 
nal notation are simultaneously present 
(observe and reverse description, respec- 
tively). For each crystal structure determi- 
nation, data were collected using MO& ra- 
diation up to 28 = 65”. After absorption 
corrections and averaging equivalent reflec- 
tions, this led to about 700 independent re- 
flections which all were used in the refine- 
ment, including the reflections with zero 
intensity. These reflections were corrected 
for anomalous dispersion (22) and the re- 
finement program was modified in order to 
calculate structure factors in this special 
case of twinned crystals (23). Under these 
conditions, the refinements where carried 
out within the usual R& space group of 
NASICON with simultaneous refinement 
of spatial coordinates, anisotropic tempera- 
ture factors, and occupancies for the two 
usual Na( 1) and Na(2) sodium sites. Refine- 
ments also included anharmonic correc- 
tions to the Debye-Waller factors up to the 
4th order with full contravariant tensors for 
Na(1) and Na(2) and contracted contrava- 
riant pseudotensors for oxygen and zirco- 
nium atoms (24). As previously observed 
(14) for the first crystal structure determi- 
nation of the true NASICON, further calcu- 
lations reveal, for crystals in the composi- 
tion range 2 < x < 2.4, the occupation of a 
third sodium position within the conduction 

path, approximately halfway between ideal 
Na(l) and Na(2) positions (- 1.8 A from 
each one). The introduction of this posi- 
tion, previously labeled mid-Na (14), is al- 
ways associated to a significant decrease 
(according to Hamilton statistical tests 
(25)) of the agreement factor defined as 
R(%) = 100*C~F,,b, - Fca~c(lWo~s. For in- 
stance, the R factor decreases from 3.6 to 
2.9% for the x = 2.05 NASICON at 623 K. 

Results 

Table I shows the investigated composi- 
tions, the recording temperature (for x = 
2.05, 2.15, and 2.25, structural determina- 
tions have been performed at high tempera- 
ture-443 and 623 K-because of the 
monoclinic distortion at room temperature; 
for x = 0 and x = 2.35, the rhombohedral 
phase exists at room temperature), the hex- 
agonal parameters, the agreement factor, 
and the composition deduced from the re- 
finement for each investigated sample. In 
order to discuss the structural changes with 
the variation of composition, the results ob- 
tained by Tran Qui et al. (9) from X-ray 
crystal structure determination for the x = 
3 end member and by Baur et al. (26) from 
neutron Rietveld analysis for x = 1 are also 
given in Table I. 

For all of the X-ray determinations, the 
compositions deduced from the refinement 
are close (although systematically slightly 
higher) to the values calculated by using the 
(P, Si) oxygen average distances and a lin- 
ear interpolation between the two extreme 
values determined under the same experi- 
mental conditions: P-O = 1.524( 1) A and 
Si-0 = 1.623( 1) A, respectively, from x = 0 
pure phosphate end member and pure zir- 
con silicate (ZrSiOJ. 

For the compounds with compositions in 
the range 2 < x < 2.4, the coordinates and 
thermal parameters obtained by X-ray crys- 
tal structure determinations are summa- 
rized in Table II. 
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TABLE I 

CRYSTAL STRUCTURE DETERMINATION IN Nal+xZr&P,-,On: COMPOSITION (x), 
HEXAGONAL PAFUMETERS(CI,C),Z = ~,ANDAGREEMENT FACTOR (R) 

Sample 
reference 

Recording 
temperature 

(“K) a (A) 

x Value 
from the 

refinement 

x Value 
from 

KWW) 
R (%I 
factor 

x=0 300 8.81 22.75 
X=0” 443 8.80 22.83 
x = lb 443 8.933(2) 22.925(3) 
x = 2.05 443 9.068(2) 22.980(4) 2.04(9) 2.00(9) 3.41 
x = 2.05 623 9.074(2) 23.057(4) 2.09(8) 2.06(9) 2.93 
x = 2.15 443 9.079(2) 22.964(4) 2.15(9) 2.06(9) 3.48 
x = 2.25 443 9.084(2) 22.928(4) 2.27(9) 2.21(9) 2.96 
x = 2.25 623 9.089(2) 23.000(4) 2.24(9) 2.18(9) 2.82 
x = 2.35 300 9.097(2) 22.680(4) 2.37(12) 2.21(13) 5.76 
x = 3’ 443 9.200(l) 22.351(2) 

0 Calculated by using linear thermal expansion coefficients (Ref. (27)) and values at 300 K. 
* Prom Ref. (26), extrapolated from values at 293 and 573 K. 
c From Ref. (9), extrapolated from values at 293 and 573 K. 

(i) Lattice Constants 

Refined lattice constant are compared in 
Table I in terms of hexagonal cells. Figure 4 
shows the composition dependence at 443 
K of the a and c parameters. As previously 
observed by Hong (I), the a hexagonal lat- 
tice constant monotonically increases with 
the progressive substitution of Si for P ions 

23.0 
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X 

FIG. 4. Composition dependence at 443 K of the a 
and c hexagonal parameters in the NASICON solid 
solution Na,+,Zr#i,Pr-,On with 0 s x 5 3 (crystal 
data except for x = 1; Ref. (26)). 

and insertion of Na+. On the contrary, the 
length of the c parameter highly decreases 
between x = 2 and x = 3. 

The effective volume expansion coeffi- 
cients determined in the temperature range 
443-623 K are 2.7 x 1O-5 “C-l for x = 2.05 
and 2.4 x 10m5 “C-l for x = 2.25. Lattice 
constant determinations previously re- 
ported by Tran Qui et al. (9), for the silicate 
end member x = 3.0 provide a relatively 
close volume expansion coefficient of 3.7 X 
10m5 ‘C-l, in contrast with the phosphate 
end member which is well known to exhibit 
a low coefficient (-4 x 10e6 “C-i (3, 27). 
The corresponding linear thermal expan- 
sion coefficients-normal to c and parallel 
to c, respectively-are 4 x 10e6 and 1.9 x 
10e5 “C-l for x = 2.25, to be compared with 
<10m7 and 3.7 x 10m5 “C-l for the pure sili- 
cate (9) and with -6 x 10e6 and 2.5 x lop5 
“C-l for pure phosphate (27). Therefore, as 
a function of the composition, small ther- 
mal changes are observed along the c axis 
and the variation of the volume expansion 
is essentially due to changes along the a 
axis. 
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TABLE II 

COORDINATES (x 104) AND THERMAL PARAMETERS 

(‘42 x 104) 

MZ. 
0ccup.a occup.~ x Y  z % 

- - 

Zr 2 
P-Si 3 
O(1) 6 

O(2) 6 

N=(l) 1 

NaO) 3 
mid-Na 6 

N=(l) 1 

NC3 3 
mid-Na 6 

Zr 2 
P-Si 3 

WI 6 
O(2) 6 

N=(l) 1 

Na(2) 3 
mid-Na 6 

Zr 2 
P-Si 3 

O(1) 6 

WI 6 

N=(l) 1 

Na(2) 3 
mid-Na 6 

WI1 1 

f-44) 3 
mid-Na 6 

Zr 2 
P-Si 3 
WI 6 

O(2) 6 
N=(l) 1 

Nd2) 3 
mid-Na 6 

- 
NASlCON x = 2.05 at 443 K 

2.W) 0 0 1478(l) 151(Z) 
3 2903(l) 0 !  135(5) 
6 1724(4) -344(J) 194q11 363(14) 
6 1932(3) 16%(3) 914(l) 273(11) 

0.36(2) 0 0 0 1248(113) 
2.01(2) 6347(7) 0 t 986(77) 
0.67(5) 9853(51) 8066(89) 9798(20) 2 183(520) 

NASICON x = 2.05 at 623 K 
0.40(2) 0 0 0 2152(230) 
2.05(2) 6345LV 0 t 1053(70) 

O&l(4) 97W461 7958(60) 9773(35) 2OWWW 

NASICON x = 2.15 at 443 K 

2.Wl) 0 0 147911) 151(l) 
3 2906(l) 0 t 142(6) 
6 1736(5) -333(5) 1942(t) 368(16) 
6 1930(4) 1698(4) 911(l) 271(12) 

0.32(l) 0 0 0 944(112) 
2.15(3) 6342(7) 0 $ 1112(81) 
0.68(5) 9778(58) 8082(64) 9787(24) 197q404) 

NASICON x = 2.25 at 443 K 

2.W) 0 0 1478(l) 152(l) 
3 2909(l) 0 !  137(4) 

6 1738(3) -325(4) 1943(l) 353(12) 
6 1919(3) x89(3) 91Wl 271(9) 

0.3q2) 0 0 0 882(92) 
2.24(3) 6352(4) 0 t lOll(64) 

0.67(4) 9782(441 811 l(65) 98W18) 1820(360) 

NASICON x = 2.25 at 623 K 
0.37(2) 0 0 0 1683(W) 

2.2q3) 634q6) 0 + tl71(68) 

0.61(4) 9739(391 7%8(57) 9756(21) 1809WO) 

NASICON x = 2.35 at 300 K 
2.01(2) 0 0 1475(l) 114(4) 

3 2921(2) 0 a 153(9) 
6 1777(7) -281(7) 193q3) 382(26) 
6 1902(5) 1672(5) 898(3) 243(20) 

0.49(2) 0 0 0 488(66) 
2.32(4) 6371(6) 0 !  721(50) 
0.56(6) 9655(52) 7810(120) 9756(32) lSW350) 

Note. Ucs is defined by the expression U&Z) = Z,, (illafa~. 
a Max. occup. = 6 refers to the 36f positions of the R3c group, max. 

occup. = 3 refers to the 18e positions, max. occup. = 2 to the 12~ 
positions, and max. occup. = 1 to the 6b positions. 

b Occupation corresponding to one Nat+,Zr2Si,P,-,012 formula. 

All of the linear expansion coefficients 
determined near x = 2 are also in agreement 
with data obtained by neutron Rietveld 
analysis at 300 and 593 K for x = 1.6 and 
x = 2 by Didisheim et al. (28). 

(ii) Site Occupancies 

For the six crystal determinations, evi- 
dence of the total occupancy of the Zr octa- 
hedron is found, unambiguously demon- 
strating that our crystals belong to solid 
solution Nal+,ZrzSiXPI-,Olz in which only 
the Si-P nonstoichiometry mechanism is 
present. 

Sodium ions are distributed within the 
conduction channel in the three positions 
referred to as Na(l), Na(2), and mid-Na. In 
contrast with previous neutron Rietveld 
analysis, we find that the Na(1) interstice 
does not remain fully occupied whatever 
the composition is. However, it is clear 
that, for all compositions and all tempera- 
tures which have been investigated, one so- 
dium ion per unit formula occupies either 
Na(1) site or mid-Na site and that the other 
x sodium ions in excess (charge compensa- 
tion ions) occupy Na(2) sites. Therefore the 
compositions of all our single crystals are 
close to the following ideal formula: 

(Na(1) + mid-Na)l(Na(2)),0~-,Zr2 
(P3.$iX)O12 with 0 I x 5 3. 

This relation takes into account that occu- 
pation of mid-Na sites automatically ex- 
cludes occupation of the neighboring Na( 1). 

Figure 5 shows the composition depen- 
dence of the sodium site occupancies. As 

OO 1 2 
3 0.2 

X 

FIG. 5. Composition dependence at 443 K for the 
sodium site occupancies (Na(1) and Na(2)) deduced 
from the crystal study determinations in the NASI- 
CON solid solution Na,+,Zr2Si,Pj-,012 with 0 c x zz 3. 
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TABLE III 

AVERAGE INTERIONIC DISTANCES IN Na,+,Zr&,Pj-,O,, 

Sample Recording 
ref. temp. CK) (Zr-6 X 0) ((Si,P)-4 X 0) (Na(l)-6 X 0) (Na(2)-8 x 0) (mid-Na-5 x 0) 

x=0 300 
x = 1” 443 
x = 2.05 443 
x = 2.05 623 
x = 2.15 443 
x = 2.25 443 
x = 2.25 623 
x = 2.35 300 
x = 36 443 

2.071(2) 
2.076(2) 
2.076(2) 
2.077(2) 
2.072(2) 
2.076(2) 
2.071(2) 
2.082(3) 

1.524(l) 
1.552(2) 
1.590(l) 
1.592(l) 
1.592(l) 
1.597(l) 
1.596( 1) 
1.597(2) 
1.623(3) 

2.548(2) 
2.639(2) 
2.672(2) 
2.688(2) 
2.669(2) 
2.659(2) 
2.675(2) 
2.612(4) 
2.520(3) 

2.648(4) 
2.668(6) 
2.684(4) 2.46(2) 
2.686(4) 2.48(2) 
2.686(4) 2.47(2) 
2.687(4) 2.48(2) 
2.689(4) 2.48(l) 
2.686(5) 2.46(3) 
2.706(4) 

0 From Ref. (26), extrapolated from values at 293 and 573 K. 
b From Ref. (9), extrapolated from values at 293 and 573 K. 

expected from the previous dependence of tural determinations, the NaQ)-oxygen 
the sodium site occupancies. As expected distances are much longer than the value of 
from the previous formula, we note a con- 2.53 A corresponding to the sum of the 
tinuous increase of the Na(2) occupation 
when x increases. More interesting is that TABLE IV 

the Na(1) occupation and obviously the SIGNIFICANT INTERIONIC DISTANCES (A) NASICON 

mid-Na occupation are clearly related to x = 2.05 

the variations in conductivity with compo- At 443 K 

sition. The Na( 1) occupation decreases to a 
minimum (about 8) near x = 2 and then 
anomalously increases up to 1 at x = 3. 

zr-O(1) 3 x 2.048(Z) 
&-O(2) 3 x 2.103(2) 
@r-O) 6 x 2.076 

Very weak temperature effects are ob- 
served. However, when the temperature in- 
creases, the Na(l) site occupancy slightly 
increases to the detriment of the mid-Na 
one and the mid-Na position slightly moves 
to the Na(2) position. For NASICON x = 
2.05, the distance between two neighboring 
Na(2) and mid-Na sites varies from 1.88 A 
at 443 K to 1.78 A at 623 K. Obviously, 
these short distances forbid simultaneous 
occupation of these two positions. 

(Si-P)-O(1) 
(Si-P)-O(2) 
((Si-P)-0) 

At 623 K 
Zr-O(1) 
zr-O(2) 
(Zr-0) 

(iii) Inter-ionic Distances 
(Si-P)-O(1) 
(Si-P)-O(2) 
((Si-P)-0) 

Table III summarizes average interionic 
distances, deduced from the refinement, for 
different x values and Table IV shows sig- 
nificant interionic distances for NASICON 
x = 2.05 at 443 and 623 K. 

As already observed in previous struc- 

2 x 1.588(l) 
2 x 1.591(l) 
4 x 1.590 

mid-Na-O(2) 
mid-Na-O(1) 
mid-Na-O(2) 
mid-Na-O(2) 
mid-Na-0( 1) 

Na(l)-O(2) 6 x 2.672(2) 
WaW-0) 6 x 2.612 

Na(2)-O(2) 2 x 2.476(3) 
Na(2)-O(2) 2 x 2.557(6) 
Na(2)-O(1) 2 x 2.807(3) 
Na(2)-O(1) 2 x 2.8%(6) 
@W)-0) 8 x 2.684 

1 X 2.29(2) 
1 x 2.34(2) 
1 X 2.38(2) 
1 X 2.56(2) 
1 x 2.71(2) 

mid-Na-O(2) 1 x 3.21(2) 

3 x 2.049(2) Na(l)-O(2) 6 x 2.688(2) 
3 x 2.104(2) (Na(l)-0) 6 x 2.688 
6 x 2.076 

2 x 1.592(l) 
2 x 1.593(l) 
4 x 1.592 

mid-Na-O( 1) 
mid-Na-O(2) 
mid-Na-O(2) 
mid-Na-O(2) 
mid-Na-0( 1) 

NaWO(2) 2 x 2.477(3) 
Na(2bO(2) 2 x 2.561(6) 
Na(2)-O(1) 2 x 2.820(3) 
Na(2)-O(1) 2 x 2.888(6) 
W-49-0) 8 x 2.686 

1 x 2.33(2) 
1 x 2.33(2) 
1 x 2.34(2) 
1 x 2.64(2) 
1 x 2.75(2) 

___-____-__________________________ 
mid-Na-O(2) 1 x 3.10(2) 
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ionic radii for Na”“‘-0 (eight coordina- 
tion). Moreover, no significant thermal ef- 
fect is observed for these distances. The 
Na(l)-O(2) distances are also long: 2.67 A 
at 443 K for x = 2.05 to be compared with 
2.39 A for NaV1-0 (six coordination). But, 
the Na( 1)-O(2) distances highly increase 
with increasing temperature and, at 623 K 
for x = 2.05, become very close to the 
Na(2)-oxygen lengths. Concerning the five- 
fold coordinated mid-Na interstitial site, 
there is a relatively shvrt average sodium- 
oxygen distance (2.48 A) with participation 
of three oxygens of a face of the NaOd octa- 
hedron (generally considered as the geo- 
metrical bottleneck for the diffusion) and of 
two oxygens neighboring Na(2) sites. 

Figure 6 represents the composition de- 
pendence at 443 K of the average sodium- 
oxygen distances. Upon the substitution of 
larger Si for P, (Na(2)-0) slightly and con- 
tinuously increases from 2.648 w  for x = 0 
to 2.706 A for x = 3. In contrast, as for c 
hexagonal parameter and Na( 1) filling ratio, 
we note an anomalous behavior for the 
variation with composition of (Na( 1)-O) 
which presents a maximum near x = 2. 

(iv) Thermal Vibration Parameters 

Anisotropic temperature factor coeffi- 
cients deduced from the refinements for 
NASICON x = 2.05 single crystals at 443 
and 623 K are given in Table V. Sodium 
atom anisotropies are qualitatively similar 
to that found in the most previous analysis 
of the NASICON-type structure. But, at 
least for Na(1) and Na(2), more reasonable 
values of temperature factors are obtained. 
Na(1) exhibits an oblate thermal vibration 
ellipsoid with a large displacement normal 
to c which largely increases with tempera- 
ture. In contrast, Na(2) corresponds to a 
prolate ellipsoid, weakly dependent on the 
temperature, with large displacement ap- 
proximately parallel to c (in fact, slightly 
inclined to c due to the high Uz3 compo- 
nent). The mid-Na exhibits the expected 

X 

Frc. 6. Composition dependence at 443 K for the 
average sodium-oxygen distances deduced from the 
crystal structure determination in the NASICON solid 
solution Na,+,ZrzSi,PJ-,Olz with 0 5 x 5 3 (crystal 
data except for x = 1; Ref. (26)). 

behavior of an interstitial position within 
the conduction path with very large thermal 
components (especially U~Z, U~J, and UZ~) 
and a weak temperature dependence. Con- 
cerning composition effects, the largest dis- 
placement of Na(1) is observed near x = 2 
and in all the investigated range (2 < x < 
2.4) the mean-squared displacements of so- 
dium atoms are always very large (0.10 to 
0.20 A2) compared to the ones observed for 
x = 3 at the same temperature (co.10 A2). 

For the framework ions, it may be noted, 
in the range 2 < x < 2.4, that oxygens ex- 
hibit relatively high vibration amplitudes 
(especially for O(l)), almost isotropic and 
weakly dependent on the temperature, in 
agreement with a Si04/P04 tetrahedra dis- 
order. In fact, a dynamic orientational tet- 
rahedra disorder have been displayed in 
these crystals, above the phase transition, 
by a Raman study (13). 

Discussion 

We have made a complete X-ray struc- 
tural investigation of single crystals of in- 
termediate compositions in the NASICON 
solid solution (2 < x < 2.4). The most im- 
portant result concerns the partial occupa- 
tion of the interstitial mid-Na position 
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TABLE V 

ANISOTROPICTHERMAL PARAMETERS@~ x 104) 

UII u22 u33 Ul2 u,3 u23 

Zr 
P-Si 
O(l) 
O(2) 
NW 
W2) 
Mid-Na 

Nat11 
W2) 
Mid-Na 

157(2) 
123(4) 

333(16) 
197(11) 

1708(180) 
377(26) 

739(270) 

3129(410) 
408(2 1) 

600(200) 

NASICON x = 2.05 at 443 K 
UII 138(2) UIIC! 

136(5) 150(4) u2212 

456(20) 362(15) 244(15) 
244(13) 260( 13) 21(10) 

UII 332(100) UlG 
425(39) 2173(143) u22/2 

3000(900) 1814(600) 800(590) 

NASICON x = 2.05 at 623 K 

UII 183(104) Ud2 
524(31) 2281(46) U22Q 

2800(500) 1800(400) 150(200) 

0 

h/2 
- 169(14) 

77(11) 
0 

ud2 
530(400) 

0 

b/2 
50(100) 

0 

WV 
4(14) 

Wl) 
0 

713(58) 
2200(670) 

0 
773(61) 

1900(400) 

within the conduction path consisting of a 
network of intersecting channels. The oc- 
cupation of this position is highly depen- 
dent on the composition and can be corre- 
lated to the variation of the electrical 
properties in the NASICON solid solution. 

At x = 0, only the Na(1) sites are occu- 
pied. When increasing the sodium concen- 
tration, our results clearly indicate that the 
x charge compensating sodium ions fill the 
Na(2) sites. Correlatively a part of Na(1) 
ions shift toward a vacant Na(2) site. 
Therefore, it is reasonable to think that the 
move of sodium ions into the interstitial 
mid-Na position results from the increase 
of the interionic repulsions between Na(1) 
and Na(2) ions. The shift corresponding to 
a decrease of the Coulombic potential en- 
ergy . 

At about x = 2, approximately f of the 
Na(1) sites remains occupied. In fact, for 
this special composition, we note that each 
Na(1) site is connected to Na(2) site trian- 
gles consisting on average of one vacant 
site and two filled sites. This association 
makes possible the shift of all the sites 
Na( l), as observed at room temperature for 
the Na3Sc2(P0& monoclinic NASICON 
analog which is a perfectly stoichiometric 

x = 2 NASICON (29). Above x = 2, we 
observed a drastic decrease of the mid-Na 
occupation which tends to zero for the x = 
3 end member in which Na(1) and Na(2) 
positions are fully occupied. It is clear that, 
in the composition range (2 < x < 3), the 
shift from Na(1) to mid-Na becomes more 
and more difficult with increasing x, be- 
cause of the lack of available Na(2) vacant 
sites. This obviously confirms that the oc- 
cupation of mid-Na interstitial sites auto- 
matically excludes the occupation of neigh- 
boring equilibrium Na(2) positions. 

All our other significant structural 
changes with the variation of composition 
can be deduced from the evolution of the 
mid-Na interstitial site. The maximum of 
the average length of the Na(l)-oxygen 
bond and the maximum of the c hexagonal 
parameter, observed at about x = 2, are 
clearly associated with the minimum value 
of Na(1) occupation factor. This is obvi- 
ously the normal consequence of the pres- 
ence of a partially occupied site because 
vacant cationic sites can be equated to neg- 
ative charges which repulse surrounding 
oxygen atoms. In the NASICON structure, 
vacant Na(l) sites lead to increase the 
height of the Na( l)-06 octahedra and to the 
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associated rotation of Si04/P04 tetrahe- 
dra. Consequently, the successive sodium 
jumps between sites resulting in the static 
lattice potential, Na(1) ---, Na(2) + Na(l), 
via the shallow potential mid-Na site imply 
a breathing-like movement of the frame- 
work in perfect agreement with the dy- 
namic tetrahedra disorder observed in 
these crystals (13). 

In the investigated temperature range, 
small changes are observed in the sodium 
distribution with the variation of tempera- 
ture. We note, with increasing temperature 
a slight shift of the “mid-Na” position to- 
ward the Na(2) position and a slight de- 
crease of the mid-Na occupation factor 
(0.61 at 623 K fbr x = 2.25 to be compared 
with 0.67 at 443 K). These results are com- 
patible with the expected decrease of the 
interionic repulsions when the temperature 
is raised. 

In conclusion, structural determinations 
in the Nal+,Zr#i,P~-,0i2 NASICON solid 
solutions (0 5 x % 3) show competing ef- 
fects of static lattice potential and ion inter- 
actions. The Coulomb forces shift a part of 
Na(l) ions into mid-Na interstitial posi- 
tions. This displacement is enhanced at x = 
2 because of both important sodium interac- 
tions and high concentration of available in- 
terstitial sites. Therefore, the maximum of 
conductivity at x = 2 is directly related to 
the maximum of the occupation factor of 
the interstitial mid-Na site. This correlation 
is in good agreement with stochastic 
Langevin dynamic simulations of a one-di- 
mensional model for framework ionic con- 
ductors proposed by Jacobson et al. (30), 
which show that the Coulomb forces push 
the mobile ions up the crystal framework 
potential well, lowering the effective poten- 
tial barrier and increasing the conductivity. 
This situation is optimized for x = 2 in the 
NASICON solid solution and, conse- 
quently, the geometry changes of the 
framework, which are also a direct conse- 
quence of the interionic repulsions, cannot 

be considered to be the main explanation 
for the high conductivity at x = 2. 
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