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Time of flight neutron powder data were collected at elevated temperatures on a sample of NASICON 
of composition Na,,17Zrl.9~Si1.9P1.1012. This sample, prepared by reheating a commerically available 
NASICON to minimize the ZrGz impurity, has been previously structurally refined from room 
temperature neutron diffraction data collected at Argonne National Laboratory. Conductivity 
measurements show a cusp at ca. 170°C attributed to the monoclinic-rhombohedral transition and the 
purpose of this work was to explore the nature of the transition. Data runs were made at 143, 173,202, 
300, and 391°C. No evidence for a crystal system change was found. The highest temperature data 
sets could not be refined satisfactorily by the Rietvetd method using a rhombohedral model, but rather 
required a monoclinic cell in space group C2/c to achieve convergence. An explanation for the 
conductivity cusp is given in terms of a disordering of the sodium ions and a change in conduction 
pathways which lowers the barriers to ion movement. 0 1988 Academic Press, Inc. 

Introduction solid solution of the general formula Nai+, 
Zr2SiXP3-X012 (1, 2). The rigid oxide net- 

The NASICON family of compounds has work provides four cavities per formula 
attracted wide scientific interest as a proto- within which the conducting cations reside 
type example of fast ion transport through (2,3). For the end member with x = 0, one 
a three-dimensional network of than- cavity is filled and three are empty, but the 
nels formed by a rigid oxide network. sodium ion conduction is low because of 
NASICON was initially formulated as a the high barrier blocking movement into 

the empty cavities. Both end members have 

* Dedicated to John B. Goodenough. rhombohedral qystal structures (3, 4) in 
t Author to whom all correspondence should be space group R3c. As x increases the 

addressed. additional sodium ions fill empty cavity 
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sites, but at the same time the passageways 
between cavities become larger as SK’+ 
replaces Ps+. As a result the conductivity 
increases, reaching a maximum at x = 2. In 
the range of highest conductivity 1.6 < x < 
2.3, the structure is monoclinic, space 
group C2lc. 

It is now almost certain that crystalline 
single-phase nonstoichiometric forms of 
NASICON exist (5-7). By nonstoichiomet- 
tic, we mean compositions which deviate 
significantly from Hong’s formula. Al- 
though these phases require that the 
compositional formulation of NASICON be 
enlarged to include them (6), their struc- 
tures are such as to not fundamentally alter 
the basis for fast ion transport described 
above (7). What is now required are defini- 
tive statements, based upon structural 
information, describing the conduction 
pathways in each of the phases. Hong’s 
original studies (2) led him to postulate that 
the conduction path leads through both 
sites in the rhombohedral phase [Na(l)- 
Na(2)-Na(l)] and through all three sodium 
ion sites in the monoclinic phases. In con- 
trast a single-crystal X-ray study at ele- 
vated temperatures of the silicate end 
member NQZr2Si3012 led to the conclusion 
that the main conduction pathway is from 
Na(2) to Na(2) sites (8). A subsequent sin- 
gle-crystal X-ray study of nonstoichio- 
metric preparation (9, ZO), with x = 1.4, 
clearly demonstrated that at sufficiently 
high temperature (222°C) the conduction 
pathway is Na(l) to Na(2). 

A neutron diffraction study (II, 22), car- 
ried out on powders with different x values, 
offered an explanation as to both the 
increase in the c axis with increasing Si 
content and the conductivity behavior. As 
silicate tetrahedra replace phosphate tetra- 
hedra, they tilt in such a way as to enlarge 
the c axis and open the bottlenecks. This 
process reaches a maximum at about x = 2 
and thereafter the c axis decreases in 
length, thereby increasing the barrier to 

diffusion. A follow-up neutron diffraction 
study was carried out at 320°C for the two 
powders with x = 1.6 and x = 2.0 (13). Only 
slight shifts in atoms occurred, so that no 
clear picture as to why a phase transform- 
ation from monoclinic to rhombohedral 
should occur at about 180°C emerged from 
the study. A similar neutron diffraction 
study carried out on NASICON powders 
with x = 1 and 2 yielded similar results (Z4), 
but with some real differences in sodium 
site occupancies. For example, in the x = 2 
sample of Baur et al. (M), the occupancies 
(at 300°C) were 40% for the Na(1) sites and 
57% for the Na(2) sites as compared to 100 
and 66%, respectively, in the Didisheim 
study (13). It should be noted that the 
composition of Baur’s compound was given 
as Na3.31Zrl.glSi2.olPo.99011.97 and that re- 
finement of occupancy factors for sodium 
ions yielded no more than two-thirds of the 
required number (14). This composition 
and sodium ion distribution is in agreement 
with that proposed previously by Clearfield 
and co-workers (25, 16). As will be shown 
in this report, we also could only account 
for about two-thirds occupancy of the sites 
by the sodium ions. An explanation for 
these discrepancies has not yet been forth- 
coming, but a clue as to its origin can 
be gleaned from a consideration of the 
monoclinic-rhombohedral phase transition 
which supposedly occurs at elevated tem- 
perature (17, Z8). This phase change has 
been correlated with the change in slope of 
the conductivity-temperature plot (2), the 
curve showing a decreased activation 
energy above the transition temperature. 
However, thermal studies (17, 19-21) indi- 
cate a broad transition occurring over a 
sizable but variable temperature range of 
100 to 200°C rather than a sharp first-order 
type phase transition. The transition 
enthalpy is also variable and of low magni- 
tude (19). Variability in the thermal effects 
is attributed to the different thermal histor- 
ies of the samples examined (19). Accord- 
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ing to Davies et al. (19) the variations in the 
Si-P framework can alter the distribution 
of Na+ in the cavities and thus change 
conductivity behavior. Our work has 
indeed shown (15,16) that ordering of phos- 
phate and silicate groups can occur and that 
the structure and properties do depend 
upon the method of preparation of the solid 
electrolyte (22, 23). Therefore, we have 
undertaken to assess the effect of cation 
ordering and temperature on structure and 
subsequent thermal and conductivity 
behavior of different NASICONs. In this 
paper we report on a neutron diffraction 
examination of a near stoichiometric 
sample (x = 2) in the temperature range 
25-391°C. 

Experimental 
A commerically available NASICON 

(Alfa-Inorganics) which initially contained 
about 20 wt% unreacted Zr02 was reheated 
to 1100°C for 24 hr, followed by a second 
treatment at 1150°C for 24 hr. In both cases 
the sample was cooled slowly by turning off 
the furnace power and allowing the sample 
to cool at the same rate as the furnace (-10 
hr). This reduced the free zirconia to about 
4 wt%. Refinement of the time-of-flight 
room temperature neutron diffraction 
powder data yielded a composition based 
upon occupancy refinement of Na3.17Zr1.93 
Si1.9Pr.rOr2 (16). The sample was analyzed 
by X-ray fluorescence (Micron, Inc., 
Wilmington, DE). FOUND: Na, 13.8%; 
Si, 9.9%; P, 6.3%; Zr, 34.8%. CALCULATED 
FOR Na3.17Zr1.93Si1.9P1.101~ + 3 wt% ZrOz: 
Na, 13.4%; Si, 9.8%; P, 6.25%; Zr, 34.5%. 
These calculated values gave the best 
overall agreement with the observed 
analysis and the room temperature neutron 
diffraction results. This same sample, refer- 
red to as AI-NAS-1, was used in the 
present study. 

Time-of-flight neutron powder data were 
collected on the special environments 
powder diffractometer (SEPD) (24) at the 

intense pulsed neutron source (IPNS), 
Argonne National Laboratory. The sample 
was loaded into a beam-welded vanadium 
sample can unden an inert dry atmosphere. 
The can, ca. 5.2 cm3 in volume, was sealed 
by a lead gasket. Cadmium shielding was 
used to eliminate scattering from the end 
caps of the can and the support fixture. 
Data were collected at 143, 173, 202, 
300, and 391°C using a temperature- 
programmed furnace with an estimated 
temperature error of + 1°C. The sample was 
equilibrated at each new temperature for 
sufficient time (up to 2 hr) to allow any 
phase change to occur. Data collection at 
each temperature required ca. 12 hr. The 
data used in the refinement were collected 
on the 150” (backscattering) data banks. 
The room temperature monoclinic struc- 
tures (16) of both the major NASICON 
phase and the minor ZrOz phase (25) were 
used as the starting point for the 143 and 
173°C data sets. In data sets taken at 202, 
300, and 391°C a rhombohedral model was 
used as the starting point for refinement, for 
the NASICON phase (26). In all cases the 
Na occupancies were statistically distri- 
buted over all the available sites. During 
the course of the work we found that the 
SilP populations at elevated temperature 
were insensitive to the refinement process 
and so were fixed in the same ratio as was 
found to result from the room temperature 
refinement (16). 

Rietveld refinement was conducted using 
programs from the IPNS Rietveld analysis 
program set which has been described in 
general elsewhere (27). The latest programs 
were used for data analysis, namely 
TLSMPH2, which allows up to four phases 
to be simultaneously refined and includes a 
modified six-term background function. 
Refinement was conducted on both phases 
simultaneously using a VAX 1 l/780 com- 
puter. In all cases positional, thermal and 
scale factors were refined for both phases 
together with a six-term background and 
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FIG. 1. A portion of the NASICON diffraction pattern obtained at the 90” data banks (left) and 150 
data banks (right). The monoclinic distortion is clearly evident at higher resolution (data recorded at 
300°C). 

six-term peak shape function. The two- 
term Gaussian peak shape parameters for 
each phase were also refined. After conver- 
gence, populations of the Zr and Na of the 
NASICON phase were refined followed by 
anisotropic thermal parameter refinement 
of the Na atoms. 

143 and 173°C Data Sets 

Data refinement went smoothly to con- 
vergence for both the NASICON and Zr02 
phases. The Na(3) atom, however, refined 
into a local minimum for both data sets. 
The Na atoms were therefore removed; the 
lattice framework was rerefined and the Na 
atoms were found by difference Fourier 
techniques. Final refinement to conver- 
gence , population, and anisotropic Na 
refinement was then easy to accomplish. 

220, 300, and 391°C Data Sets 

The rhombohedral lattice framework 
could be refined quickly to convergence, 

but large residual errors were found in all 
the refinement plots. Attempts to refine the 
Na temperature factors or populations 
resulted in worse residuals and the sodium 
atoms “blew up.” When the sodium atoms 
were removed, difference Fourier tech- 
niques could not relocate them. Critical 
reexamination of the data showed that in 
none of these high-temperature data sets 
had the NASICON changed phase. Figure 
1 illustrates this, showing what appears to 
be a rhombohedral singlet in the 90 
detector banks. However, closer inspection 
revealed that in the backscattering (1.50”) 
detector banks this reflection envelope is in 
fact a quadruplet which can only be in- 
dexed in the monoclinic system. A mono- 
clinic framework was thus adopted for all 
the data sets; the Na atoms were located by 
difference Fourier techniques on a refined, 
converged framework model and final con- 
vergence as outlined for the lower tempera- 
ture data sets was readily accomplished. 
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TABLE I 

REFINEMENT PARAMETERS FOR EACH TEMPERATURE 

Temperature (“C) 

RT” 143 173 202 300 391 

Space group 
a (A) 

B id&) 
Volume (A’) 
Data range (psec) 
Data range (A) 
No. contributing 

reflections 

a/c 
15.6451(4) 
9.0491(2) 
9.2151(2) 

123.724(3) 
1085.08(3) 

CT/c 
15X&49(6) 
9.0500(3) 
9.2455(3) 

123.905(4) 
1087.86(4) 

cwc 
15.6723(9) 
9.0537(6) 
9.2758(4) 

124.233(6) 
1088.15(5) 
6200-24,000 

0.82-3.23 

C2lc 
15.6764(10) 
9.0520(6) 
9.2844(5) 

124.241(g) 
1089.13(6) 

c2lc 
15.6817(10) 
9.0534(6) 
9.2966(4) 

124.207(7) 
1091.53(5) 

c2lc 
15.6909(9) 
9.0525(S) 
9.3065(4) 

124.193(7) 
1093.43(S) 

9771287 991 I281 9891288 9891289 9891290 9891289 
0.0334 0.049 0.041 0.045 0.046 0.042 
0.0539 0.106 0.083 0.095 0.103 0.095 
0.0183 0.024 0.023 0.027 0.030 0.025 

a Ref. (16). 

bRwP= 
i; 

Cw;[E(obs) - Yi(calc)]‘/~ wi[Y,(obs)J’)‘a. 

’ Rp = 2 [Ydobs) - Yj(calc)]/~ [Yjfobs) - b/q;]. 

d R. = X&’ wJyi(obs)]*. ’ 

Results 

Final refinement parameters for all the 
data sets are given in Table I. Positional, 
thermal, and occupancy parameters are 
given for the five temperatures in Tables 
II-VI. Important bond lengths and angles 
are collected in Table VII. A final Rietveld 
profile plot for one of the five structural 
refinements is given in Fig. 2 and a schema- 
tic drawing of the monoclinic structure is 
shown in Fig. 3. Refinement results for the 
202,300, and 391°C data sets forced into the 
rhombohedrai model are given in Table 
VIII. 

The most striking feature of our study is 
the fact that no monoclinic-rhombohedral 
transformation was found to take place. 
The data collected at the 90” detectors are 
well duplicated by use of rhombohedral cell 
parameters, but not the more highly resol- 
ved data from the 150” data bank. It was 
necessary to invoke a monoclinic model for 
this purpose. Unit cell parameters resulting 

from all the Rietveld refinements over the 
entire temperature range (2%391°C) are 
listed in Table I. A plot of individual cell 
lengths against temperature (Fig. 4) all 
show a change of slope at 205°C but the 
volume expansion is linear up to 391°C. The 
volume expansion coefficient is 2.09 x 1O-5 
‘C-l, in good agreement with the value of 
2.2 x 10m5 “C-’ given earlier (13). 

No drastic structural changes occur as a 
result of increased temperature. Na(3) 
atoms appear to move away from O(3) in 
symmetry position f + x, 4 - y, 4 + z and 
toward O(3)’ in symmetry position Xyz. The 
total occupancies of the sodium atom posi- 
tions are lower than required by the 
NASICON formula. Furthermore, their 
temperature factors did not increase with 
temperature but fluctuated up and down. 
We attribute this behavior to the disor- 
dering of the sodium atoms and the spread- 
ing of the sodium atom density over larger 
volumes at elevated temperatures. Signifi- 
cant amounts of positive density remained 
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TABLE II 

POSITIONAL, POPULATION, AND THERMAL PARAMETERS 
FOR 143°C REFINEMENT 

x Y Z BdBeqv Population 

Zr 0.0985(4) 0.2554(10) 0.0506(4) 1.24(8) 0.945(7) 

P(l) 0.00 0.0405(12) 0.25 0.87(16) 0.49 
Si(1) 0.00 0.0405(12) 0.25 0.87(16) 0.51 
Si(2) 0.3608(6) 0.1038(12) 0.2634(10) 2.21(16) 0.70 

P(2) 0.3608(6) 0.1038(12) 0.2634(10) 2.21(16) 0.30 

O(l) 0.1462(6) 0.4312(9) 0.2155(8) 3.11(16) 1.0 

O(2) 0.4322(5) 0.4441(9) 0.0816(7) 1.97(11) 1.0 

O(3) 0.2578(5) 0.1794(8) 0.218q7) 2.05(12) 1.0 

O(4) 0.3777(5) 0.1343(8) 0.1068(8) 2.56(12) 1.0 

O(5) 0.4511(6) 0.1801(8) 0.4326(8) 3.33(15) 1.0 

‘36) 0.0775(5) 0.1402(8) 0.2357(8) 2.25(14) 1.0 

NW 0.25 0.25 0.50 11.02 0.16(2) 

Na(2) 0.50 0.8939(31) 0.25 6.33 0.80(3) 

Na(3) 0.8048(24) 0.0826(34) 0.8224(34) 8.30 0.49(4) 

Pllb I322 P33 fP12 2/-%x % 

Wl) O.Oll(5) 0.031(8) 0.075(2) 0.011(6) 0.021(9) -O&%(11) 

W2) 0.02012) 0.007(2) 0.047(5) 0.0 0.030(3) 0.0 

Na(3) 0.012(2) 0.020(3) 0.055(7) 0.003(3) 0.018(3) 0.002(S) 

a Figures in parentheses indicate the error in the least significant digit. 
b The form of the anisotropic temperature factor is exp(h2P,, + k2p2? + 

12pa + 2hk& + 2hl/3,, + 2k1/323). 

TABLE III 

POSITIONAL, POPULATION, AND THERMAL PARAMETERS 
FOR 173°C REFINEMENT 

x Y Z Bisol&,v Population 

Zr 0.1009(5) 0.2542(9) 0.0545(3) 1.69(6) 0.940(6) 
P(1) 0.00 0.0377(14) 0.25 0.97(17) 0.49 
Si(1) 0.00 0.0377(14) 0.25 0.97(17) 0.51 
Si(2) 0.3572(7) 0.1013(13) 0.2500(15) 2.99(15) 0.70 
P(2) 0.3572(7) 0.1013(13) 0.2500(15) 2.99(15) 0.30 
O(l) 0.1399(6) 0.4350(11) 0.2006(8) 4.67(22) 1.0 
O(2) 0.4319(6) 0.4392(11) 0.0844(8) 2.89(15) 1.0 
O(3) 0.2543(5) 0.1742(8) 0.2255(8) 1.85(12) 1.0 
O(4) 0.3741(5) 0.1380(8) 0.1093(7) 3.33(16) 1.0 
O(5) 0.4515(5) 0.1784(9) 0.4332(8) 2.86(14) 1.0 
O(6) 0.0802(4) 0.1365(6) 0.2414(7) 1.12(9) 1.0 
Ndl) 0.25 0.25 0.50 7.38 0.19(l) 
Na(2) 0.50 0.8931(21) 0.25 4.46 0.83(3) 
W3) 0.8079(17) 0.0478(20) 0.6956(20) 6.96 0.61(4) 

PII P22 I333 WI2 2h 2/h 

Na(1) 0.023(6) 0.008(7) 0.007(7) -0.022(7) 
Na(2) 0.006(l) 0.013(2) 0.027(3) 0.0 
Na(3) 0.006(l) 0.017(3) 0.055(6) 0.001(l) 

0.008(6) -0.002(4) 
0.008(l) 0.0 
0.015(2) O.OOS(2) 
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TABLE IV 

POSITIONAL,POPULATION,ANDTHERMAL PARAMETERS 
FOR 202°C REFINEMENT 

X Y Z BdBeqv Population 

Zr 
P(l) 
Si(l) 
Si(2) 
PC3 
O(l) 
O(2) 
G(3) 
G(4) 
O(5) 
O(6) 
Na(l) 
W2) 
W3 

0.1007(6) 
0.00 
0.00 
0.3585(8) 
0.3585(8) 
0.1403(7) 
0.4294(6) 
0.2538(6) 
0.3737(6) 
0.4511(6) 
0.0806(S) 
0.25 
0.50 
0.8044(16) 

PII 

0.2536(9) 
0.0361(16) 
0.0361(16) 
0.1014(15) 
0.1014(15) 
0.4321(13) 
0.4400(11) 
0.1737(10) 
0.1339(9) 
0.1725(10) 
0.1365(7) 
0.25 
0.9018(14) 
0.0451(20) 

P22 Pn 

0.0504(3) 
0.25 
0.25 
0.2538(18) 
0.2538(18) 
0.2049(10) 
0.0847(9) 
0.2237(10) 
0.1034(9) 
0.4295(11) 
0.2414(10) 
0.50 
0.25 
0.6726(24) 

1.67(7) 0.960(6) 
0.68(20) 0.49 
0.68(20) 0.51 
2.93(18) 0.70 
2.93(18) 0.30 
2.99(22) 1.0 
2.39(16) 1.0 
1.98(16) 1.0 
3.09(18) 1.0 
3.47(19) 1.0 
1.23(11) 1.0 

22.76 0.32(2) 
1.70 O%(2) 
3.88 0.49(3) 

2823 

Na(1) 0.033(8) 0.097(19) 0.061(13) -0.045(10) 0.026(10) O.OZS(lS) 
Na(2) 0.002(7) 0.007(l) O.OOS(2) 0.0 0.003(l) 0.0 
Na(3) 0.003(l) 0.012(3) 0.024(3) 0.003(l) 0.006(2) 0.006(3) 

TABLE V 

POSITIONAL,POPULATION, ANDTHERMAL PARAMETERS 
FOR 300°C REFINEMENT 

x Y Z BisofBeqv Population 

Zr 
P(l) 
Si(1) 
Si(2) 
PC4 
O(l) 
O(2) 
G(3) 
G(4) 
G(5) 
O(6) 
Wl) 
Nat’3 
Nat31 

0.1008(6) 
0.00 
0.00 
0.3588(S) 
0.3588(S) 
0.1414(8) 
0.4280(6) 
0.2536(6) 
0.3754(6) 
0.4520(7) 
0.0798(5) 
0.25 
0.50 
0.8052(15) 

0.2505(10) 
0.0374(14) 
0.0374(14) 
0.1096(14) 
0.1096(14) 
0.4310(15) 
0.4419(11) 
0.1738(10) 
0.1335(10) 
0.1717(10) 
0.1373(7) 
0.25 
0.8995(16) 
0.0476(20) 

0.0539(3) 
0.25 
0.25 
0.2627(14) 
0.2627(14) 
0.2067(12) 
0.0829(10) 
0.2191(10) 
0.1036(11) 
0.4280(13) 
0.2408(10) 
0.50 
0.25 
0.6740(23) 

1.68(7) 0.964(6) 
0.47(21) 0.49 
0.47(21) 0.51 
2.49(19) 0.70 
2.49(19) 0.30 
4.93(31) 1.0 
2.27(16) 1.0 
1.67(15) 1.0 
3.81(20) 1.0 
2.98(17) 1.0 
1.53(13) 1.0 

25.69 0.38(3) 
2.25 0.78(2) 
2.61 0.41(3) 

PI1 P22 P33 WI2 2h % 

Na(1) 0.049(13) 0.082(22) 0.055(16) -0.053(15) 0.026(14) 0.018(18) 
Na(2) 0.003(l) 0X19(2) 0.012(2) 0.0 0.005(l) 0.0 
Na(3) 0.006(l) 0.006(3) 0.020(3) 0.003(l) 0.003(l) O.OlO(3) 
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TABLE VI 

POSITIONAL,POPULATION, ANDTHERMALPARAMETERS 
FOR 391°C REFINEMENT 

x Y Z 

Zr 0.1023(6) 0.2531(10) 0.0543(3) 
P(1) 0.00 0.0391(14) 0.25 
Si(1) 0.00 0.0391(14) 0.25 
Si(2) 0.3597(8) 0.1048(14) 0.2596(16) 
P(2) 0.3597(8) 0.1048(14) 0.2596(16) 
O(1) 0.1407(7) 0.4324(12) 0.2055(12) 
O(2) 0.4301(6) 0.4429(10) 0.0827(9) 
O(3) 0.2537(6) 0.1744(9) 0.2169(10) 

O(4) 0.3744(6) 0.1286(10) 0.1019(11) 

00) 0.4527(7) 0.1751(9) 0.4274(13) 
O(6) 0.0802(5) 0.1392(6) 0.2414(10) 
N-4) 0.25 0.25 0.50 

N@) 0.50 0.9015(14) 0.25 
NaW 0.8042(18) 0.0407(21) 0.6711(25) 

PII P22 P33 WI2 

BisoIBeqv Population 

2.02(7) 0.976(6) 
0.80(19) 0.49 
0.80(19) 0.51 
2.73(18) 0.70 
2.73(18) 0.30 
5.13(28) 1.0 
2.49(15) 1.0 
2.47(16) 1.0 
3.81(18) 1.0 
3.77(19) 1.0 
1.57(11) 1.0 

44.18 0.56(4) 
2.82 0.77(2) 
7.89 0.61(4) 

2h 

Na(1) O.llO(17) 0.118(26) 0.051(10) -0.087(16) 0.048(13) -0.002(15) 
Na(2) 0.003(l) 0.009(2) 0.020(3) 0.0 0.007(l) 0.0 
Na(3) 0.007(l) 0.026(4) 0.047(4) 0.006(2) 0.013(2) 0.017(4) 

TABLE VII 

IMPORTANT BOND LENGTHS&AND ANGLES(DEG) 

Temperature (“C) 

143 173 202 300 391 

Zr-0 (ave.) 2.077 (37) 2.074 (33) 2.075 (33) 2.072 (29) 2.073 (32) 
Zr-0 (range) 1.964-2.187 1.990-2.208 1.996-2.206 2.001-2.195 1.997-2.212 
P( l)/Si( 1)-O (ave.) 1.574 (2) 1.573 (8) 1.576 (18) 1.577 (8) 1.579 (10) 
P( l)/Si( 1)-O (range) 1.571-1.576 1.565-1.581 1.558-1.594 1.570-1.585 1.570-1.589 
P(2)/Si(2)-0 (ave.) 1.591 (14) 1.591 (33) 1.593 (16) 1.595 (33) 1.594 (15) 
P(2)/Si(2)-0 (range) 1.567-1.634 1.566-1.653 1.571-1.639 1.513-1.653 1.554-1.624 
Na( l)-Na(2) 3.504 3.491 3.521 3.516 3.525 
Na( l)-Na(3) 3.218 3.088 2.982 3.008 2.943 
Na(3)-Na(3) 4.219lno 4.71814.739 4.55914.713 4.53814.728 4.616/4.711 
Na(2)-Na(3) 4.327 4.460 4.334 4.362 4.325 
Na( I)-O(ave.) 2.714 (47) 2.704 (117) 2.695 (98) 2.707 (90) 2.717 (104) 
Na( 1)-O (range) 2.654-2.752 2.591-2.847 2.588-2.807 2.596-2.793 2.587-2.810 
Na(2)-0 (ave.) 2.629 (81) 2.650 (98) 2.648 (109) 2.647 (103) 2.643 (109) 
Na(2)-0 (range) 2.500-2.707 2.507-2.761 2.474-2.735 2.482-2.722 2.481-2.746 
Na(3)-0 (ave.) 2.574 (182) 2.598 (193) 2.540 (219) 2.591 (191) 2.594 (207) 
Na(3)-0 (range) 2.352-2.816 2.245-2.778 2.229-2.786 2.252-2.759 2.225-2.799 

0 Average bond value ESDs were determined as m = [(xi - XJ2/(n - l)]“‘. 
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33 

FIG. 2. Final plots of Rietveld refined neutron diffraction data recorded at 143°C on the 150” data 
banks. Observed data are represented by dots and the calculated pattern is indicated by solid lines. 
The difference plot is given below. Vertical strikes denote calculated positions of the Bragg reflections 
with the lower group representing ZIQ. 

in the difference maps to indicate that the 
thermal ellipsoids did not adequately des- 
cribe the thermal motion. More elaborate 
treatment of the thermal parameters was 
not warranted by the data. A similar under- 
occupancy of Na was also noted by Baur et 
al. (14). Nevertheless, it is clear that the 
movement of Na(3) is away from Na(1) in 
such a way as to equalize all the 
Na(l)-Na(3) interatomic distances. The 
closest approach of these two ions in the 
room temperature structure (16) is 1.199(7) 
A. This value increases to 2.04 (2) A at 
143°C and to about 3 A at higher tempera- 
tures (Table VII). 

The foregoing difficulties could possibly 
indicate a lower symmetry space group. We 
therefore attempted to refine the 300°C data 
in space group Cc. Not only did R, 
increase to 0.049, but two of the sodium 
atom temperature factors became nonpo- 
sitive definite. All the bond distances, col- 
lected in Table VIII, are regular and show 

very little change with temperature.OTaking 
as model lengths the value of 1.625 A for an 
Si-0 bond and for a P-O bond 1.515 A 
(14), we calculate expected bond lengths of 
1.572 and 1.592 A for the average Si/P-0 
bond distance in type Tl and T2 sites, 
respectively. These values agree extremely 

0 0 
0 0 

0 0 
0 0 

FIG. 3. Schematic projection of the monoclinic 
NASICON structure in the ab plane. Open circles 
represent sodium ions: Na(l), smallest circles; Na(2), 
intermediate size circles; Na(3), largest circles. 
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FIG. 4. Plot of cell dimensions and volume of the monoclinic NASICON cells as a function of 
temperature. (A) Data for a and b axes. (B) Data for c axis and volume. Error bars represent 3 ESDs of 
the neutron refined data. 

well with the observed bond distance 
(Table VII). 

Since no first-order phase change (mono- 
clinic to rhombohedral) was observed there 

TABLE VIII 
RHOMBOHEDRALLYREFINEDMODELS 

Temperature ("C) 

202 300 391 

Space group R?C 
a (A) 
c (4 

9.0510(l) 

v (A’) 
23.0263(6) 

1633.59(4) 
R w 0.059 
RP 0.126 
R. 0.027 

- 

9.:4(l) 
R3C 

9.0557(l) 
23X16554(6) 23.0935(6) 

1637.25(4) 1640.08(4) 
0.061 0.057 
0.134 0.131 
0.030 0.025 

is still a need to explain the change in slope 
of the conductivity curves and the heat 
effect which is observed in the same region 
of temperature. What we observe are small 
shifts in the tetrahedral groups which 
enlarge some of the cavity passageways. 
Examination of the average Na-0 bond 
distances indicates that they generally 
increase to a maximum at 172°C and then 
remain relatively constant. (The room tem- 
perature values are Na(l)-0 2.696 A; 
Na(2)-0 2.615 A; and Na(3)-0 2.564 A.) 
The Na(l)-0 interatomic distance actually 
attains a maximum at 143°C and then 
decreases to 202°C where once again the 
distance increases. The sum of the ionic 
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radii Na-0 for a six-coordinate sodium is 
2.40 A and for eight-coordination is 2.56 A 
(28). The average bond distances exceed 
these values (although for Na(2)-0 (ave) 
this amounts to less than 0.1 A) and indi- 
cate some freedom of movement for 
sodium ions within the cavities. At room 
temperature the largest opening or distance 
between oxygen atoms surrounding the line 
or centers between sodium atoms is greater 
than 4 A, indicating a Na(l)-Na(3)-Na(1) 
conduction pathway (Z6). However, as 
temperature increases the pathway be- 
tween Na(2) and Na(3) also opens from 
3.7 to 4.0 A and an Na(3)-Na(3) pas- 
sageway increases from 3.37 to 3.8-3.9 A. 
Thus, we propose that the change of slope 
in the conductivity curve results from the 
creation of new conduction pathways with 
a concomitant decrease in activation 
energy. Since these changes occur over a 
temperature range, they take on the appear- 
ance of a second-order phase change, with- 
out a change of symmetry. 

Discussion 

Several high-temperature X-ray and neu- 
tron diffraction studies of NASICON 
phases have now been carried out (9, 10, 
13, 14, 29). However, in only two of these 
studies (13, 14) was the room temperature 
phase monoclinic. In both cases the authors 
reported a monoclinic-rhombohedral tran- 
sition. The room temperature monoclinic 
unit cell dimensions for the three separate 
studies are very close to each other as 
shown in Table IX. The small deviations 
among the three preparations may be attrib- 
uted to small differences in composition. 
Conversion of our monoclinic values to 
rhombohedral cell dimensions show a slow 
but steady convergence of a and b to 300°C 
where the values are a = 9.0538(6), b = 
9.0534(4), c = 23.0625(3) A. At this tem- 
perature a = b within one standard 
deviation, so that unless the highest resol- 

TABLE IX 

COMPARISON OF NEAR STOICHIOMETRIC NASICON 

UNIT CELL DIMENSIONS 

Baur 
Parameter et al. (14) This work 

Monoclinic unit cell at room temperature 

Didisheim 
et al. (13) 

i 
15.6513(17) 15.6451(4) 15.6407(6) 
9.0550(3) 9.0491(2) 9.0498(3) 

; 
9.2198(11) 9.2151(2) 9.2102(4) 

123.742(5) 123.724(3) 123.709(3) 
Rhombohedral cells at 300°C 

z 
9.0580(4) 9.0534(l) 9.0535(7) 

23.0705(7) 23.0655(2) 23.0677(2) 

’ T = 320°C. 

ution is attained, the two crystallographic 
systems are indistinguishable. However, a 
and b diverge both above and below this 
temperature. Our structural results agree 
very well with those of Baur et al. (Z4), 
even though they refined their data on a 
rhombohedral model; but they differ in 
some important respects from those of 
Didisheim et al. (23). The latter authors 
found that the Na(1) site is completely 
occupied and that there is no deficiency of 
Zr in their preparation based upon site 
occupancy of refinement. In contrast we 
always find a heavy underoccupancy of the 
Na(1) site and a slight deficiency of Zr. We 
attributed this underoccupancy to a corre- 
lation of the Na+ occupancy of sites 1 and 
3, the sum of the occupancy factors for 
both sites being approximately one at room 
temperature (7, 16). At elevated tempera- 
tures the Na+ ions spread throughout all the 
cavity sites. 

There is now too much evidence for 
nonstoichiometry in NASICONS to disre- 
gard. We have prepared a highly nonstoi- 
chiometric NASICON by a hydrothermal 
route (5, 7) and a sol-gel procedure (16). 
Neither of these preparations contained 
ZrO;? or a glassy phase. We even showed 
that NaZr2(PO& was nonstoichiometric 
(30) and this has recently been confirmed 
by a single-crystal study (29). Thus, we 
have advocated enlarging Hong’s formula 
to encompass these stoichiometries (6), 
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viz., Nali,+bZr*-y-ZSi*P3-x012-2z. Further- 
more, we proposed that the differences in 
stoichiometry depended upon the synthetic 
method by which the NASICON was pre- 
pared (22) and in a recent paper deduced 
evidence to substantiate this claim (23). 
Colomban has presented spectroscopic and 
X-ray data to show that the degree of 
ordering of the tetrahedral groups in 
NASICON depends upon the method of 
preparation and annealing time (31). This 
degree of ordering affects the conductivity 
and thermal behavior. We contend that 
these differences are also reflected in X-ray 
and neutron structural studies (16, 22), but 
the question remains whether these structu- 
ral differences are great enough to induce a 
monoclinic-rhombohedral phase change in 
some preparations and not in others, or 
whether this first-order phase transform- 
ation in fact does not exist. Therefore we 
propose to examine the effect of tempera- 
ture upon NASICON prepared in a variety 
of ways. Sufficient data will be collected to 
assess whether framework order and 
framework-mobile ion interactions indeed 
can account for the observed thermal and 
conductivity behavior as suggested by 
Davies et al. (19). 
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Nore added in proof. While this manuscript was in 
press, we became aware of an NMR study on NASI- 
CON with x = 1.9 (32). The sodium resonance is 
dominated by dynamic second order quadruple inter- 
actions. However, the temperature and frequency 
dependence of the dipolar-quadrupolar linewidths for 
the m = 4 to -4 transition fails to uncover evidence for 
a phase change at elevated temperatures. 
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