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It is shown that Hong’s NASICON solid solution range is intrinsically stable for T > 600 K. With the 
help of electrochemical and calorimetric experiments, complete thermochemical information of 
Na,+,Zr&P,-,O,r (0 5 x 5 3) compositions has been elucidated, i.e., formation enthalpies, standard 
entropies, and molar volume (1.5-1000 K). For the purpose of a precise evaluation of the electrochem- 
ical values the specific heats of ZrP207 and Na2ZrSi207 have also been determined. A thermodynamic 
mixture model is constructed showing that the solid solution is entropy stabilized. The energetic 
interaction has a destabilizing influence. The zero-point entropy and the excess entropy at higher 
temperatures suggest a partial ordering (Si/P) at higher temperatures. A miscibility gap, however, 
which is predicted for T 5 600 K by the model, could not be found due to the slow kinetics or because 
of a simultaneous phase transformation. The obtained values clearly show that NASICON is thermo- 
dynamically unstable with respect to a reaction with elementary sodium. The instability increases with 
increasing P content. 0 1988 Academic Press, Inc. 

Introduction 

In spite of the outstanding transport 
properties of the NASICON solid solution 
system, e.g., Na+ conductivity of Na3Zr2 
Si2POr2 amounts to 0.2 fi2-’ cm-r at 600 
K, and its high potential technological im- 
portance for the Na-S cell (I), surpris- 
ingly, no systematic investigations of the 
thermodynamic behavior of these composi- 
tions have been performed. In this paper 
we give a thorough discussion of the data 
obtained by thermochemical and electro- 
chemical investigations; in particular a con- 

* Dedicated to John B. Goodenough. 
$ To whom correspondence should be addressed. 
’ Present address: Bayerisches Geoinstitut, Univer- 

sitat Bayreuth, 8580 Bayreuth, Federal Republic of 
Germany. 

sistent thermodynamic mixture model will 
be constructed. A description of the mea- 
surements, as well as a preliminary thermo- 
dynamic discussion, has been given else- 
where (2) (see also (3)). 

With these data the affinities of relevant 
reactions with the electrode materials, 
which are of substantial interest for a possi- 
ble application in a Na-S cell, are calcu- 
lated. 

Apart from this, even the intrinsic stabil- 
ity of Hong’s classical solid solution range, 
Nar+xZr&P3-x012 (0 5 x 5 3) (4), in the 
following denoted by Nas(x), has been 
doubted (5, 6). Although a two-dimension- 
ally extended, but quite limited (3, 7) com- 
position range with varying Na/Zr ratio 
(Na1+,+4yZr2-ySixP3-x012) has been shown 
to exist (8), we restrict our attention to the 
linear range which can be considered as a 
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FIG. 1. NazO-Si02-ZrQ-Pz05 tetrahedron showing 
the NASICON solid solution as well as other relevant 
phases. 

solid mixture of the two end-members 
NaZrzPjOlz and NtiZr#i30r2. 

The NASICON composition together 
with other relevant phases are plotted in the 
NazO-Zr02-Si02-P205 phase tetrahedron 
in Fig. 1. 

Experimental 

The experimental part of the investiga- 
tion is discussed in detail elsewhere (2, 3) 
and only the main features are presented 
here. 

The synthesis of single-phase NASICON 
materials has been performed chiefly ac- 
cording to two routes: 

(i) A sol-gel process for the P-rich 
phases, Nas(0 5 x 5 I.@, which is slightly 
modified with respect to Ref. (9). 

(ii) A dry oxidic process for the Si-rich 
phases, Nas(l.5 5 x s 3), facilitated by the 
formation of liquid intermediates in which 
the use of ZrP207 as the P source and as a 
partial Zr source is advantageous because 
the reaction kinetics are much faster than 
with Zr02, preventing phosphorus from es- 
caping the system (see also Ref. (7)). 

The optimized procedures are presented 
as flow diagrams in Figs. 2A and 2B. The 
products have been characterized by 
weight control, density and differential 
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FIG. 2. Flow diagrams showing optimized preparation methods. (A) Sol-gel process for Nas(0 5 x 5 
1.8). (B) Dry oxidic process for Nas(l.5 I x 5 3). 
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FIG. 3. Molar volume as a function of x. The square 
symbols refer to Ref. (4). 

scanning calorimetry (DSC) measurements, 
chemical analysis, and optical (IR, polar- 
ization microscope) and X-ray investiga- 
tions. For long-term stability tests, the ce- 
ramic specimens were annealed in tightly 
closed Pt capsules. 

In order to obtain quantitative thermody- 
namical information two techniques were 
applied: 

(i) The emf of a galvanic formation cell 
(2, 10) was measured as a function of tem- 
perature (T = 900-1300 K) under different 
ambient conditions. 

(ii) The specific heat was determined as a 
function of temperature (1.2-800 K) by adi- 
abatic and by differential scanning calorim- 
etry. 

Results 

Fifteen different compositions were pre- 
pared. Their molar volumes are repre- 
sented in Fig. 3. The values agree with re- 
cent literature data (11-13) but deviate 
distinctly from Hong’s original findings in 
the range of x = 2.4-3. In regard to stoichi- 
ometry we estimate the accuracy to about 
-5%, which is quite adequate for our ther- 
modynamic investigations. The difference 
from linearly interpolated values, i.e., the 
excess volume, exhibits a maximum at x = 
2, where the highest ionic conductivity and 
the lowest activation energy are found. The 
influence of packing density on the bottle- 

neck of the Na+ conduction path (14) is 
obvious. Moreover, the shape of the W-x 
curve is typical for similarly complex sili- 
cate systems (15). 

Long-term durability tests do not reveal 
demixing or decomposition. Systematic 
variation of the preparation conditions sug- 
gest that the following reasons are responsi- 
ble for the failure of many attempts in the 
literature to prepare single-phase Nas(x): 

(i) Insufficient reaction rates due to unfa- 
vorable selection of educts or due to an un- 
favorable size and distribution of the reac- 
tants . 

(ii) Synthesis at too high temperatures, 
resulting in decomposition with ZrOz pre- 
cipitation (2, 10). 

(iii) Volatilization of Na and of P com- 
pounds. 

These imperfect conditions lead to heter- 
ogeneous products mostly with Zr02 (7) 
or glassy compositions (2, 6) as second 
phases. In particular, the IR spectra com- 
piled in Fig. 4 agree with literature findings 
(16) and show no evidence of condensed 
silicate or phosphate groups (5). 

With the help of the emf cells, the enthal- 
pies and the entropies of the following reac- 

- wavenumber id 

FIG. 4. Infrared spectra for different Nas(x) at 
298 K. 
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FIG. 5. Specific heats for (a) NazZrSi207 and (b) 
ZrP207 as a function of temperature. 

tions have been determined (T = 900- 1300 
W (2). 

1.5ZrP207 + 0.5Zr02 
+ 0.5Na2C0 3 * Nas(0) + OX02 (la) 

1.25ZrP207 + 0.25Zr02 + 0.5ZrSi04 
+ 0.75Na2C03 s Nas(0.5) + 0.75C02 

(lb) 
0.5ZrPz0, + 0.5Si02 + lSZrSi04 

+ 1.5Na2C03 e Nas(2.0) + 1.5CO2 (lc) 

0.25ZrP207 + 0.75Si02 + 1.75ZrSi04 
+ 1.75Na2C03 ti Nas(2.5) + 1.75COl 

(Id) 
0.5Zr02 + 1 .5NazZrSi207 

+ 0.5Na,COj c Nas(3.0) + 0.5C02 (le) 

The thermodynamic data of the co-reac- 
tants that are necessary for the calculation 
of the desired values for Nas(x) have been 
taken from the literature (3, 17-20) and are 
compiled in Appendix I.’ Only for Na2Zr 
S&O,, where the experimental entropy val- 
ues, and for ZrP207, where both the experi- 
mental entropy and enthalpy values were 

I The problem of a possible formation of a Zr2P20g 
phase is discussed in Ref. (3). 

not available, was it necessary to measure 
the specific heats of these materials. This 
was done in the T range of 100-800 K, and 
the experimental curve has been extrapo- 
lated to the zero point (Debye’s law). The 
results are presented in Fig. 5 and can be 
analytically given for T 2 298 K as 

(a) for Na2ZrSi207 

C&J mole-i K-r] = 1307 - 8.88 
x IO-‘(T/K) + 8.00 x IO6 (T/K)-2 - 1.66 

x 104 (T/K)-1’2 + 4.57 x 1O-4 (T/K)2 

(b) for ZrP207 

C&J mole-* K-l] = 257.3 - 2.27 
x 10-2(T/K) - 2.15 x 10S(T/K)-2 - 1.78 

x 103(T/K)-I’* + 6.69 x 10-5(T/K)2. 

Integration over In T, neglecting zero-point 
entropy, yields the absolute entropy, e.g., 
for 298 K, 

(a) for Na2ZrSi207: 
So (298 K) = (248 + 2) J mole-’ K-i (cf. 
estimated values 225 and 209 J mole-‘; Ap- 
pendix II) 

(b) for ZrP20, (I): 
So (298 K) = (189 ? 2) J mole-l K-l (cf. 
estimated values 166 and 196 J mole-’ K-i; 
Appendix II). 

For the formation enthalpy of ZrP207 (I) 
only one estimated value for T = 298 K (see 
Appendix II) of -2645 kJ mole-i is avail- 
able (21). The enthalpy and entropy of the 
transition from the low-temperature form 
(I) to the high-temperature form are small 
(AH = 0.7 kJ mole-r, AS = 1.2 J mole-’ 
K-i). The uncertainty of the above value 
represents the main error source of our 
thermodynamic calculations. 

The CE values for different NASICON 
compositions (T = 1.5-800 K), viz., Nas(0, 
1, 2, 3), have already been published (2). 
The increase of C, with increasing x in the 
high-temperature range, which is shown 
there, reflects nicely the augmentation of 
the particle number per formula unit, N 
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TABLE I 

COEFFICIENTSOFTHETHERMODYNAMICFUNCTIONS 

lo-‘A 3 IO-% 
(J mole-’ K-l) (J mole-’ Km2) (J K mole-‘) 

0.3882 0.1013 -0.4665 
-4.5203 4.8522 -5.5903 

0.8059 -0.6685 - 1.5617 
-0.6819 1.1106 - 1.9364 

3.8754 -2.8147 3.5091 

lo-’ AfA A& lO-7 ArC 
(J mole-' K-l) (J mole-’ K-3 (J K mole-‘) 

lO-4D 1WE 10-OKs 
(J mole-’ K-OS) (J mole-’ K-‘) (J mole-l K-‘) 

-0.0974 -0.0000 -0.2016 
7.2820 -2.2061 3.2909 

-0.2120 0.4866 -0.4328 
1.6671 -0.4300 0.5821 

-5.4749 1.1809 -2.7013 

lO-4 AtO 10’ AfE 10m6 AtKH 
(J mole-’ Kmo-5) (J mole-’ K-‘) (J mole-‘) 

-0.0467 0.1275 -0.5604 0.1091 -0.0583 -4.9370 
-4.9720 4.8797 -5.6871 7.4895 -2.2606 -6.6070 

0.3042 -0.6371 - 1.6672 -0.0015 0.4436 -5.9290 
-1.2004 1.1433 -2.0449 1.8786 -0.4692 -6.4441 

3.3402 -2.7807 3.3977 -5.2624 1.1455 -5.2369 

(AN/Ax = 1; AC,/& = 3R). (The low-tem- 
perature behavior will be discussed in detail 
elsewhere.) This information allows us to 
elucidate the formation enthalpy ArHo and 
the absolute standard entropy So for the 
whole x-T range of interest. The relevant 
thermodynamic functions above room tem- 
perature can be represented as 

Co,(x,T) = A(x) + B(x)T +C(X)T-~ 
+ D(x)T-“2 + E(x)T2 (2) 

SO(x,T) = Z&(x) + A(x) In T + B(x)T 
- &C(X)T-~ - 2D(x)T-"* + @(x)T*. (3) 

ArH”(x,T) = &(x) + ArA( + lArB(x)T2 
- ArC(x)T-’ + ~A@(x)T”~ + fArE(x)F. 

(4) 

The coefficients are listed in Table I. The 
data have been thoroughly reevaluated and 
the accuracy has been improved compared 
to the values given in Ref. (2) by using the 
new experimental C, values of Na2ZrSi207 
and of ZrP207. 

The thermochemical values computed 
for 800 K and for 298 K (metastable region) 
together with estimated values are pre- 
sented in Table II. 

TABLE II 

THERMOCHEMICAL VALUES FOR 298 AND 800K OF Nas(x) 

Ad& A&oo s%oa skwa s%w .%,C, 
(kJ mole-‘) (kJ mole-‘) (J mole-’ K-l) (J mole-’ Km’) (J mole-’ K-l) (J mole-’ K-l) 

0 -4889 -5133 370 738 365 733 
0.5 -5115 -5320 376 755 379 770 
2.0 -5813 -5891 404 826 414 842 
2.5 -6044 -6086 422 847 421 857 
3.0 -6285 -6286 427 865 425 862 

a Electrochemically determined. 
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FIG. 6. ArHo and SO as a function of composition for 
800 K (the filled circle refers to Ref. (17)). 

By extrapolating the specific heats to 0 K 
according to Debey’s T3 law and by inte- 
grating them over ln T, the entropy-with 
the exception of the frozen-in configuration 
part-is obtained. These results are, de- 
noted as ,!$d, also given in Table II. 

Discussion 

Entropies and Formation Enthalpies 

Figure 6 shows the formation enthalpy 
and the absolute entropy for Nas(x) as a 
function of the composition (T = 800 K). 
The entropy shows a distinct deviation 
from the interpolated behavior which is 
similar to the behavior of the molar volume 
(Fig. 3). Within the resolution of the en- 
thalpy data in Fig. 6, no deviations from a 
straight line can be seen. It is obvious that 
our enthalpy value for Nas(3) is supported, 
rather than the experimental literature 
value (27), which is also plotted in Fig. 6. 

Mixture Model: General Considerations 

For a more detailed discussion of the val- 
ues it is useful to consider Nas(x) as a mix- 
ture of the end-members Nas(0) and Nas(3) 
according to 

y Nas(3) + (1 - y)Nas(O) G Nas(x), (5) 

where y = x/3 is the mole fraction of the Si 
end-member. Since with increasing x (or y) 

phosphorus is replaced by silicon and si- 
multaneously a vacancy on a so-called 
(Na2) site is occupied by a further sodium 
(M), Eq. (5) can be written more clearly as 

+ (1 - y)[P(U2)13(Nal)Zr2012 z 
[si(Na2)13~,[P(02)13(~-y)(Nal)Zr~O~~, (6) 

indicating that we have a mixture of three 
structure units per formula unit with the 
(Nal)ZrzOlz unit unchanged. To a first ap- 
proximation, it is assumed that the struc- 
ture elements Si and (Na2), as well as P and 
(02), are strictly coupled such that no inde- 
pendent mixing of (Na2) and (02) occurs, 
although this could be possible on struc- 
tural grounds. With this assumption the en- 
tropy change of an ideal mixing process 
with respect to 1 mole of Nas(x) reads 

AMsid = k In I 
(OrN)! 

(yaN)!((l - y)crN)! I 
= - Ra{y In y + (1 - y) ln(1 - y)} (7) 

where CY is the number of independently 
mixing structure units per formula unit and 
N is Avogadro’s number. For (Y = 3 we 
have 

3-x 
AMS’~ = - R {x In t + (3 - x) In 3 

= - be* (8) 
T 

The last identity is valid because for ideal 
mixtures the enthalpy of mixing vanishes 
(AMHid = 0). 

Already the shape of V”(x) and the misfit, 
V”(3) - VO(O), in Fig. 3, have demonstrated 
that ideal behavior cannot be expected. For 
constructing a mixture model it is conve- 
nient to consider just the excess of the dif- 
ferent functions of state (2) over their 
values in the case of ideal mixing (Zex = 
AMZo - AMZid). In this way Hex (= AMHO), 
Sex, and Vex are defined. Since the contribu- 
tion of the educts (Z(0) and Z(3)) cancels in 
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the difference, ZeX refers to Nas(x) directly 
and for this reason the operator AM has 
been dropped. 

Analyzing the enthalpy of mixing for a 
real mixture, it can be shown (22) that it is 
useful to write 

G”“(Y, T) = QG(Y, T)YU - Y>- (9) 

The parameter flo vanishes in the case of 
an ideal mixture, it is constant with respect 
to y for a so-called regular mixture (n&y, 
T) = W&T)), and linear for a simple sub- 
regular mixture (fio( y, T) = W&(T) y + 
wm (1 - Y)). 

Asymmetric mixtures of higher orders 
have to be described by using higher order 
polynomials. aRG can be broken up into 

GAY, T) = n,ty, T) - T%(Y, n (10) 

resulting in relations for Hex and Sex which 
are analogous to Eq. (9). As long as Cr = 
A& - 6AMHidlST = A&z can be ne- 
glected, fiH and fi, are independent of the 
temperature. The free enthalpy of Nas(x) 
for the whole x-T range, where the mixture 
model is fulfilled, is given by 

AMG(x, T) = [nn(x, T) xc3 ; x’] 

3-xln3-x - - 3 3 

- RT%tx, T) 
x(3 - x) 

9 1 . (11) 

The first bracketed term describes the ener- 
getic interaction, which may or may not be 
favorable for the formation of a solution, 
and the second one the entropy change of 
the mixing process. The latter part of the 
entropy term results chiefly from vibronic 
changes and may be positive or negative, 
whereas the first part describes the configu- 
rational entropy which must always favor a 
solid solution. As it is well-known, the AMG 
vs x curve is of a double-minimum shape at 
those temperatures where a decomposition 
within the mixture range, i.e., a miscibility 

gap, is demanded by the thermodynamic 
properties. The equilibrium compositions 
of the coexisting phases (Nas(x,& Nas(&) 
can be obtained by constructing the double 
tangent (22). The two inflection points be- 
tween xA and xB limit the region of spinodal 
decomposition, By increasing the tempera- 
ture, the mixture is more and more favored 
and the AMG(x, T) curve takes a one-mini- 
mum form, indicating complete miscibility. 
At the critical points, the inflection points 
coincide meaning that 

d*bd+, Tcr) = d3A&x, Tcr) 
dx* x=.Xcr dx3 X=Icr 

= 0. (12) 
From Eq. (12) the critical values Tcr. x,, can 
be obtained. Eq. (11) allows us to elucidate 
the chemical potential, the activity, and the 
activity coefficient of the end-members in 
the solid solution Nas(x). If we consider a 
third of the formula unit (index $), we have 
in the case of an ideal mixture (a, = RS = 
0) for the chemical potential of Nas(3): pl13 
= pyn + RT In y. In the case of a real mix- 
ture the activity of Na4,3Zr2,3Si04 (= 4 
Nas(3)), ~13 = fii3y, has to be introduced 
instead of y, with the activity coefficient be- 
ing given by 

3RT lnfm = (2Wb - WE)(l - y)* 
+ 2(W& - W&)(1 - y)3. (13) 

Mixture Model: Comparison with the 
Results 

In Fig. 7 the entropy and the enthalpy are 
divided by y(1 - y) and plotted against the 
composition for 800 K. The linear relation- 
ship means that the mixture can be satisfac- 
torily described by a simple subregular mix- 
ture model. The W parameters for 800 K 
are Whgm = 59 kJ mole-l, Wi;isoo = 33 kJ 
mole-‘; W&X, = 40 J mole-’ K-i, W&, = 
33 J mole-’ K-i if (Y = 3 is assumed.* 

Obviously CF is small and the tempera- 

* The WH parameters are distinctly greater than the 
values that are expected for a pure silicate system (3). 
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FIG. 7. & (top) and Rs (bottom) as a function of 
composition. 

ture variation of the W parameters can to a 
first approximation be neglected (Fig. 8). 

This especially holds for Wh and WC, 
whereas the change of Wh and W$ is per- 
ceptible. Interestingly the difference be- 
tween the Ws parameters between 800 and 
298 K can be nearly completely removed, if 
for 298 K, (Y = 1 is assumed. This is a first 
indication of an ordering of ions in tetrahe- 
dral positions (Si,P), which has also been 
reported in the literature (23, 24). Aston- 
ishingly the finding (Y = 1 is close to 
Wuensch’s X-ray results (23). 

X- 
X-x 

I- 200K 

200 - 

1-1 
-X-x 

1OOK 

FIG. 8. CE as a function of .X for different tempera- 
tures (corrected with respect to the phase transforma- 
tions). 

FIG. 9. Representation of the excess functions 
Gex(x), Hex(x), F(x), for 800 K. 

Figure 9 represents the excess enthalpy 
and the excess entropy for 800 K which are, 
because of CRpx = 0, roughly representative 
for the whole T range. AMHO = Hex is posi- 
tive over the whole composition range 
meaning that the energetic interaction de- 
stabilizes the mixture. Since AMGo is nega- 
tive (i.e., the mixture is stable against a de- 
composition into the end-members), as it is 
revealed by Fig. 10, the mixture is com- 
pletely entropy stabilized. Even the excess 
entropy is positive (Fig. 9), as is well- 
known for comparable silicate systems, 

FIG. 10. The free enthalpy of mixing as a function of 
composition. 
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FIG. 11. Calculated miscibility gap (a), calculated 

spinode (b), and experimentally determined phase 
transformation line (c) (see text). 

e.g., for garnets such as Mg,,Caj_,,A12 
Si30t2 or pyroxenes such as CatiMg,-,Siz 
06 (25). Figure 10 also indicates the for- 
mation of a miscibility gap for T 5 600 K 
with the critical point of demixing (T,,; x,,) 
= (600 K; 2) as represented in Fig. 11. Such 
a miscibility gap has not been found experi- 
mentally, owing to the slow kinetics of re- 
organization. Nevertheless, the similar val- 
ues of SE, and So in Table II suggest a low 
zero-point entropy, which is distinctly 
lower than the configurational part formu- 
lated in Eq. (8) and even more so if inde- 
pendent mixing of (Na2) and (02) is as- 
sumed. Consequently, in agreement with 
the above considerations, a partial ordering 
is probable. Unfortunately, our electro- 
chemical values are not precise enough for 
detailed conclusions. If we consider slightly 
lower (Y values even for higher tempera- 
tures, the maximum for Sex (Fig. 9) shifts 
toward x = 2 which would be expected for a 
pure vibronic contribution. 

At a first glance the kinetic intrinsic sta- 
bility of Nas(x) seems to contradict the as- 
sumption of a partial ordering. But first of 
all the exact temperature of critical mixing 
(AT = 100 K) depends sensitively on our 
experimental uncertainties concerning the 
WH parameters and in particular concerning 
ArH”(ZrPz07); second, the mechanisms of 
demixing and of ordering should be differ- 
ent, and, third, the system seems to evade 

the demixing process by a phase transfor- 
mation (3, 26, 27) (see curves a and c in 
Fig. 11). 

Although we are not concerned with the 
pressure dependence, we should add that 
the knowledge of Vex allows us to give the 
excess energy U”” as well as the pressure 
dependence of G”” according to 

where 

u”” = Hex _ pVeX, (15) 

Vex = (i3GeXIGp)T,r. (16) 

Tentatively representing Vex as y W; + (1 - 
y)W$, we find from Fig. 12 that W; = 28 
cm3 mole-r and W’; = -5.5 cm3 mole-r (for 
298 K). 

All the thermodynamic information that 
is of interest here (x, T dependence) can be 
roughly summarized by 

GeX(x, T) = (11x - 0.78x2 
- 0.96x3) kJ mole-’ - T(llx - 2.9x2 

- 0.26x3) J mole-r K. (17) 

With these model parameters the activities 
of the end-members in the mixture have 
been calculated according to Eq. (13). The 
results for the activity of the Si end-mem- 
ber are shown in Fig. 13 where a! = 3 is 
assumed for the entire range. The disap- 
pearance of the nonideality with increasing 
temperature is obvious. 

FIG. 12. P/(y(l - y)) as a function of composition. 
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FIG. 13. The activity of fNas(3) in the NASICON 
solid solution for a frozen-in Si-P disorder (Q = 3). 

Stability against Sodium 

An important application of the above 
results is the calculation of the affinities of 
possible reactions of Nas(x) with elemen- 
tary sodium. The reactions with the highest 
affinities are 
(a)forOsxx 1.5 

Nal+,Zr$SiXP~-,O1~ + 8(3 - x) Na ti 
(3 - x)NajP + 2Na2Zr03 + xN%SiO, 

+ 2(3 - 2x)Naz0 (18) 

(b) for 1.5 5 x f 3.0 

Nal+xZr&xP3-x0r2 + 2(9 - 2x)Na e 
(3 - x)NgP + 2Na2Zr03 + lSNa$Si04 

+ (x - 1.5)Si. (19) 

Since the excess values are negligible for 
the calculation of the free enthalpy of reac- 
tion, the AdegG curve (deg: degradation 
reaction) consists of two linear branches. 
Also the problem of ordering is not impor- 
tant here so that (Y = 3 is assumed for the 
calculations. The relevant data, refined 
compared to Ref. (2), are collected in Table 
III. The values for the reaction partners can 
be found in Appendix I. The main error 
sources are the formation enthalpy of 
Na.$i04 (see Appendix I) as well as So and 
C”p of Na3P which had to be estimated (Ap- 
pendix II). The general conclusions, how- 

ever, are not affected by these uncertain- 
ties. According to Table III, Nas(x) is 
thermodynamically unstable with respect 
to a reaction with sodium for all values of x. 
The instability is even increased by about 
l-100 kJ mol-l if a further reaction leading 
to NaSi instead of Si is assumed. Since 
quantitative data are lacking for NaSi, this 
reaction has not been included in Table III. 
This instability of Nas(x) decreases with de- 
creasing P content. The Si end-member is 
close to the border of stability. A reduction 
to Si as demanded by thermodynamics for 
the Si-rich compositions could not be found 
experimentally (28), probably because of 
the great kinetic inertia of the Si04 tetrahe- 
dra. Thus, the experimental result that 
Nas(3), and not Si, is formed during the re- 
action of the P-containing compositions can 
be understood. For the same reason, 
Nas(3) itself is not corroded by Na, if we 
disregard the observed formation of color 
centers (27). Analogous behavior is found 
with respect to sulfur. Though thermo- 
dynamically unstable, no reaction is ob- 
served experimentally for Nas(3) (3, 28). 
Unfortunately, the bulk conductivity of this 
compound is poor. 

As shown by our results, successful ap- 
plication of NASICON as an electrolyte in 
the Na-S cell must be doubted. 

It can hardly be assumed that the reac- 
tion kinetics for the very conductive mate- 

TABLE III 
THERMODYNAMIC STABILITY OF Nas(x) 

AGAINST Na 

x 

0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

&&&a &&oo 
(kJ mole-l) (kJ mole-l) 

-1081 -900 
-1048 -896 
-1016 -893 
-983 -889 
-709 -632 
-435 -375 
- 161 -118 
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rials can be sufficiently depressed by opti- 
mizing the microstructure. 

An application in a room-temperature 
battery, however, seems to be possible 
(29). Activities to improve the conductivity 
properties have been reported (27). 

At present we do not see a chance for 
NASICON to replace the /3-aluminas as 
solid electrolytes in high-performance de- 
vices. 

Appendix I 

Auxiliary Thermochemical Data 

0 50 100 150 

V0G9t7Kl/cm3- 

FIG. Al. Estimation of S& for ZrP207. The experi- 
Auxiliary thermochemical data used in mentally determined value is indicated (dashed line). 

the text are compiled in Table AI (C, = A + 
BT + CTp2 + DT-*12 + ET2) and Table AI1 
(ArGO; ArHO, So). 

Appendix II 
Method a: Use of a more or less empiri- 

cal relationship (e.g., So = S”(Vo); see Figs. 

Estimation Methods (3, 31-37) 
Al, A2) or use of increments (e.g., AfHo) 
for a given class of compounds or struc- 

Table AI11 gives the estimation results. tures . 

TABLE AI 

SPECIFIC HEATS’ OF RELEVANT COMPOUNDS 

Phase (J mole’t K-‘) 
b 

(J mole-’ K-*) 
c d 

(J K mole-l) (I mole-’ K-o.5) (J mole’l K-? 

NW 
WV 
Si 
Zr 

P(s), red 

w 
02 
Na20 
SiO2(0) 

SiO2W 
zm2 
ZrSi04 
NQSiOd 
Na2ZrSi20, 
NazZ1.03 
zrpzo, 
Na$O3 

N@ 
CaO 
caco3 

co2 

14.790 4.4229 0 0 0 298- 371 TIII 20 
37.482 -1.9183 0 0 1.0644 371-l 175 TS 18 
31.778 0.053878 -1.4654 - 1.7864 0 298-1685 Tm I8 

0 2.2629 -7.2106 4.6723 -36.247 298-1136 TP 18 
35.859 -1.6031 -2.0482 -1.5866 1.8309 298- 704 Tsub 18 
30.350 -63.500 1.1167 -2.3929 18.664 704- 1800 I8 
48.318 -0.069132 4.9923 -4.2066 0 298-1800 I8 

113.97 74.857 0 -8.1335 0 298-lOGil Tm 18 
44.603 3.7754 -10.018 0 0 298- 844 TP 18 
58.928 1.0031 0 0 0 844-1800 Tm 18 
90.70 0 -8.1334 -4.3877 0 298-1478 TP 18 

236.95 -I .7879 -I .49&l -22.678 0 298-1600 18 
162.59 7.4224 0 0 0 298-1393 TP 20 

1306.7 -88.836 79.9809 - 166.388 45.71 298- 810 3 
412.7 -14.83 12.54 -44.98 4.115 298-1170 Tp= 1125K 10 
257.29 -2.266 -2.146 -17.837 6.693 298- 810 Tp = 570 K 3 

11.016 24.4036 24.493 0 0 298- 723 TP 30 
110.38 -2.15 2.05 -1.59 5.57 298%(544) Tm(Bi) 3 
52.422 36.734 0 -0.5099 -7.5068 298-1800 18 
99.715 2.6920 0 0 -21.576 298-1200 18 
87.820 -26.442 +7.0641 -9.9886 0 298-1800 18 

Range of 
validity 

(K) 

Phase 
transitic& Ref. 

* C, = (1 + IO-*bT + I@cT-~ + l@dT-ln + IO-%+. 
b Tm, melting temperature; Tp, transition temperature; Tsub, sublimation temperature. 
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TABLE AH 

THERMODYNAMIC VALUES OF RELEVANT COMPOUNDS 

&H%a Worn s&a 
Phase (kJ mole-l) (kJ mole-‘) (J mole-’ K-l) 

Na 0 0 51.30 
Si 0 0 18.81 
Zr 0 0 38.99 
P 0 0 22.85 
S 0 0 31.8 
02 0 0 205.15 
NazO -414.82 -376.09 75.27 
Si02 -910.70 -856.29 41.46 
zr.02 -1100.56 - 1042.79 50.38 
P2Os - 1470.00 -1337.90 115.50 
ZrSi04 -2033.4 - 1918.89 84.03 
N&Si04 -2082.8” -1975.3”s” 195.81 
Na2ZrSi20, -3606.2 -3412.4 247.6 
Na2Zr0, - 1667.8 - 1570.8 126.8 
ZrP20, -2645.3” -2469.5” 188.8 
Na,P -92.5 -85.40 155.5” 
Na2C0, - 1130.77 -1048.1 138.78 
CaO -635.09 -603.48 38.21 
CaCO, - 1207.37 -1128.84 91.71 
co2 -393.51 -394.38 213.79 

0 Estimated value. 
b Value of Ref. (20) contradicts the phase relations (3). 

GJ98 V%, 
(J mole-’ K-l) (cm’ mole-‘) Ref. 

28.23 23.812 18 
19.94 12.056 18 
25.37 14.016 18 
21.21 17.2 18 
22.72 15.511 18 
29.37 24789.2 18 
69.10 25.88 18 
44.54 22.688 18 
56.14 21.15 18 

105.86 59.4 18 
98.60 39.26 18 

184.2 69.07 20 
208.8 89.81 19, 3 
125.9 45.41 10 
150.7 84.38 21, 3 
124.6 56.89 19, 3 
111.33 41.62 30 
42.12 16.764 18 
83.47 36.934 18 
37.13 24789.2 18 

Method b: Consideration of an appropri- procedure for different types of reactions 
ate reaction whose formation quantity can and extrapolating the results to the value 
be neglected to a sufficiently good approxi- corresponding to a “zero-reaction” (b*) 
mation. The approximation is better the (31) (see Fig. A3). 
lower the involved change. A more sophis- 
ticated method consists of performing this TABLE AI11 

RESULTS OF ESTIMATION METHODS (3) 

V”(298K)--- Phase 
A&% 

(kJ mole-‘) 
$98 

(J mole-’ Km’) Method 

0 20 40 60 80 loo 
atomic number 

NaiW@n -4517.3 376.4 
-4376.4 320, 346.6 

NasZrkW~2 -5928.7 415, 374.5, 312.4 
-6W.6 429.5 
-5932.7 

Na2ZrSi207 -3401.6 209.4, 203.2, 207.1 
-3394.0 225.4 
-3355.6 

ZrPzO, -2469.5 196, 165.9 
-2507.7 190.5 

NaSiO~ -1975.3 191.8 

FIG. A2. Estimation of S!& for Na,P(a,V*; b, atomic 
number). The mean value is indicated (dashed line). 

Na3P 

-1947.8 
-2094.9 

-85.4 
193.9 
155.5, 176.8 

b*, a 
b, a, b 
b*, a, a, a 
b, b 
b 
b*, a, a, a 
b, b 
a 
a, a, b 
b, a 
a, a 
b 
b, b 
b, b, b 
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t 
-1280 

; 
5 -1320 
E 
< -1360 

5 
~-1400 

% 
z-1440 
b-4 

FIG. A3. Estimation of ArCa for Nas(3). (The defini- 
tion of the complexity parameter E is somewhat arbi- 
trary (3.1 
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