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ABSTRACT

The chemical durability of NASICON (Na1+xZPZSiXP3,XO12, x=03) versus
molten sodium and sulfur at 600 K has been investigated. Degradation
by molten sodium has been observed for phosphorus-containing compo~
sitions only. The pure silicate (x=3), however, appeared to be stable,
because reduction of silicon demanded by thermodynamics did not occur
at the given temperature for kinetic reasons. The latter composition
has also been shown to have good durability against molten sulfur.

MATERIALS INDEX: NASICON (Na1+XZPZSiXP3_xO12, x=0~3)

1. INTRODUCTION

There is an extensive literature about electrical transport and structural
properties of materials of the NASICON family ( Na1+XZr2P3_XSixO12, x=0~3) but
information about their chemical stability, which is impdrtant for the appli-
cation of such materials in electrochemical cells, is .still limited.

There have been static corrosion tests of NASICON ceramics in liquid sodium
(1~-3) and dynamic cell tests on some selected. NASICON compositions (x= 2 and
2.4) in sodium/sodium and sodium/sulfur cells (3-5). All experiments indicate
some corrosion of NASICON in molten sodium, although the kinetics of the re-
action depended very much on the sample preparation.

Recently, the availability of thermodynamic data (6) for the NASICON solid
solution system (x= 0+3) has allowed the setup of critical corrosion reactions
of NASICON with sodium including their thermodynamics. The corresponding GIBBS
free energies of reaction (APG)’are negative for all compositions indicating
thermodynamic instability of NASICON against sodium.

In this paper the predicted reactions will be inspected by different types
of static corrosion tests for all NASICON compositions. In addition, the re-
action of NASICON (x=3) with sulfur will be examined.
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2.EXPERIMENTS AND RESULTS

2.1.Durability against molten Sodium

For the study of the direction of a chemical reaction different approaches
are possible. We tried to identify NASICON degradation in the presence of
molten sodium, to identify possible reaction products and to get an indication
of reverse reactions.

The most straightforward experiment is simply to expose NASICON to an ex-
cess amount of sodium in a closed tube *, The sodium metal was removed by
vacuum distillation before the residual powder was examined by SEM, IR-spec-
troscopy and X-ray powder diffraction. Thus the durability of the NASICON
compositions x= 0, 0.5, 1, 2, 2.5 and 3 (for preparation see (7)) have been
tested at 600 K for different times. For all compositions containing phospho-
rus the characteristic smell of phosphine upon opening the tube indicated the
formation of moisture sensitive sodium phosphides (e.g. Na,P) and therefore a
degradation of NASICON. The reaction, however, depended very much on the
individual sample. For a fine powder (grain size ca. 1um) the reaction was
complete after several minutes for phosphate rich compositions (x= 0, 0.5, 1)
and several days for silicate rich samples (x= 2, 2.5). For the first, X-ray
diffraction revealed the black reaction products to be amorphous, for the
latter only NASICON (x=3) could be identified as a reaction product. Especi~
ally for x= 2.5 this NASICON phase was well crystallized. For ceramics of high
density (93-97%) and high silicate content (x=2), however, no degradation
could be observed after one week by SEM and no other phase beside NASICON
could be identified in the in the IR-spectra and the X-ray diffraction
pattern.

This was also true for the pure silicate (x=3); therefore more sensitive
experiments were carried out with this composition.

A submicron NASICON powder prepared by a sol/gel technique (8) was exposed
to sodium for one week (T=600K). Besides a change in color, which turned from
white to dark brown, no alteration was observed. The powder could easily be
dissolved in diluted HF and no residue, in particular no reduced silicon could
be identified.

In addition the dried sol/gel precursor was heated in the presence of
sodium in a dry box, and for temperatures above about 1000 K the formation of
NASICON and Na,Si0O, has been observed by X-ray diffraction.

In order to exclude the possibility that a degradation reaction occurs at
the NASICON surface only, an electrochemical cell was designed. It takes ad-
vantage of a slight electronic conductance of NASICON (x=3) in a reducing
environment (the electronic properties of the ceramics very much depend on
grain boundary properties (8)) on account of which NASICON can be used as an
electrode material. It was first equilibrated with molten sodium and the black
pellet was then used in a cell of the type:

(+) Pt / NASICON / Na-B''alumina / Na / Pt (-) (T= 600 K)

The initial cell voltage was of the order of some 10 mV. Sodium was coulo-
metrically titrated into the NASICON in an amount which corresponded to 1% of
the total sodium content of the pellet. The resulting potential difference

¥ Quartz glass and niobium tubes have been used. For all experiments with the
pure silicate (x=3) it should be noted that there is poor wetting of NASICON
by molten sodium at 600 K. Therefore all all reactants were initially heated
to about 1000 K to ensure good contact between NASICON and sodium.
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was close to 0 mV due to the excess sodium in the NASICON electrode. If a
reaction of this sodium and NASICON occurred consuming the sodium completely
and leading to reaction products with a lower sodium activity, an increase of
the potential difference would be expected with time. This, however was not
the case, the cell-voltage remaining close to 0 mV for more than one week.

The following tests especially concentrate on the degradation reaction of
NASICON (x=3) which has been shown to be the reaction with the greatest
affinity (6):

Na,Zr,Si,0,, + 6 Na = 2 Na,ZrO; + 1.5 Na,Si0, + 1.5 Si (A.Gggox= ~130kJmol™")

The first test was used to identify silicon as a reaction product. A hot-
pressed and polished NASICON pellet was exposed to liquid sodium (600 X, one
week). The adherent sodium then was removed by distillation in vacuum at a
temperature above the stability regime of any sodium silicide (693 K,320 °C)
(9). The IR-reflection spectrum of the pellet surface provided no indication
of formation of silicon.

Secondly, the reverse reaction has been tested. Na,ZrO,;, Na,Si0, (prepared
following (10)) and silicon were intimately mixed according to the stoichio-
metry of the above reaction and pressed into a pellet. The pellet was embedded
in silicon powder to prevent oxidation and annealed in a furnace. After one
night at 1223 K (950 °C), Na,ZrSiOs, ZrO, and NASICON could be detected by
X-ray diffraction; after another night at 1273 K (1000 °C) the pellet consis-
ted of NASICON only and its color had turned to white (the silicon encapsu-
lation was still grey). Unfortunately the reaction kinetics prevents equili-
bration at lower temperatures, but for temperatures above 1223 K (950 °C ) the
experiment provides evidence for the reverse reaction.

2.2. Durability against molten sulfur

The durability of only NASICON (x=3) against molten sulfur (T= 600 K) has
been tested. A possible reaction is:

Na,Zr,S1,0,, + 4 S = 3/U Na,Ss + 1/4 Na,S0, + Na,ZrSi,0, + ZrSio,

The formation of Na,SO, has already been shown during the degradation of
sodium silicate glasses (11). With the thermodynamic data listed in table 1
its GIBBS free energy of reaction is slightly negative with ArG3OOK= ~49.1 kJ
mol~! and ApGgop= ~T4.2 kdmol~!. This, however, could not be confirmed by the
experimental result. NASICON powder has been sealed into an evacuated quartz
tube together with excess sulfur and kept at 600 K for one week. No reaction
has been observed by SEM and X-ray diffraction; only NASICON {(x=3) and mono-
clinic sulfur could be identified.

3. DISCUSSION

The chemical durability of NASICON against sodium will be discussed with
the help of fig.1. It shows the GIBBS free energy of the specified reactions
as a function of the NASICON composition. Reaction 1 and 2 are thought to
represent the degradation of NASICON against sodium (6). Indeed, for all
NASICON compositions containing phosphorus (x<3) degradation is observed, but
with the exception of phosphines there is no indication of any of the claimed
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TABLE 1
GIBBS free energy of formation (AfG) for the given compounds at 300
and 600 K. The data used for the calculation of the GIBBS free energy
of the reactions (APG) shown in fig.1 are indicated by *.

phase A G2 method of ref.
kJ molQ f 6OQ ﬁ determination
NASICON
x=0 ~4560.0 -4233.3 EMF, DSC, ADC (6,12)
x=3 -5937.0 * [-5574.0 * |EMF, DSC, ADC (6,12)
~6016.0 -5652.5 HCl-calorimetry (AfH) (13)
EMF,DSC,ADC (8) (6,12)
Na,Zr0, -1570.8 * [-1472.1 * |EMF (14)
~1589.8 ~1489.6 DSC,HCl-calorimetry (15)
Na,Sio0, =1952.3 -1812.3 (16)
-1975.3 ¥ 1-1836.1 * |estimated amn
Na,SiO0, ~1467.4 -1368.7 (18)
Na,0 ~376.1 ~333.6 (19)
Zr0, -1012.79 -98Y4,92 (19)
Na,ZrSiOs ~2508.2 ~2354.,3 HCl~calorimetry (AfH) (20)
ep (8) (21)
Na,P -85 -66.6 (A H) (18)
S estimated (12)
Na:Ss =450 ~400.83 |EMF (22)
Na.S0, 51269.35 [-1144.71 (18)
Na,ZrSi,0, ~3412.4 ~3258.0 HCl~calorimetry (AfH) (13)
ep (8) (12)
ZrSio, ~1918.89 |[-1803.38 (19)

eaction products, particularly no reduced silicon. Instead, the silicate end
member (x=3) was observed as a reaction product for x22. This is important in
two respects:

First the degradation reaction for phosphorus containing NASICON deviates
from reaction 2 (fig.1).

Second, during the degradation reaction the material is certainly highly
reactive and the formation of NASICON (x=3) in this situation implies that
under the experimental conditions (T=600 K) any NASICON (x=3) is not expected
to react with sodium, which is verified by the experiments with the pure
silicate.

But this does not necessarily prove the thermodynamic stability of the pure
silicate against molten sodium. There is some uncertainty in the thermodynamic
data (table 1), which is, however, within the range of thermodynamic insta-
bility of NASICON (x=3). If we additionally consider the instability of sili-
con versus sodium with respect to the formation of silicides below about 693 K
(420 °C) (9) the GIBBS free energy of reaction 2 (fig.1) is expected to be
even more negative (unfortunately no thermodynamic data are available for
silicides)

A possible explanation for the deviation of the experiment from thermodyna-
mics may be that breaking of the covalent Si-0O bond of the SiO,~ tetrahedra
involved in the reduction of silicon does not take place at the given tempera-
ture for kinetic reasons and therefore complete thermodynamic equilibrium may
not be attained. One also has to keep in mind that the presence of oxygen,
which can be dissolved in sodium (23,24), may have slightly reduced the sodium
activity.
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Similar results have been obtained for the reaction of silicate glasses
with sodium. The formation of Na,Si0;, which is thermodynamically unstable
against sodium (25), has been observed in the degradation of silicate-rich
glasses (26), but reduction of silicon could not be proven unambiguously. The
coloration of the reduced glasses is frequently interpreted in terms of the
formation of color-centers (e.g.27) rather than by precipitation of reduced
silicon. We therefore looked for possible reactions of NASICON with sodium
using the program of FINGER and BURT (28) with the boundary condition that
3ilicon is not reduced. The reactions with the lowest GIBBS free energies are
denoted 3,4 and 5 in fig.1. They seem to be closer to the experimental situ-
ation than reaction 2 (fig.1). They are consistent with the observed insta-
Dility of all NASICON compositions containing phosphorus and the durability of
the pure silicate only. In addition reaction 5 (fig.1) agrees with the for-
mation of NASICON (x=3) during the degradation of silicate-rich NASICON com—
positions.

Finally, let us consider the temperature dependence of reaction 2 (fig.1).
As can be seen from the figure the GIBBS free energy of reaction at room
temperature is significantly lower compared to 600 K. Following this trend we
would expect a decreasing thermodynamic instability of NASICON versus sodium
for temperatures above 600 K. For the pure silicate the temperature above

e — 1 —— T=600K -
-1000— 74\\ ——— T=300K _|

-500— —

AG, [kJ mol™]

K ———t

1: (3-x) NasP + 2 Na,Zr0, + x Na,SiO, + (6-4x) Na,O
2: (3-x) NasP + 2 Na,Zr0O, + x Na,Si0O, + (x-1.5) Si
3: (3-x) NasP + (5-2x) Na,Zr0O, + (3-x) Na,Si0, + (2x~3) Na,ZrSiOs
4: (3-x) NasP + (U4x-10) Na,Si0, + (8~3x) Na,Si0O, + 2 Na,ZrSiOs
5: (3-x) Na,P + (6-2x) Na,Si0, + (18~6x) Na,ZrSi0s; + (3x-8) Na,Zr,Sis0;,
FIG.1
GIBBS free energy of reactions of one mole NASICON (x=0-3) with sodium at 300

and 600K calculated from the thermodynamic data listed in table 1. The
reaction products are specified in the legend.
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which NASICON 1is even thermodynamically stable against sodium is probably
lower than suggested by the data given in fig.1. The identification of the
reverse reaction at temperatures above about 1223 K (950 °C) suggests that ALG
at 600 K is less negative. Considering the experimental uncertainty of the
thermodynamic data of Na,SiO, (16,17) and Na,Zr,Si,0,, (6,12,13) this assump-
tion seems to be reasonable. One has, however, to keep in mind that the evapo-
ration of sodium may have favoured the NASICON formation.

The durability of NASICON (x=3) versus molten sulfur will be discussed
briefly., For the chemical stability of glasses it is known empirically that
reaction with sulfur becomes more critical as the basicity (Na,O-content) of
the material increases (probably because of the similar energies of the Na-0
and Na-S bonds). NASICON (x=3) is an orthosilicate with a high Na,O-content
and, therefore, chemical instability versus sulfur can not be excluded a
priori., The thermodynamic data suggest slight instability, which, however,
could not be verified by the durability test. One has, however, to keep in
mind that in the presence of oxygen the sulfur might react to form very stable
sulfates exclusively without the formation of the far less stable sulfides as
suggested by the reaction, thus leading to an additional driving force for a
possible degradation.

4, SUMMARY

The chemical durability of NASICON versus sodium and sulfur at 600 K has
been investigated.

The degradation reaction which has been shown to be the reaction with the
greatest affinity (thermodynamic path) (6) and which involves the reduction of
silicon by sodium could not be verified experimentally. Instead, reaction 3-5
(fig.1) describe the kinetic reaction path under the experimental conditions.
They are in agreement with the instability of any phosphorus containing
NASICON (x<3) against sodium and the durability of the pure silicate (x=3).

The latter composition has also been shown to have good durability against
sulfur.

Obviously the basicity (Na,O-content) of NASICON (x=3) is such that the
GIBBS free energies of reaction with both sodium and sulfur are close to
zero.

From this point of view NASICON (x=3) is of potential interest as a separa-
tor material in Na/S cells, provided that the intrinsicly low ionic conduc-
tivity can be increased, which will be the object of a forthcoming part of
this series (8).
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