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Chemical Stability of Sodium Beta™-Alumina Electrolyte
in Sulfur/Sodium Polysulfide Melts

Meilin Liu and L. C. De Jonghe

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
) and
Department of Materials Science and Mineral Engineering
University of California, Berkeley
California 94720

ABSTRACT

Immersion of sodium F" alumina electrolyte in sodium polysulfide and pure sul-
fur melts, at Na/S battery operation temperatures, showed that the electrolyte was
chemically attacked by the melts, and that the extent of degradation was affected by
‘a number of factors, including surface morphology and chemistry of the electrolyte,
melt composition, impurity contamination, etc. The corrosion reactions mostly ini-
tiated and concentrated on defected areas, and were catalyzed by the presence of
impurities such as water, moist air, oxygen, etc.. The corrosion power of sodium
polysulfide melts increased with the sulfur content in the range of Na,S, to Na,Ss.
The reaction products, formed at the interface, were believed to be Na,SO,,
NaAl(SO,)s , Aly(S0,);, NaHSO,, Na,CO; , NaOH, etc. Recrystallization of the
sulfates occurred on preferred areas after saturation. Corrosion products of transi-
tion metals also deposited on the electrolyte surface. As a result, a partly insulating
layer was formed on the electrolyte surface during immersion, which was a mixture
of sulfates, carbonates, and sulfides of transition metals.

1. Introduction

Degradation of 3"-electrolyte is one of the important limitations which determine whether
or not Na/S batteries may be useful for energy storage and conversion systems. While there
has been considerable eflort in establishing the mechanism of degradation of the electrolyte in
contact with the negative electrode (liquid sodium) {1}, much remained unknown concerning
the nature of the electrolyte/polysulfide melt interface and the degradation of the electrolyte
in contact with positive electrode (sulfur/ sodium polysulfide melts). In the present paper, the
interfacial reactions between the solid electrolyte and the melts, with or without participation
of impurities, were postulated from thermodynamic calculations and compared to experimental

observations.



2. Experimental
2.1. Materials

(1) Polysulfides: Four different polysulfides, NayS, , Na,S; , Na,S, , and Na,S , and
pure sulfur were used. The pure sulfur was obtained from the Lawrence Livermore Labora-
tory.* The disulfide Na,S, was prepared from the monosulfide Na,S (from NOAH Chemicals)
and from pure sulfur in our laboratory, in a dry-box (oxygen and water free to less than 1
ppm). After the pure sulfur was dried in the dry-box for 3 days, the appropriate amount of
Na,S and dry sulfur powders were mixed and put in a quartz tube,_sealed at about 10~2 Torr,
and then slowly heated to 750°C to form Na,S, . The Na,S, was cooled to room tempera-
ture and transferred to glass test tubes within the dry box. The Na,S; was obtained from
Brown-Boveri and Cie (BBC) and stored in vacuum. The Na,S, was prepared by Dow Chemi-
cals Co. and stored in the dry box. Na,S; was made from mixtures of either Na,S; or Na,S,

with pure sulfur.

" (2) B "-Alumina Electrolyte: The polycrystalline electrolyte consisted of bars with
approximate dimensions of 45x10x4mm, and was prepared by Ceramatec of Salt City, Utah
[2]. The chemical composition given by the manufacturer was 8.85 wt% Na,0 0.7 wt% Ls,0,
balance Al,05 .

2.2. Specimen Preparation

Two different surfaces - polished and as-sintered - were examined to determine how the
surface morphology affects the stability of the electrolyte. Specimens were sectioned with a
diamond saw, ground with a — Al,0; and polished to an 1 micron diamond finish (Fig 1a).
Even though the polished surfaces were very ksmooth, some imperfections, such as cavities and
large grains still remained. Mechanical damage, including microcracks, may also be produced
during polishing. As-sintered surfaces are shown in Fig 2a. Some workers have reported that
these surfaces might be covered by a thin, glassy film, which would be formed during sintering
[3]. Specimens having different surface morphologies were washed with methyl alcohol in an

ultrasonic cleaner, and then heated up to 800°C for 12 hours to drive off absorbed water.

Lawrence Livermore National Laboratory, P. O. Box 808, Livermore, California 94550.



2.3. Impurity Contamination

Water: Electrolyte specimens were either exposed to 100% relative humidity or
immersed in distilled water at room temperature for one week (168 hours) to pick up water.

Then, the surface water was removed by heating the specimens at 100°C for 5 minutes.

Oxygen: After vacuum-drying and before sealing, oxygen gas was put into the test tubes

to build up an oxygen atmosphere of about 100 Torr.

Moist Air: The dried electrolyte was exposed to atmosphere (moist air) at room tem-

perature for 1 week (168 hours).

Fe-Ni-Cr and C: Cell container materials (stainless steel) and current collector material

(graphite felt) were put in with some polysulfide powders, before sealing the glass capsules.
2.4. Procedures

Because of the sensitivity of polysulfides to moisture, the test must be set up in a water
and oxygen free glove box. Specimens and polysulfides were put into glass test tubes in the dry
box and sealed under mgchanical vacuum. The sealed tubes were placed vertically in a box fur-
nace at the desired temperatures (350°C or 400°C ) After the specimens had been kept in moi-
ten polysulfides for the desired period (5 weeks or 10 weeks), the glass tubes were cooled to
room temperature and broken. The specimens were removed, ultrasonically cleaned in methyl
alcohol, and dried, before characterization and analysis. Specimens immersed in sulfur were

cleaned in CS, .

3. Results
3.1. Morphological Characterization
1. Effect of Composition

Figs 1 and 2 show the changes in surface morphology of electrolytes before and after 5-
week immersion in melts with compositions of Nay,S; , Na,S, , and Na,S; , at 400°C, and

Na,S, and pure sulfur at 350°C.

The surfaces of polished specimens are shown in Fig 1. Very little has happened to the
polished surface immersed in Na,S, and Na,S; melts. However, on the polished surface in

Na,S, melt, some compounds formed on areas containing defects such as microcracks, pores,
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etc, which were introduced by mechanical polishing. On the polished surface immersed in
Na,S; , a non-uniform and discontinuous, thin surface layer was formed and more corrosion
products were evident at areas containing flaws or irregularities (Fig 1e). The changes in sur-
face morphology were even more pronounced for the samples immersed in pure sulfur, where a

thick corrosion layer formed on the whole surface (Fig 1f).

The surfaces of sintered electrolyte are shown in Fig 2. After immersion, the surfaces
were covered with a thin product layer, while some compounds had accumulated in the surface

pores. The extent of the reactions apparently increased from Na,S,; to Na,Ss to pure sulfur.

2. Effect of Impurity Contamination

Figs 3 and 4 show the changes in morphology of polished and sintered surfaces before and
after immersion at 400°C for 5 weeks in Na,S; with the presence of oxygen, water, moist air,
or stainless steel (Fe-Ni-Cr) plus graphite felt (C). An Na,S; melt was chosen because, without
impurities, this melt was among the least ;eactive ones, as shown in Figs 3b and 4b. However,
in the preseiice of impurities, the change in surface morphology and chemistry can be

dramatic.

(1). Steel + Carbon (Figs 3c and 4c): The presence of transition metals and graphite
felt considerably affected the interaction between the Na,S; melt and the electrolyte. A corro-

sion product layer covered the entirety of the surface, and some octahedrally shaped crystals

had formed.

(2). Ox:gen (Figs 3d and 4d): The effects of the presence of oxygen contamination on
the Na,Ss/electrolyte system are: (i) creation of a corrosion layer on most of the areas of the
polished surfaces (Fig 3d); (ii) considerable acceleration of the reactions and increase of the
deposition of the corrosion products, and formation of the flower-shaped crystals on the elec-
trolyte surface; and (iii) recrystallization of some crystals on the sintered surface in addition to

the overall thin product layer that formed without oxygen present.

(3). Water (Figs 3e and 4e): In the case of absorption of water in electrolytes, there is
an obvious etching effect: the grain boundaries are clearly revealed and some material appeared

missing. Some corrosion products had deposited between grains.

(4). Moist Air (Figs 3f and 4f): The exposure of the electrolyte to moist air ( H,0 , O,

, CO, , etc) had the combined eflects of water and oxygen contamination.



3. Time Dependence

Figs 5 and 6 show the changes in surface morphology of electrolytes before and after
immersion for 5 and 10 weeks in molten Na,S; , at 400°C. Na,Ss was chosen in this case
because this composition has the strongest corrosive effect, and hence would make differences

most obvious as immersion time increased, if the corrosion were time dependent.
(1). Polished Electrolytes (Fig 5).

Fig 5a shows the surface of an as-polished electrolyte before immersion. 5 weeks later,
some corrosion compounds are non‘unifbrm]y distributed, most of them concentrated around
imperfections (Fig 5b). After 10 weeks, a uniform compound layer, covering the whole surface,
had formed and some recrystallization had occurred, leading to the groups of plate-shaped
crystallites (Fig 5¢). The high-magnification micrograph (d) shows that the layer is porous but

not entirely uniform: more corrosion products had accumulated in defect areas.
(2). Sintered Electrolytes (Fig 6).

A compar@son with virgin materials clearly indicates that a compound layer, covering the
entire surface, was well established after 5 weeks immersion with some crystals just starting to
grow (Fig 6b). However, many more new crystals and compounds, formed at grain junctions,
were found on the surface after 10 weeks immersion (Figs 6¢c and d). An even higher
.magniﬁcation micrograph (e) shows the detailed morphology of the flower-shaped crystal clus-
ters and the thin layer. The thin layer looks porous and developed deeper in the defected areas

where corrosion product recrystallization apparently had occurred.
3.2. Chemical Characterization

An Auger electron spectrum obtained from a polished surface of samples immersed in the
Na,Sg melt for 10 weeks is shown in Fig 7a. The elements present in the spectrum should
represen.t the average composition of corrosion compounds. Fig 7b shows the profile of the
impurities in the degraded layer at different spﬁttering time. The quantity of sulfur decreases
as sputtering time increases, clearly indicating that a reaction or corrosion layer had formed on
electrolyte surface. This layer was sputtered off in 10 mins. The sulfur probably was present as
sulfates because a large quantity of oxygen was also detected at the same time. Attempts to

identify the corrosion compounds by X-ray diffraction were unsuccessful.



4. Discussion -

Experimental observations indicated that the electrolyte reacts chemically with Na,S,
melts. To identify possible reactions at the electrolyte/melt interface, thermodynamic calcula-

tions were performed.
4.1. Thermodynamic Considerations

The Gibbs free energies of formation of sodium polysulfides, tabulated in Table 1, were
~ calculated by Gupta [4] from open circuit cell voltage measurements. The only data on the
Gibbs free energy of formation of a solid electrolyte with composition Na,O-841,05 , are those
obtained by Weber with electrochemical methods and calculated by Kummer [5]. These data
were evaluated for temperatures between 1027°C and 1627°C , and have to be extrapolated to

temperatures around 350—400°C. They have been tabulated in Table 1. Other data are from

the NBS tables of chemical thermodynamic properties [6] and JANAF thermochemical tables = -

(7]. Some values for 350°C and 400°C were calculated from the data at 25°C.

The reactions involving tue liberation of free AlyO; should probably consider the forma-
tion of metastable Al,O,4 phases rather than @a—Al,0; phase. However, we have to assume that
the reactions considered here will produce a—Al,0;3 because neither free energy nor struc-

tural data are available for the metastable Al,0; decomposition products.

Based on these thermodynamic data and assumptions, the standard Gibbs free energies
for the reactions between the solid electrolyte and sodium polysulfide melts are calculated as

follows:

ArGa = E(Vi'AfGO)(producl) - Z(Vi'A /Go)(reactant) (4-0)

i
The chemical reactions that could occur on the surfaces of the electrolytes are postulated
as follows:

(1). Reactions Between Pure Sulfur and § "Alumina

Na,0-8A1,0, + ﬁ%ﬂls — 2 Nay$, + LNa,50, + 84150, (4.1a)
Na,0-8A1,0, + 13‘3—“15 — NasS, + TA1,(S0,); + 72410, (4.1b)

Na,0-8A1,0, + i‘—‘-’;—*“ls —~ TQ:? NaAl(SO,), + %Nazs, + 7%,41203 (4.1¢)



(2) Reactions Between Na,S, and # " Alumina

Na208A1203 -+ '(3L4_2)‘Na252 - %NazSO4 + &f—l‘)‘Na2S(z_l) + 8Al203 (4.23)
Na,0-841,0, + ‘&3"—"11\/%5, ~ 1 A(so,); + 13’—3“-)-Na25(,_,,+7%,41203, (4.2b)

4(3z—2 2 4(3z+1 12
Nay0-8A1,04 + —L—;%—)-Na?S, ~ 2 NaAl(SO,), + —(-;‘3—1Na25(,_1)+71—3,41203 (4.2¢)

The reactions with negative Gibbs free energies, see Table 2, are the ones thermodynami-

cally possible, although some may not be fast enough to be significant.

The reaction mechanism could involve at first a partial Na* depletion of the electrolyte,

described by

Naf. (E) = Na* (M) + V', (E) (4.3a)
Where E and M refer to the solid electrolyte and to the melt, respectively.

Na¥, (E) +¢' + %Nazs, (M) = £ NayS,_y (M) + Va (E) (4.3b)

or

Nk (E) + ¢ + 25 (M) — L-NayS, (M) + V'x, (E)

Electro-neutrality requires that the crystal release the excess oxygen (Eq 4.3¢c). This oxy-

gen can react with Na,S; (M) to give SO; (Eq 4.3d).

05 (E) = V, (E) + %02 (M) + 2¢' (4.3¢)
0, (M) + %Nazsz (M) — %Na25(,_l) (M) + %so3 (M) (4.3d)

The SO; can react further to produce corrosion products: sulfates- Na,SO, , NaAl(SO,),

, Aly(50,); , etc, through the reactions:
SO; + Na,0-841,0; — Na.SO, + 84/,0; (4.3e)

SO + L Na,0-841,0, — -;- NaAl(SO,), + -Z—AI203

1 8 1
505 + 5= Na;0-841,05 — = Aly(SO,); + 5-Na,SO,



The combination of these reactions gives the over-all equations 4.2a, b, and c.

In brief, then, (1) chemical reactions initiate at surface imperfections, and (2) since the
degraded layer is porous, the reaction will continue to develop into the 8 " alumina, preferen-

tially on these areas of imperfections.

B " alumina electrolytes, used in the as-sintered state, may be covered by a very thin,
soda-rich, glassy surface film [3]. Such a film would not be as stable as the crystalline electro-
lyte. Therefore, the reactions 4.1 and 4.2, are expected to be more favorable initially on the

sintered surface compared to the polished surface from which such film have been removed.

Both experimental observations and thermodynamic calculations, summarized in Table 2
indicate that the corrosion power of sodium polysulfide melts increases as the content of sulfur

increases from Na,S, to Na,S5, the normal composition range of a practical cell operation.
4.2. Influence of Impurity Contamination
1. Oxygen

With the participation of oxygen, the chemical reactions can be written as follows:

éi—l}zvazo-smzoa + Bﬁﬁm S.= G )Na280 —(—‘:‘;%_—l—‘))-/uzos (4.4a)
;@L)-)-Nazo 84,0, + 7 2+1) Na,S, — {i:—_l-l))-Na.Al(SOoz +
(332“) Na,SO, + lfi':%A ,0s (4.4b)
O+ I8z v, N0 8410, H AL(S0); +
E;?‘lzvaqs(,_l, + -L%QLN%SO,, (4.4¢)

Obviously, these reactions are much more favorable thermodynamically in the presence
of oxygen, since they have a large, negative A,G°, as shown in Table 3. Experimental results
agreed very well with this calculation. A heavy reaction, deposition of corrosion products, and
recrystallization were found on the electrolyte surfaces when some free oxygen had been intro-

duced into test tubes before sealing (see Figs 3d and 4d).

2. Water
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When water has intercalated in the electrolyte, the reactions between /" alumina and
polysulfides changed and the corrosion products expected here were NaHSO, and Na(OH),

which could cause continued dissolution of the electrolyte.

Na,0-8Al,0; + E(%‘L—jlzv .S, + f(f’—_ll))' ,0 — -((‘—’:x—“:l)izv%s(,_l, +

NaHSO, + -&L‘—?—)—Naon +8A1,0, (4.52)

(41'—-1)
If water and oxygen coexist, the reaction should be:

H,0 + {272 Na,0 841,05 + —L—Na,s, + B2tllz=2 g, _,

(z-1) (z— ) (z—1)(2z2—4)
NaHSO, + -(‘—t-—“)-NaOH + —(’~'—=)-A1203 (4.5b)

(1-1) (z-1) (z=1)

The additional presence of oxygen makes the reactions possible, as it is evident in Table 3.
3. Moist Air

If some O, , CO,, and H,0 are present by absorption from moist air, which is almost
unavoidable, the following initial reactions are quite favorable, as follows from an examination

of their A, G° values listed in Table 3.

NayS, + H,0 + CO, + ﬁ"f‘—loz — Na;CO; + H,S + (2—1)S0, (4.6a)

The H,S and SO, react further with the electrolyte to form sulfates: NaHSO, ,
Aly(S0,); , NaAl(S0,), , etc.

Na,CO, +2NaHSO, + @3‘—’)-/11203 + 12;—‘-’)-A12(so4)3 (4.6b)
2(3z+1)
N020 8A1003 + ( +‘)) 02 ( +0) [N025 +H2 ( )
_NaHSO, + ﬂiﬂs—h 1,05 + 2222l NaA(S0,), (4.6¢)
(z + ) (z+2) (z+2)
Na,0-8A1,0, + 1212—;%02 ( 7 NasS, + H,0 + €0 — =15 )Na2003 +
(z TNaHSO, + ("") Na,SO, + 84,0, (4.6d)
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Coupled with oxygen or even carbon dioxide, which could come from the absorption of
moist air on the electrolyte surface during cell construction; water does make the polysulfides
more susceptible to corrosion. The possible reaction products now include NaHSO, and
Na(OH), whose melting points are 320°C and 317°C, respectively. Thus, the presence of water
can lead to increased reaction of the electrolyte in the polysulfide melts at about 350°C (see

Figs 3e and 4e).
4. Fe-Ni-Cr and C

An important aspect of sulfur side-degradation in practical Na/S cells is deposition of
metal sulfides originating from container corrosion. The deposits formed on the electrolyte sur-
face, as shown in Figs 3c and 4c, have been identified as FeS, , CryS; , NigS, , NiS,, (Ni,Fe)S
and NaCrS, , etc., and are similar to those reported by Park [8] and Battles [9]. The possible

reactions can be written as follows:
Fe +2Na,S, = 2Na,S(,_;) + FeS, (4.7a)
7Fe + 8Na2S, -— SNazs(z_l) + Fe7SS

3FCS2 + 4503 -+ 7N0253 — 3FQSO4 + 7N025(z+1)

Ni + Na,S, — Na,S|,_,) + NiS © (4.7b)

3Ni -+ 2N0251 b d 2NG2S(3_1) -+ NisSz

20" -+ 3Na2S, - 3Na2S(z—l) -+ Cr253 (4.7C)
3Cr 4+2C — CI'3C2

7Cr +3C — Cr;C;
The reactions between the electrolyte and carbon have also been studied recently by
Choudhury {10]. The proposed reaction products include Na,CO; and CO.
4.3. Dissolution /Recrystallization

As shown in Figs 5 and 6, after 5 weeks immersion, the sulfates produced by the reactions
described above, had not yet saturated the Na,S, melts, and not much recrystallization was

found at that time. After 10 weeks immersion, however, the melts were saturated with the
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sulfates, and a lot of recrystalization was found on all the surfaces of the electrolyte. The

recrystallized, flower-like, crystals, as clearly seen in Fig 6, are believed to be sodium sulfates.

It appears, see Fig 1 and 2, that more chemical reactions, deposition and or recrystalliza-
tion of corrosion products occurred in sulfur-rich melts, i.e., Na,S; and pure sulfur, and that
more dissolution of corrosion products occurred in sulfur-poor melt, i.e., Na,S,. This is
perhaps due to the changes of the solubility of the sulfates in the sulfide melts as the composi-

tion of the sulfides changes.

5. Conclusions

Sodium F" alumina electrolytes are chemically attacked by /Na,S; melts and pure sulfur
during immersion at high temperatures. The likely reactions can be written as described in Eqs

4.1 though Eq 4.7, and occur preferentially on surface imperfections of the solid electrolyte.

The corrosion products are believed to be sulfates: Na,SO, , NaAl(SO,), , Aly(SO,); ,
NaHSO, , NayCO3 and NaOH. Most of these have high melting point and deposit on the elec-
trolyte surface. Some have a low melting point and can be dissolved in the polysulfide rmelts,

leading to dissolution or etching of the electrolyte surface.

There is a limited solubility of sodium sulfates in sodium sulfide melts. Recrystallization
of the sulfate occurred after prolonged exposure to sulfide melts and occurred preferentially at

imperfections such as boundaries of large grains, or surface steps on the electrolyte surface.

The degree of corrosion increased as the content of sulfur increases in the range of Na,S,

to Na,S; to sulfur.

In addition to the reactions between " alumina and Na,S; or sulfur, the corrosion pro-

ducts of transition metals, and current collector material (graphite), also deposit on the elec-

trolyte surface.

All of the corrosion reactions were greatly accelerated by contaminations of impurities,

such as water and oxygen, and transition metals.

In a practical cell, the environment the electrolyte will be exposed to is a combination of
the above situations. The degraded layer formed on electrolyte surfaces in a real cell is
expected to be a mixture of (1) sulfates and carbonates, produced by reactions 4.1 through 4.6,

and (2) corrosion products of cell parts, by reactions 4.7. Since the corrosive power of the
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polysulfide melts increases at composition corresponding to the full charged state and is

enhanced by free sulfur, it would seem advisable to avoid heterogeneous electrode reactions

that expose the electrolyte surface for unnecessarily long periods to the most corrosive sulfide

melts.
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Tables

Table 1

The standard Gibbs free energies of formation of
sodium polysulfides, a-alumina, sodium oxide and 8 "-alumina

[KJ/mol.]
Compound 300°C 350°C 400°C Source
Na,S; - 401.8 - 400.8 - 400.6 Gupta
Na,S, - 398.9 - 398.1 - 398.1
Na,S, - 398.7 - 388.2 - 386.0
Na,S, - 375.1 - 370.0 - 365.0
Na,S - 338.1 - 335.7 - 333.2 JANAF
a-Aly,04 -1496.5 - 1480.9 -1465.2
Na,O (s) - 340.4 -3333 - 326.2
Na,0 (1) - 307.7 - 302.5 - 297.2
B "-Aly04 -12,608.7 -12,467.0 Kummer

-12,325.3

13



Table 2
The standard free energies of
reactions between #"-alumina and sulfur/Na,S, (M)
(without impurity contamination)
[KJ/mol.] ‘
Equation# X (8;GC%)400c | (A,G%ss0¢
(as in Na,S,)

Eq (4.1a) 5 - 55.5 - 36.6
4 - 53.6 - 34.6
3 - 44.6 -27.2
2 - 288 -13.5
1 < 5.0 +12.0
[ Eq (4.1b) 5 -24.6 -47
4 - =221 -20
3 -10.0 +7.9
2 +11.0 + 26.1
1 "+ 428 + 60.4
Eq (4.1c) 5 -373 -20.9
4 -34.9 -18.4
3 -238 - 93
2 - 44 + 7.5
1 + 25.1 + 39.2
Eq (4.2a) 5 - 455 - 257
4 -143 - 24
3 + 7.9 + 18.3
2 + 26.8 +45.9
Eq (4.2b) 5 -11.2 +9.8
4 + 30.3 + 40.9
3 + 60.0 + 68.5
2 + 85.5 +106.2
Eq (4.2¢) 5 -24.9 -7.8
4 +13.4 +21.2
3 + 40.8 + 46.6
2 + 64.0 + 81.4

14
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Table 3.
The standard free energies of
reactions between f"-alumina and Na,S, (M)
with impurity contaminations
Equation# b (4,G%400c (A,G%)350¢ Unit
(as in Na,S,)
Eq (4.4a) 5 -458.7 -456.6 KJ/mol.O,
4 -456.9 -455.6
3 -456.1 -455.5
2 -456.7 -457.5
Eq (4.4b) 5 -408.2 KJ/mol. O,
4 -410.4
3 -415.7
2 -428.1 :
Eq (4.4¢) 5 -385.5 - KJ/mol.0,
4 -388.8
3 -396.6
2 -414.3
x (8,G)400c
Equation#
_ KJ/mol.H,0 KJ/mol.g" KJ/mol.O,
Eq (4.5a) 5 +91.1 +19.2
Eq (4.5b) 5 - 752.3 - 376.2
X (ArGa)4OOC
Equation#
KJ/mol.CO,/H,0 | KJ/mol. O,
Eq (4.6a) 5 - 1529.0 - 254.8
- 4 -1171.9 - 260.4
3 - 8243 - 2748
2 - 485.7 - 323.8
Eq (4.6b) 5 - 3070.9 - 383.9
4 - 2519.7 - 387.7
3 - 1978.2 - 395.6
2 - 1445.5 - 413.0
Eq (4.6c¢) 5 - 1374.1 - 400.8
4 - 870.0 - 401.5
3 - 412.8 - 412.8
Eq (4.6d) 5 - 3515.7 - 439.5
4 - 2816.3 - 433.3
3 - 2124.6 - 425.3
2 - 1445.4 - 413.0
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Figure Captions

Fig 1

Fig 2

Fig 3

Fig 4

Scanning electron micrographs of the polished surface of the electrolyte before and

after 5-week immersion in sodium polysulfide melts with different compositions.
(a) as-polished before immersion.
(b) immersed in Na,yS, (350°C).
(c) in Na,S; (400°C).

(d) in Na,S, (400°C).
(e) in Na,Ss (400°C).

(f) immersed in pure sulfur (350°C).

Sintered surfaces of the electrolyte (same experimental conditions and arrangement

as in Fig 1)

SEM micrographs of the polished surfaces of the electrolyte before and after 5-
week immersion, at 400°C , in Na,S5; melts, with or without impurity contamina-
tion.

(a) as prepared before immersion.

(b) dry, uncontaminated samples immersed in pure Na,S; (without impurity

contamination).

(c) dry samples immersed in Na,S; with stainless steel (Fe-Ni-Cr) and gra-
phite felt (C).

(d) dry samples immersed in Na,S; melt with an oxygen atmosphere of abou't

100 torr.
(e) wet samples immersed in Na,S; melt.
(f) samples exposed to moist air for 1-week before immersion.

Sintered surfaces of the electrolyte (same experimental conditions and arrangement

as in Fig 3).



Fig 5

Fig 6

Fig 6e

Fig 7
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SEM micrographs of the polished surfaces of the electrolyte immersed in pure

Na,S;, at 400°C' , for different periods of time.

a) virgin material as prepared.

(

(b) 5-week immersion.
(c) 10-week immersion.
(

d) high magnification micrograph showing the detailed surface morphology after

10-week immersion.

Sintered surfaces of the electrolyte (same experimental conditions and arrangement

as in Fig 5).

high magnification micrograph of a sintered surface showing the detailed surface

morphology after 10-week immersion.

(A) Auger electron spectrum of a polished surface of the electrolyte after 10-week
immersion in pure Na,Ss at 400°C . The corresponding morphology is shown
in Fig 5 (c) and (d).

(B) Profile of the impurities in the degraded (corrosion) layer formed on the elec-
trolyte surface during 10-week immersion in pure Na,S5 at 400°C (concen-

tration of impurities vs sputtering time)
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