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A Fundamental Characteristic of the Rechargeable Na/S(IV) Molten Salt Cell
using 3 ”-Almina Solid Electrolyte

Kazuyoshi SHIMAKAGE, Mitsuhiro SAKUMA *, Shigeo TODA and Tadao SATO

Abstract

Recently, the development of new rechargeable cell has been interested in the load leveling of an electric
power and the use as an electric automobile power. In the current investigation, the fundamental characteristic
of a rechargeble sodium/sulfur(IV) molten salt cell, which was previously developed by G. Mamantov in U. S.
A., has been examined from the analysis of the charge-discharge curve. A laboratory cell was made of pyrex
glass containing £ “-alumina solid electrolyte. The experimental results obtained were summarized as follows:
The laboratory cell constructed could be continuously moved for 3 months at the temperature of 473 K. Two
plateaus giving stable electromotive forces were observed at the discharge process. Electromotive forces for
the corresponding plateaus were thermodynamically based on chemical reactions of cell. The average voltage
was high above 3.5 V for the first plateau region. The charafteristic of cell such as energy efficiency, energy
density and utilization of sulfur was to depend on the current density at the discharge process. The perform-
ance of cell was also considered to be affected by the ionic conductivity of soild elecrolyte. The cycle number
of the charge-discharge was above 175 and the final dischange capacity was about 21.2 Ah.

1. #

)

FEERE OB A BREOEELIC Y, MHTRENFESEAL, FEHLBKHOBME
EMENEDOTEELPMBEL 2o TEBY, COAMOFEILE I A720, KRAKAMERA
HEELBNEB I AT LOREMNED LN TWAE, B, BREENRE LTRBEIhTWS
REW R S DIHKEENH L, Lo L, TOFEIITEFRIE L2 H#ld D) 2 ICH b
B LW LR D OMOFEIZEAZMEORVHT VAT LHFROLNT WD, FrLWENE
BARE LTI, BIZEVL AR, 754 - KA -, EMER, FEEmL EVREFENT
VB, T HENIC L 2 EHERI, BRI, BRE, Bz b, REEORLE

k®ﬁﬁ®%/17AkLTW%WWGT%ﬁﬁébbfmwt@ﬁéhfwénop@%
B S, AR CIEIHRERE L TER SN T2 Na/SIV)FRUEERZ/ER L, 204
*  JLHEE K TEMAR (2R LEH)




B o® R Eem M % EeE B & M- o om %
‘ri IDWTHINT, &8, COBMDFRESBBELII OV T EZE O~ AT TIZHE LTV D
o FLCOBRDOWHOMFIEKE, 7+ —K% G. Mamantov OHFRZ PR T Y,
2. B @

2.1 EBRILERIS
BMA TR 2ERLEREIR, 14y OBRLFMBIY B 0522 22 M LIz £ 2R
DRSRDE ) IzEb S YT,

HBBUE
BE N
First step 4Na=4Na "+ 4e¢ (1)
&
Second step 2 Na 2 Nat+ 2e (2)
N
N e B
First step SCls™ + 4 e%§8+ 4 Cl (3)

WE
4Nat (Ef) = 4Na®* (IFHR) (4)
TE
BREWRXEMAGDLELZ LIZENERSELNS,
wE
SCls*+ 4Nat+ 4 e%S-l- 4 NaCl (5)

(B3)B L UE)XDIISIE SCls™ 1 F ¥ DEEWD 720\ FEPER A 751 THATS 2,
Second step (EEMERIES)

BE
S+ALCl, + 2 eEAlsCHAlcu‘ +2C1° (6)
+ B +
2 Na (ﬁ@);;ZNa (1EA®R) (7)

B E(MNRNEMABEDELZ LIZL YRR AELNS,
WE
S+ 2Na®+AlLClL, + 2 eg AISCI+ AICly ™ + 2 NaCl (8)

(6)3 & VBRIt 3B AR+ TRe = 2,
O E@RDFISTHEB L Cl A 4 VI3 AIC, 44 ¥ B L, ALCL,™ 4K+ 2,
Second step (HEEEMiAmRiE )



B7-7 V3 FEAREMRYE B H V7 Na/S(W ) B RE Bith 0454

WE
S+AICL + 2e==AISCl,"+ 2Cl~ (9)
FE
+ Ll +
2 Na (ﬁ’@)gZNa (IFAR) (10

O LAROMASLEL I LIZL VOB LN S,
BE
S+ 2Nat+AICI, + 2e gAlsc12—+ 2 NaCl ay

(9)B L R e 3 E RN ERIER TR Z 4,
B EB)R, X EFHAELELI LIZL D1, YAIELNL,

WE
SCl3*+ 6 Na* +ALCl, +6 egAlSCH- 6 NaCl+AICl, (12
+ + - e - :
SCl3™+ 6 Na” +AICly +6 egAISClz + 6 NaCl 13

(1250 MR TR 0 2 DOBI TR 2ETBRCTOLEBRIGEEb L, 9 3mtkEm
Yarh O — B R L IR ENERET OB BB OREZ 2 6 BTARTOEBERE ¥ EbT. Thb
WTENOEAICH, BETFORBRIZAKRIIBLWCIREBRTET SN SClt 1 E)VE721) NaCl 6
ENOEMERE -

2.2 BREBHIVIINX-BE

2 D OMEBEI ST HIERER ), (2), 6)8 L VR ERASHE S L LTV

I a-BbF P T ADBREAVSZ EIZE 5 TESLNEYT,

BB

SCI3AICI4+ 4 Na=S+ 4 NaAICly 14
5 BRE

S+NaAICly+ 2 Na=NaAlISClz+ 2 NaCl 15
SRS

SCI3AICl4+3/2A15Clg+ 6 Na=NaAISClz+ 3 NaAICls+ 2 NaCl 16

B EE (Open circuit voltage : OCV) L HEmARB L T AV F—HE 1198 L ORI
DWTEHE SN,

HBROCV =4.35V
REHE =126.8Ah/kg
I AVF - =552Wh/kg

BTBRMIOCYV =2.75V
RERE =63.4Ah/kg



WeOR M OE-W M Ok BR-F OB % M- B OB %
TANF—FRE=174Wh/kg

N . Tungsten wire
ELANF—FE=T26Wh/ke
HmAREL AV -FEIZL -T2 L

T, b, BRBLUEEREBRVNE
BREIIBTLEDEOERE,SFHE SR
%o

3. EBAHE (

3.1 it
KB % AT - 2B OHEE ORI % Fig 1 Sulfur + AICI+NaCl salt
VRS ER L 7-Eith 13442 20mm, 2 &
#1190mm O Pyrex Bt L THh 5, B S T—_ f-alunina
LUCEBOBEBIZIZY v VAT Vi % fH '+ Tungsten mesh
L, RERICE0A y L 205 v 725> 1
REWES V727 U RICHBE LAY ¥ Sodiun
2o FFERD B"-T7 IV 3+ 2 — 704l
ISR MUY 2%, AN IZTEERA
& AICI3-NaCl (49.8-50.2mo1 %) i
BEEEAL, TNEIFET (10 Torr) THEH L7z B7-7IL 3 513 NaO+ 5 ~ 7 Al,03 D
LR A/ TS Na" o+ L BEKRTH D, ETHEW LR L VD, KREBRCTIERE L
LTERT 20T, Bl e BRE 58T 2L — 5 L LT ORE #7070,

BB, FHLELLTR"-7IL 3 F12900°C T 3 HEEZ/ A L7~ QDEFHLZ, 725
7' AT 2 #RiE NaOH25%, NaNO210% DK CEMBFEE %477 1>, BRALRIE 2 HLD R 72 8 0
ALz,

B7=7 v I F13KE Ceramatec # D ALM-1-2182-14 Grade A (54£10.5mm X £ % 100mm X &
& 1mm) AV, B7-7T IV IFONMB & DI DERER I Z N 219 2cm, 23.9cm? TH -
72

HYE L LTA A 70.144g, AICIs-NaCl  (49.8-50 . 2mol %) REE6.70g A L7,
AlCl-NaClIREROERIL -7V I FF 2 — TORMES L VREHOTE poisE L, 1 +
VOREIXFOXS4 (Z 0&HIE 4 X 96500 X 0.144/32.064 = 1737C) % THE L 7= & X |-
AICl3/NaCl=67.8/33.0127% % & 5 IZFHEIC & 5 TikE L 7=,

SORMOEE & |2 It step T120.482Ah, 2nd step TI30.241Ah TEE0.723Ah Th 5,

Fig. 1 Laboratory cell.
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Fig. 3 Galvanostatic charge-discharge curves at sev-
eral current densities at 453K.
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Fig. 4 Galvanostatic charge-discharge curves at sev-
eral current densities at 473K.
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Table I Typical parameters for Na/S (IV) cell No. 1*

Current*™|Averacge voltage ([V]
Cycle density Open circuil
Temp.| No. [A/m?] Discharge vollage (OCV)
Charge (v]
ch bcC 1st 2nd
13 2.5 5 3. 95 3.79 2. 61 4. 11
29 5 10 4. 28 3.46 2. 43 4. 05
21 7.5 15 4. 26 3.22 2. 24 4. 10
453K 25 10 20 4. 31 3.07 2. 04 4. 02
16 12.5 25 4. 35 2.86 1. 95 4. 07
17 15 30 4. 37 2.60 1. 86 4. 04
27 17.5 35 4. 54 2. 31 1. 72 4. 05
42 2.5 5 4. 08 3.88 2.95 4. 33
32 5 10 4. 15 3.69 2. 72 4. 21
35 7.5 15 4. 31 3.41 2.47 4. 27
31 10 20 4. 32 3. 34 2.43 4. 19
473K 41 12.5 25 4. 31 3.11 2. 1°3 4. 23
33 15 30 4. 38 3.009 2. 05 4. 23
38 17.5 35 4. 33 2. 88 1. 80 4. 21
34 20 40 4. 35 2. 78, 1. 76 4. 20
43 22.5 45 4. 34 2.69 1.79 4. 18

% Initial composition of positive mix : AICIs-NaCl(49.8-50.2mo1%) 6.70X 10 °kg and sulfur 0.144X10"°ke.
#+ Current density based on the inner surface area of 8 "-alumina.



AVERAGE VOLTAGE / V

AVERAGE VOLTAGE / V

s A

™
-2

HeBE MOk E-F

23

*

Ist PLATEAU

MS-11-87
453K

PLATEAU
|
O 9

___\_0
. |\\\\‘\\

~—— DISCHARGE

\ |

9\

0\

o

\

\—

o
o
| O~

|
(o] |
\
8\9\

10

15 20

25

30 35

CURRENT DENSITY / Am?

Fig. 5 Relation between the current density and the
average voltage.

l |
Ist PLATEAU
| I

| | MS-11-87

CHARGE

473K

0

8 _p—0-—ao

e

—0 !
\D

2nd PLATEAU

T e —

U~

| H>~—np
1

DIISCHARGE

0——q

10

15

20 25 30

CURRENT DENSITY / Am?

Fig. 6 Relation between the current density and the
average voltage.




B7-T IV 3 FEREMRE £ REICH V72 Na/S(W) @ aiE Eith 04

4.2 Tt BEHT DIEM

12O0F « WE A 7 MBI AEORENTOEIMOEIL % Fig7 IIRT, REBEIZBIT
HEMOBEIISEIIBEIMOREAIKE L, L, HEBETIEE—DBEBICHL HEZ
DEBE~DOBIEI BV TR O RO S b, TEEIIIB T A IO 2807 8
S EMRE TH D AlCI-NaCl REET O Nat A + V EBEABIT L, BEEOBEEIEKT
FTHIECERT 0L E LYY BEBRIZBT 2RO BLIIEWE TH S+ O]
ROBILIEET 5 b DR BYY,

BEBLVOERBE 2L SEHEOEBRO RENT OEILOZEAL % Fig8 1T T, Eithd
7 - MEARICB TS RET OGN Fig?7 L FELREBLRL, REBLIVEREEL RS
CCLEE L 2N LRSI NS,

P, TITRENVOEILE L0, ZOMEIZIEEMOERZIT TR, B-TIVIFR
AICIz-NaCl IRAHEDEINE D FEATVWDBELEEZLNLEDNLTH S,

I i I [

01— © CHARGE MS-11-87] —
D1SCHARGE

81— ° 453K —

6| T -

4 B

9 -

0

—_—

(ELL RESISTANCE / 10" Qn”

5.0 |- 1
- CHARGE 10 A/m*(0. 01924)
: 4.0~
<30 S
2.0] —_— | ' S
DISCHARGE 20 A/m(0. 03844)
10 | I | | |

0 1 1 3 4 h b 1
NO. OF COULOMBS / 10%C

Fig. 7 Variations of cell resistance and cell volt-
age during a charge-discharge cycle.



s OR O E-R M ot R-S OB % M-o# B OB ok

NE
<2 T I |
o 10 |— 0 CHARGE MS-11-87]| —
E 8- O DISCHARGE 473K —
IR -
é 4= C\D\D—(} —
82 - -
= T

5.0 |- CHARGE 15 A/m®(0. 02884A) N

VOLTAGE / V
I I

2.0 |—]—— l l ‘ !

DISCHARGE 30 A/m* (0. 05764)

L0 : l | | r | | l

' 0 1 2 3 4 5 b 7 8
NO. OF COULOMBS / 10%C

Fig. 8 Variations of cell resistance and cell volt-
age during a charge-discharge cycle.
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Table I Typical parameters for Na/S(IV) cell No. 1*

Cycle Current“ Energy Enersgy Utilization
Temp.|No. density efficiency|]density of S (IN)
[A/ m?] (%] (Wh/ kgl [%
13 5 85. 5 132. 5 43. 2
29 10 78. 6 101. 7 41. 9
21 15 69. 3 92. 1 30. 2
453K 4 20 68. 8 78. 1 24. 8
16 25 59. 4 64. 8 22. 8
24 30 50. 6 36. 1 16. 4
28 35 42. 9 27. 4 12. 4
8 40 35. 4 8. 3 4.1
42 5 86. 1 178. 9 48. 4
32 10 81. 3 160. 3 47. 8
35 15 77. 0 155. 1 46. 6
31 20 71. 9 130. 8 42. 8
473K 41 25 62. 7 107. 1 36. 3
33 30 58. 2 85. 6 30. 3
38 35 56. 7 79. 9 29. 5
34 40 47. 6 68. 2 26. 4
43 45 44. 5 62. 5 24. 6

VOLTAGE / V

*

Initial composition of positive mix :

A1C1s-NaCl (49.8-50. 2molX) 6.

Current density based on the inner surface area of B"-alumina.

5.0
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3.0

2.0

1.0

70X10"°kg and sulfur 0.144 X 10 °kg.

NO. OF COULOMBS / 10t

Fig. 9 Galvanostatic charge-discharge curve.

11

| | | | | | | |
MS-11-87
' 45 3K —
CHARGE 5 A/n*(0. 0096A
/0. o036 1
Laosy _
DISCHARGE 10 A/a®(0. 0192A)
|
83.7Wh/kg | 18.0Wh/kg
] | J | | ; | 1 l E
0 1 T 3 4 5 & 1 8 9




s ¥ M E-me M Ot RS OB K K- B oL %

T T T T T T T T
501 MS-11-87
47 3K
CHARGE 5 A/m®(0.0096A)
4 0” 32 i
_ L
:; DISCHARGE
< 3.0~ 10 A/m? (0. 01924A)
= 3
2 |
2-0 — § |
104.3 Wh/kg i 56.1Wh/kg j
| | l l | | } ! | | | |
1.0 7

0 1 2 3 4 5 b 8 9 10 11 12
NO. OF COULOMBS / 102

Fig. 10 Galvanostatic charge-discharge curve.
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Fig. 14 Average voltage and percent utilization of sulfur
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