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Abstract : Sodium sulfur (NAS) battery is a high energy storage system (ESS). These days, as the
use of renewable green energy like wind energy, solar energy and ocean energy is rapidly increas-
ing, the demand of ESS is increasing and NAS battery is considered to be one of the most prom-
ising ESS. Since NAS battery has a high energy density(3 times of lead acid battery), long cycle
life and no self-charge and discharge, it is a good candidate for ESS. A NAS battery consists of
sulfur as the positive electrode, sodium as the negative electrode and 3"-alumina as the electrolyte
and a separator simultaneously. Since sulfur is an insulator, carbon felt should be used as conductor
with sulfur and so the composition and property of the cathode could largely influence the cell
performance and life cycle. Therefore, in this paper, the composition of NAS battery, the property
of carbon felt and sodium polysulfides (Na,S,, intermediates of discharge), and the effects of these
factors on cycle performance of cells are described in detail.

Keywords : Sodium sulfur (NAS) battery, Energy storage system (ESS), Carbon felt, Sodium polysul-
fides, High resistance layer
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Table 1. Batteries for energy storage system
Redox

Items NAS Lead ZincBr
Flow

Temperature (°C) 280~350  5~50 40~80  20~50
Voltage (V) 2.08 2.0 1.4 1.8
Efficiency (%) 85 85 80 80

Theoretical
energy density 780 110 100 430
(Whikg)

Auxiliaries Heater Pump Water Pump

Self-discharge No Yes Yes Yes
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Fig. 1. Tubular unit cell (a) and module (b) of NAS battery.

93 olAL ez 4T AT WIS PN
718k wkgo] LoluiA] Hrk. o714 kT 1
Ef SRS QP sk BrATIE R
BI} A7) AR 2 wAses g A
A AL kD

2.2. NAS ®X[o| =5 22|

NAS A= JEFT o] A7|gstyes vy}
o TRIBPERS dAdsPar 2ssiA dot. Ao] 1
e ) WY YEFS TAREEAL] pLFrUE 5
3 o]&3la YEFT B -LFHL] AlddA Akl
o] YEF ol&Ma"e| FAETEES2] (1)). UEF ©]
22 BLFIUE B3l Y50= ofFslal vk (2)
o] o3l AAE Sol2d Hkgsle] UREFS
s BokEke-2 (3)). aE)a o] A HH
78RS 9 wESo] dojupA] URsERE &
A BallEl YEFelee 2502 HEol 7.

2Na — 2Na'+2¢” 1)
xS+2e =S, ®)
A WS- 2Na +xS <> Na,S, 3)

NAS Zx)e] MHEA(}E 350°CoA 2.076 Voltt.
13 e Alele] BAIE Fig. 200 UERASL
. FEelM ARE HEISMEFNaS)e] A W
o] Aejof] wel ZeiRich WHo] 60% 3 = o)
A 718 gl ARSI F=2 3 NaSs
T dog 4 Ha, do] ¥ sk Hd =
ke JEFT Wk33la] Na,S(x<5)9] ©ds
JatA Ho, SdidellA i dElel 71 ([
Atele] Al x7t FHAsl w5 o] X8
H4E ke Aoz Ak, ko] 1.78 vt
A 78 2 W, Na,S:] tRIsERe] ARo=
T Aol TS NaS,2 WA 7]xdgo]

N

o

)

fn o 3

ofl

Sodium electrode

Heat insulated
container (upper)

Dry sand

Heat insulated
container (Lower)

Main pole

Electric heater

(b)

2,076 V
r
20
S 18 1.78V ™\ 1.74V
Q
(=2}
]
= 16
o
>
14 |
, , Najs, Nfzs‘ Na;s; X ,
0 20 40 60 80 100 120 140

State of discharge

Fig. 2. Electromotive force change of the sodium sulfur
cell at 350°C.'"
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Table 2. Transition temperatures of sodium polysulfide
mixtures'?

Mole ratio of sodium polysulfides S Transition temp.
Na,S, (%) Na,S, (%) NaySs (%) (Wt %) (°C)
100 58.3 475

10 1 60.3 465-468
6 1 61.4 461-463
4 1 62.5 428-430
3 1 63.5 398-400
5 2 64.1 368-370
2 1 65.0 325-329
5 3 65.7 303-305
1 1 67.6 255-258
1 2 69.8 268-270
1 3 70.9 270-273

1 4 71.4 285
100 73.6 273-275
4 1 74.4 265-269
2 1 75.1 247-250
1 1 75.8 235-238
1 2 76.4 242-244
3 3 76.6 249-247
1 3 77.0 252-254
1 6 77.2 240-238

100 71.7 258

Table 3. Density and surface tension of sodium polysulfides
at various temperatures

Temperature (°C)
450110 400 350%10
NasS, Density (g/cm’) ) 1.678 1.776 1.827
Surface tension (dyn/cm”) 130 134 136
Density (g/cm?) 1.669 1.728 1.754
Na,S;s

Surface tension (dyn/cm?) 114 116 121
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Table 4. Physicochemical properties of sodium polysulfides and sulfur at 350°C'®

. PN Density Viscosity of melt Conductivity Surface tension
Melting Point (°C) (g/em®) (cPoise) (/Q - cm) (MN/m)
Sulfur 1153 1.66 500 107 46
Na,Ss 258 1.86 18.6 0.39 114
Na,Sy 285 1.91 18.0 0.48 127
Na,S; 235 1.87 18.5 0.69 172
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Table 5. Raman Spectra of Sodium Polysulfides'

T (°C) 1

v,cm-
B-Na,S, : polycrystalline (mp 484°C)

—-135 27(0.5,2),a64.5 (3,2), 134.5(3,10), 442.1
(0.2,2) 451(10,5)
23 63.5 (4,5), 129.5 (3,20), 450.7 (10,15)
Na,S; : polycrystalline (dec pt < 100°C)
25 238 (0.5, 15), 458(8, 10), 476 (10, 20)

Na,S, : (a) polycrystalline (mp 292°C);
(b) Glass; (c) Aqueous; (d) Molten
25 (a) 48(1,2), 83(1,3), 97(1,2), 15191,2),
171(1,4), 206(3,12), 239(1,15), 440(2,9),
445(10,3), 468(2,9), 484(4,6), 876(0.1,
16), 883(0.1, 8), 924(0.2, 14), 935(0.3,4),
962(0.1, 16)
(b) 222(1,29), 267(1,22), 446(10,26), 476(3,
17), 487(5, 17)
(c) 144(<1, 103), 194(2, 44), 256(2, 54),
410(6, 41), 446(10, 21), 484(6, 52)
356 (d) 396(2, 62), 445(10,9), 484(9,84)
Na,S;s: (a) polycrystalline (mp 256°C)
[a(stable); B, y (Metastable)]; (b) Glass
25 (a) (o) 103 (3,5), 135(2, 10), 214(2, 10),
266(2,11),391(0.5, 6), 444(10, 7),
488(3, 12)
(B) 75(0.5,4), 82(1, 7),95(0.5, 5), 121(1, 4),
139(1, 4), 187(1, 8),208(1, 44), 275(1,
21),419(1, 13), 444(10.,9), 449 sh(4, 8),
484(3.5,7)
(y) 209(2, 7), 280(2, 11), 427(2, 15), 227
sh(6, 7), 451(10, 4), 479 sh(2, 6),
485(6,6)
25 (b) 200(<0.5, 10), 275(0.5, 10), 410(5, 15),
444(10, 15), 480(4, 10)
* The first value in parentheses is the peak intensity relative to

a scale of 10, and the second is the estimated half-bandwidth
imcm-

X0

AT

>

1 1 L 1 L 1 1 T T |
o 50 100 150 200 250 300 350 400 450 500 550
TEMR °C (CHROMEL/ALUMEL)

Fig. 3. DTA curvers for (A) pure sulfur, (B) Na,S,
anhydrous, (C) Na,S,, (D) Na,S,, and (E) Na,Ss.2”
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Table 6. Physical properties of carbon and graphite felts

Charge and discharge (%)

Fig. 4. The cell performance with three different sulfur
electrode matrix materials; RVG of graphite felt, RVC of
carbon felt and VMA of carbon mat.>”

Average thickness

Bulk density Porosity  Specific surface area

Material Company Type (mm) (g/em’) %) (m*/e)
Graphite felt Mersen* RVC 1000 1.2 0.11 95.0 1.47
Graphite felt Mersen RVG 2000 35 0.06 97.3 1.62
Graphite felt Mersen RVG 4000 9.0 0.10 95.5 1.60
Carbon felt Mersen RVC 1000 1.3 0.10 95.5 0.627
Carbon felt Mersen RVC 2000 4.0 0.06 97.3 -
Carbon felt Mersen RVC 4000 10.0 0.09 95.7 0.475

GF Carborundum Co  GF graphite 6.3 0.07 97.0 0.628

CF Carborundum Co  CF carbon 6.3 0.07 96.8 0.482
Graphite felt '® - PAN base 7.7 0.17 90 -
Carbon felt '® - PAN base 2.4 0.07 96 -
Carbon felt '® - PAN base 8.0 0.19 90 -
Carbon felt '® - Viscose base 5.4 0.1 94 -
Carbon felt ' - CH 2.5 - 90 0.88
Carbon felt ' - CH 1.75 - 86 1.1

* old: Le Carbone
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Table 7. The effecting parameters of carbon felt on NAS cell*"

Items value Effect on NAS cell
X-ray crystallite size 1.3 nm < 1.3: conductivity of carbon fiber decrease
Fiber diameter 6~20 pum < 6: electrolyte flow reduces
2> 20: repulsive force rises and carbon powder can be generated
during cell fabrication
Felt thickness <40 mm 2> 40: difficult to increase fiber array rate and not easy to punch

Bulk density 0.08~0.15 g/cm’
Repulsive force 2~4 kg/em?
(when 50% pressing into thickness direction)
Specific resistance <0.11 cm
Fiber array rate 30~50%

with needle

< 0.08: specific resistance increases

2> 0.15: electrolyte is difficult to migrate

< 2: easy to be make gap inside cells during cell fabrication and
cycle test, inhomogeneous electrolyte permeability and
decreased charge-discharge efficiency

2 4. difficult to press felt when cell fabricated, generation of
carbon powder after fabrication, decrease cell performance
and damage electrode materials

20.11: cell charge-discharge efficiency decreases

< 30: decreasing of repulsive force into thickness direction, bad
electrolyte permeability, decreased charge-discharge
efficiency

2> 80: cutting of carbon fiber during felt processing, carbon
powder is generated and felt strength is decreased
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