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Abstract: Thermal batteries are used in military power sources that require robustness and long storage life for

applications in missiles and torpedoes. FeS, powder is currently used as a cathode material because of its high specific

energy density, environmental non-toxicity, and low cost. MS, (M = Fe, Ni, Co) cathodes have been explored as novel

candidates for thermal batteries in many studies; however, the discharge characteristics (1, 2, 3 plateau) of single cells

in thermal batteries with different cathodes have not been elucidated in detail. In this study, we independently analyzed

the discharge voltage and calculated the total polarizations of single cells using MS, cathodes. Based on the results of

this study, we propose NiS, as a potential cathode material for use in thermal batteries.
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FeS;0] tfete = FataA4 MS, &=
ote d+te 7o daEJew 1
2 9loith [11]. E§F FeSy0 NiS,
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HAM7HA] Li-Si @ MS, F=279] vofy
7]Eo] Bt

&2 & A4 [6.11]. 2

ATt [12].

L-2F(specific energy capacity)<
Qo] AR AAlo E8

2 NiS; @F CoS; 22 =42 FeSet= g A
of EANsHAl 471 wiwol ¥/d= sliA ARE slor
7140l Juidez Bt Bo] o 2
S=2&rgAlo] B3t A|AHl(anode deficient
2 GAR= “7113}0“% Wl AA ¥hg
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Li-Si (Li : 44+2 wt%, GRINM, purity > 99%),
LiF (Adrich, purity > 99%), LiCl (Roickwood,
purity > 99.3%), LiBr (Aldrich, purity > 99%), FeS,

(LinYi, purity > 99%), CoS, (Cerametek, purity >
99%), NiS, (Cerametek, purity > 99%)s &=, A

)R W of=o] =Q R E ARSI
220 Z AIREE= Li-Sig & &(Li)oll

H] 3} A]

ouix] WEr Ixjgb Adbdol AAXK|Q] Az
(500°C) ZHollM= 5 g&ol A= EXsHA &

of "X org/doll xlFAoltt. 17| wiZof] FRA]
oNME =2 Ale2r oAz Az s &
e 4 Q= 2 E7|9He] F47F sh3FE(inter metallic
compounds)g 7fEste] =AM Z AMESELL Qltt.
2 gt fLaoM s AN Eo] A HEE
L(Lithium-impregnated metal foam anode)
x2 Rgoto] ARA|e] TOIMA Ax] Y=g 3

3 st ool Eslucs APANE Bustn ot
[16]. €AX]9] MR 2 AME-E]= LiCl-KCl, LiF-LiCl-
LiBr 51} Zre &E3r2AL ojv EASH ZA(eutectic
point)oflAl ==7do] FRAQ A= Yo o=

-1 O
Ssiche A

A = ESF Li o]29 Aslo]l=rrt &

Aol 9lof AbgElx 9lck.

=2 dFol= LICI-KCl &gd2. A=
LiF-LiCl-LiBr £8%< At2stgion, MS,2] 4$ %
I 2249 50 g2 JPUe stur 5
Fool 889 L DR Holxych 2 A2g ¥
o] AAE+ EF(mixing), EF(melting) L 22
(crushing)?] «A=Z 35ttt EsF MgO (Scora

purity > 99.5%)= &8d< &3l Al 224
571 9t wielg e :
Li;O (Aldrich, purity > 97%)= GX X9 94X E7]9
FeS, &=4 &AW EAste Ex=(FeS0Os FeO)o
o5t 7\11,]_4 BotxA ost U Aol M SHAS
Tk [1]. o]} o] =gt Dafsh
S A9 AE =FR1E Hsto] 27 5714 Al
Aok 2=, AsiA 2 g3l *}%Hh g2 Al
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Fig. 1. (a) XRD and (b-c) SEM results of raw FeS, and

powder processed cathode powders.
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I 1(a)2t o] & 342 &olA d=goll LiCl-
KCl (Fsl1d) ¥ MgO 2ol == Ae A &
AT E 2™ 1Ub)~(c)y AuE Bl & 3=
stolz A7be o] B2AQ FeS, B Rlo] 7Y
SPA 2ol BE AL FAT & Uk o2l ¥o| 7
9 3oz Il Y F= L IR F
g SHIah vk Qo [2]. £3F 23 1(b)o] oz
st stak(sulfur content in weight percentage) ¥4
Aog Uit 93 2 A% o) 23
% 2 HelE] Sof ojsfo] I ol Al o] Fy
Ul 2AsHE 2 HAY 4 At BUO| 222 B
23 FeS, YRR & gapu]o] AM e 52.38 wi%
ojx, AA| AAYL 52.01 wthz ZFE AT

3.1 XX M7

23 20] &= A3 ©@¥ 3 9 e Ae U
Eflidict. 19 2(a)d] =222 40 tonfo] st5o=
BPE ¢ B3lo gEe By 22 glo] H¥ol &
g S AT 4 Aok QAR FAL A K]
Aoz FREE oz dA QG [13]. 5351, 4
AAY] WA 33 F F2 AMEE All7Hplateau
1) o] FRol wet ohgol 37bx| A7|set vk
Moz Lehd 4 9irt.

FeS,+3/2Li = 1/2Li,Fe,S, (1)
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Fig. 2. (a) Cross section of cathode pellet, (b) structure of
single cell, and (c) real image of single cell.

CoSy+4/3Li=1/3Li,CoyS; (2)
NiS,+2Li = Li,Ni Sy (3)

== ¥ &= 3F0] ALIIo|A ZHR|A Hi= vl
U] 8% (specific energy capacity)2 zrzh theut

Yo} Li (1,747 As'g™l), FeS; (1,206 As-g™!), CoS,

m\l

(1,045 As-g™!), NiS, (1,571 Asg’). Z2jog 2=
& AARO FLo Allzto] gy A2tos
dol7te |Eg o2 oux] 882 1,747 Asg’
o] &fofof it

a3 30 ¥ 3% Az AR E4& A5t
UERU I} FeSy0] 749 FeS, — FeSCog Afo] Wg}

L JES) 2=(550°C)of =Estr] AVAle dAE
dol the ARl ZE & 27 . ol AN
(pyrite)o] 7HRl= FE7AQ E/do] 280z Mg o]
7] W29l Aoz Helnh. oleh= vz ApdoA &
ASHA] & NiS; @ CoSy9] d2oll= Aol |45

Hote] = AR =gshy] Hole R A9
Aol EAlshs Aoz UEdh. ol 94<

ofm n2 I
Hr
=°.L_‘4‘

Polxl NiS, L CoS,2 Aol 4ol Borgy o2
H|g}stok2 A (non-stoichiometric) AHMS,-4)o] o=

W Exjsb] gEe Jlog melnh J;AY NiS, U
CoS,0) H9o] Aol FEHMS, > MS)El: ex
FeSol HlalAq o7t &2 A(~50C)e A 5

ol

%9 rr
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Fig. 3. TGA analysis of MS, (M=Fe, Ni, Co) powders.
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o] Al rehablhty)O] UH—,— 39_0} 730] gxoo]q
J3p2 zZre m7AA AAE MX]Q AL I A
L1717 M@ A (reproducibility) QA 4888 He
o I3 2185
o

a3t Aoty 18 40] FeS,
g @Axe dsEr7t AaE UERIT Al
J7re] wWale Alhets Al (1)°] 2L “Z-phase”
o] FeS; 1&0f Li 1.5=9] #7]
stebAl ghgof osto] AT BRAXY] YAAIFolA
Mete 37 Hol 743 2&F¢Hopen circuit voltage,
OCV)t M3 2™ U (closed circuit voltage, CCV)o
2 PRt JjgzAge 2EMoz 93 U 943
AES} 71A= BAolUR] Afolo] gt Ao =m oyt
Aoz ofgfet 72 Nernst equation(SAE WA
Ao 2 Alhto] Hr.

_I

O

E°= —AG°/nF (4)

E. J. Cairns [14]& Li-Si/LiCI-KCl/FeS, A]2®9]
QAR A G DA g st IS AlNtsho
A=A = E=2.04 V, A2ZMojA= E=1.9 V, A|
3FM e E=1.9~1.62 VO Zloz Wy 35tdch 1
A 40]M9] OCVE dfzF 1.91 V HE2 £45 9t
o|2tt= 0.1V H o] Rto]7} L= Zloz wolct,

Al12rol A Lio] wlouA] §F2 1,747 As-g'o
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Fig. 4. Discharge characteristics of single cells with FeS,
cathode.

2 2od bt I3 49 A1PZe] Bu 73]
Aol AH AE 8% ke of 1,580 Asg'dl Zio
2 SRe9ch olggol ulstel AA WAl 4

8efo] A2 712 & 4 ok 0|2 Eoto] Li-Si oy
2ol AR WE EQF Lio) Agao] 100%7}
Al R AS L 2 Atk

Tk F 63] WAAPOIN 1 Aupt Ags] A
A SRl Hlee & 2 Utk ol wAAl A
9 54Ut 430 YBAMOE olRolmrke e
ojugich

oo mziat URE AEoIA ool FeS, Al
NiS;S ¥ AER AFgstel WAl AR U Ay
B1E 2astoich. 13 5o] NiS, ¥3E Abgstol

A

EN
AAks ThAl) 45ErL ks de ok
NiS, & A&3st THAQ] OCVe 1.89 Va EHEQ]
L} O]= FeSp9 42HTt 0.02 V A A2 gfoz2 N
NiS, = A7 7HAl= &detedol ot Jo=
oo Allgto]l 4= AN 9 &2 1,530
AsglQl Zlog ZAEAT. olf FeS0 F{HTh=
A2 Yo=2H NS, A&t FAA d& ALt
oA Lie] Alg#Fo] ¢ Aopdrci= 7S oujsict T
gt Al27ztol A Fero] M1pztelxe} o] ghutsls
ZrAsHACE FeS,2 A3 OAR|Q] HALQoA: A2
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Fig. 5. Discharge characteristics of single cells with NiS,
cathode.
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3.4 CoS, YIHE BHHX| Y5}

CoSy 2 A&t DX OCVE 1.85 V2 FA Y
oIt} o] FeSyo] AQHT} 0.06 V & AL groz
M CoS, Mz A7} 7HX= #Astzo]o] oJst 7o
2 g, Alko]l Sy AFAAM Y 852
1525 As'g 'l oz ZAEch ol FeSol A%

Wrl AL Zroes CoS,2 A83 DAxle] AS A
1770004 Lio] Abgapo] o Aobdchs g oo
of. E A27I0lA FeS, 5 A8 WAlAlo] %9
Ae} o] mto] FAsH Zasts HAS wn

3.5 MS; 3 x| 45TI} vl

T2 AEY WA WYL

1:]' FeSz COSZ NlSz—] 7:]1’1'% Z}

P, geM mpoz Uepyglon & YRA
W) 5 700)(@), H2(A)o 2 E7]shert.

Fujiwara [15]= =EAXME oI7} A] UEATFE o
o Alg ol gstol FHstACh

O

= ( Voe— VGC)/I (5)

Ri= AA|X3(total polarization), Voce 7i3] =2 A

20
—— CoS,-1
b —— CoS,-2
1.8 I.N“ CoS.-3
A "Ml:?"*\_ - 2
T B, — COSZ-4
SRR ., ".,\ CoS,-5
T
g i,
S 144 b
S
1.24
1.0 T T 7 T T B T
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Capacity(As/g)

Fig. 6. Discharge characteristics of single cells with CoS;
cathode.
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, CoSy,
NiS, & A-&3t DJW]QJ OCVe 27t 1.92 v 1.85
V, 1.89 V2 EAE It E35t CoS, g A5t BHRA|
9] Fd%ole ARE A7isty] Aol A7t 254 4
Aste TS UEed ol ABF WE(self
discharge)o] QJst Zloz Holth WA %x7]|9 HY=
FeS,0 797} 714 = Ao2 Lertol} A22A
oA K*Hﬂ |45H7 Bojalos s} 7<1]3J2—’:j°ﬂ/\1

=
ol rrJra}/q Kﬂl dol Bue AN HH&
o] ARE7] W&l Aoz sfAHEH.
Y352 ALst BRAY YA Al YrA
WA x7]0l= FeS, 2 A8
WEAFo] 7 & AS =g 4 Aok
A154d AZEoA Y] WREAT
FeS,0l &A= 1 F717F 3A E= U0
ZMoA BAE = Z-phaseo] 2|5t 7oz éﬂﬁ%q.
A254d oAM= CoS, 5 ALst TdR|e] YRA
ol 7P FA FAEHJT. 55|, W&ol 2,000
Asglo] golMe &7t v 4
sl sAfo] 9leg sholat
I oA e YREAZE FeS, — NiS; — CoS;9]
A= 3 3277 37 EAENY. Ao =s Hot
NiS, & A&t @9 UEAgo] 7 A2 A

o 19 do oo nlo rr =
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Fig. 7. Discharge characteristics of single cells with MS,
cathodes. Left and right are voltage and specific polarization

respectively.
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