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Effect of Cathode Materials (MS,, M=Fe, Ni, Co) on Electrochemical
Properties of Thermal Batteries
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Abdract: 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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ststd A(pyrotechnic heat source)o & Hsi%Al
S5EHA SRz SR ©dE 24
(thermal battery)= ZA|7F Batsto= d59] Ast
7 gl timAQl v]E7X|(reserve battery)2A &
A F=f719 Ader def AE=y it [1-7]. 2
AR @R (single cel)= &= &=, 22n 1
Ato]o] uA| AsiAz HdHt. = ME2H FeS,
+ F=AQ F-H(pyrite)2 #E FFo] golstof
o] XMysti, YAEAC] fstr] diZol X 7P
ol ARgE AL Qltt
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o [12]. AR7EA] Li-Si ' MS, E249] v]oy
Z(specific energy capacity)2 7]&0] Y17}
ol FAX|e dAlo &g 4+ At [6,11].
NiS, o CoS, Ze HBAL FeS,ohe ol A
EASHA] 271 diZol 42 s ARE slof

o rlo ®

=2512x10] H=E35} A|AEBl(anode deficient
A5 AAstYch WHe] HA ¢he-

Aol ojsto} AYEA stEA I3
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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%)8 &=, &
8 % I3 Fa AR2 At

=02 AREEE= Li-Si &4 & (L) vlshA
o] "w=rt IFX|gE AubAQl FAXQ] AEE
(500°C) ZHoM= +4 &ol A= EXsHA =
of AR org/doll xlFAolth 17| wiFof] FRA]
oNME =2 Ale2r oAM= Az HshAl &
Mg 4 Ae 7V 341 &et=(inter metallic
compounds)g 7fEste] =AM =Z AMESEAL Qltt
A st faod s AAEe] A HEE
2=(Lithium-impregnated metal foam anode)
25 A&sto A9 FHRA] oyA] Hes I
st sh= dofl destdthes A4EE Bastl Qo
. 9XX)9] MejA 2 AF8E|= LiCl-KCl, LiF-LiCl-
LiBr 5t 22 £3=82 ot EASH 24(eutectic
point)oflAl ==7do] FRAQ A= LYo o=
Al =l ESF Li o] 29 Astolg=rt S4sithe A
Aol 9lo] AHgel 9lct.

=3 3ol LiCI-KCl &§d2, Ao+
LiF-LiCl-LiBr 89%< A}8sldon], MS,0] ZA2S oF
= =249 TFA Og JFUZ SstuA Y
339 8§89 U B2UL HolxYch 2 A8 B
Fo Alzxe &¥(mixing), &F(melting) X 4§
(crushing)®] &A= 3ttt ESF MgO (Scora,

purity > 99.5%)= &%
57l 91z el
Li,0 (Aldrich, purity > 97%)= <& x]o] ¥}& % 7]

FeS, &2 #Wo| EAists &w2(FeS0s FeO)oll
ot A =Y det 3 A=Y A= FHS
tol E&sto] Aot (11 olet Zo] F=1 2t
gAY ARG =AS A5t 2z 574 A

9

WHAlS

FofQch &3, MR U FFo) AgEE TUL A
2

6(‘;]

Al

=

60:]

of,
1o
ojo
=.°l-£
>
Mok

u
)

ol

>

=

=,

a
o rju
glo 2

1° aju
me ey 2 He

1z o njo
e =
P
_o'ld:
%8,
in)
|«
I

B9 ol TA B4 Ans depoi.

— Raw FeS,
After Powder Processin

= Fes
(a) L LIC;KCI

A Mgo

Intensity(AU.)

Fig. 1. (@ XRD and (b-c) SEM results of raw FeS, and
powder processed cathode powders.
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I 1(a)2t o] 4 342 &olA d=goll LiCl-
KCl (Fsl1d) ¥ MgO 2ol &&= Ae g &
AT E 2 1Ub)~(c)d AuE BN & 5E=
stoj W A7he o] &E4Ql FeS; + BH| #+Y
Al 280l Bl AZ =D 4 ot oj2{st 49 #
Y APoe F=ERY 4P d= H MY &
g Zlst v it (2] ®£3F O 1(b)o] Ao ®
sF stak(sulfur content in weight percentage) &4
Ao Ut 93 2 AT ) 23
o 2 vhole] Sof ofsto] FFEato] Fpxl ol Ay
B2t Zasts 2 A% 4 99t B2 S 1

=

el

3.1 XX M7

a9 20 = =R ©H % OAR] AE ARES Y
Uit 23 2(a)9] d==282 40 tonfo] st5o=
gt g= B dHS ¥Hl +F glo] dIol A
H e AT & Q. AR YA A 37HA]
Feg FREE ez dHA ot [13]. 53], &
AR FA #F F F2 AREEE All#H(plateau
)2 &=9 S7o T2t o329 3714 A7]etst g3
Aoz Uehd £ Qo

FeS,+3/2Li = 1/2Li,Fe,S, (1)

Fig. 2. (@) 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 S, (3)

== ¥ &= 3Fo] AlEtolA ZHRA == vl
U A] 8% (specific energy capacity)2 ztzh th2}
Yo} Li (1,747 As'g™l), FeS; (1,206 As-g™!), CoS,
045 As-gl), NiS, (1,571 As-gl). Zejog o2
= Aaso] Ao APzl B A7tz
o7be WA olg olux gL 1747 Asg’
wojo} g},

23 30 &= 3F AMaY dRd Eds 24
UEIGIT). FeSs0] A9 FeS; — FeSoz Aol
+ Gl =(550°C)ol =Eetr] AMRl= &
2

A

m\l

—_
—_

ot 4z

o &

(¢]

¢

‘gol o YA A & 7F Aot o=
(pyrite)o] 7HA|= FEHO o] gFo=z ot
ASHA] e NiS; @ CoS,0] o= Aol FAsH
Hotel = AJ-o] =Estr] Ho= ¥
Aol ERfsthe ZAo2 Yrpdrt. ol S EolA
NiS; ¥ CoS;9] 7% o &

oJR| = 98 %
H|g}stok2 A (non-stoichiometric) AHMS,-4)0] o=

W Zxjeby] ThEQl Zog welch THA|g NiS, @
CoS,2] ZA9o] Aol HEHFMS, — MS)E=
FeSoll Hlald oiF =2 Z(-50C)2 elet 5

it

%S rr

Temperature (°C)
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Fig. 3. TGA andysis of MS, (M=Fe, Ni, Co) powders.
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3.2 FeS, YIS BIXX| ¥5TI}

"UQA] ZzPd02 AN E3 O A

rehablhty)O] 0j& £Q3t Zio] EAo|ct,

20 AAE AR G 2 A

e &/ (reproducibility) JA 3= ZH2

£ Fag FAloltt. 18 40] FeS, 43S A&
S gk

AFIF

O—|E‘

of AlAret x| AsEIl Adte Uehjich Al
27k0] WS Alfske Al (1)9] MAEE “Z-phase”
o oeld 9t oE FeS, 120] Li 1529 A7

stelx] gbgol ofsto Et. BAA9 YRAIRAA
e FA Hot Jigl2XU(open circuit voltage,
OCV)i} H|3]27Y(closed circuit voltage, CCV)S
2 1Rdd M3 eAge ZeAer 55 2 9=
MEZF 71X ZAAHR] xfolof 9]st Zdozx Uut
Aoz ofgfe} 7S Nernst equation(J2AE WA
Ao 2 Aol =,

E°= —AG°/nF (4)

E. J. Cairns [14]%= Li-Si/LiCI-KCl/FeS, A]AE1C]
SRR A A Ao T &gst AE AlAtsto]
A=A = E=2.04 V, A2ZMojA= E=1.9 V, A|
3T Mo = E=1.9~1.62 VQI Z1o& ¥y atyict 2
A 40]M9] OCVE dizF 1.91 V JE2 S45 9l
o|2gtt= 0.1V H o] o]z} L= 7oz wolct,

A1t A Lio) BlouA] &2 1,747 Asg o

Voltage(V)

2000 3000 4000

Capacity(As/g)

0 1000

5000

Fig. 4. Discharge characteristics of single cells with FeS;
cathode.

2 gA Qed 17 49 A1pzto] Bue g3t
Mol AR MY 8 e oit 1580 Asg 'l Ao
2 EREQIh ol2gto] ulated Alx| WAl A
g3go] A AS & 4 9irk o]F Folol Li-Si gt
oA A1 B 5QF Lio] AREEol 100%7F &
Al g AE g 2 AT

EQF & 69] WRAIFGONA 2 Autrt JFs] AHA
WA B0l =S & 4 At ol TAA AA
W 54987 4980l Aoz o|RoFt:= A2
o]o|st

ool =W AR AEjollA olflol= FeS, thal
NiS, & &= M== Argstel DX AA 3 d+
F7tE sttt 29 5ol NiS, g2 AREsto]
AAtet DAX|9) 587t Auts UERAIC

NiS, 2 H-gst @dx9] OCVE 1.89 VE F4EQ
t}. o]+ FeS;9 ALBT 0.02 V A= A Foax

NiS, A= A7 7HAl= &deteddl <t Jo=
goEn. Allgto]l g4 AN 9 &2 1,530
AsglQl oz EME|Qth o]k FeS,0 HLHCt
Ao oM NiS 2 HEF WHAY 4 Alpzt
oA Lie] AlgZFo] ¢ Aoldci= 7S Qujsict E
gt AM2pzrolA Aol AM1pzholAel 7ol ghutaiA|
ZrA5HACE FeS,2 A3 OAR|Q] HALQoA: )2
27004 Mol FAsH Holg o Nis,E X &3
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Fig. 5. Discharge characteristics of single cells with NiS;
cathode.
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SN A2RzrolAe] Fro] RtsiAl Zhas)

CoS, 2 A&t DGAX9] OCVE 1.85 V2 &
oltt. o= FeS,0] Z4HCTt 0.06 V A& Ao Zh
# CoS, Mz AHAI7E 7HA= &/det&Holl ot
2 gd"n. Allgte] Eye AFAMY &
1,525 As'g !9l Zlog S5t o] FeS,9 H¢
Hoh A2 grog2a CoS, & A&t GAXY HL2 Al
173roll A Lie] ARgaFo] o Aopith= 21 ou]et
oF. E5F AI277to A FeS, & A&t ©%

Aot o] Aol gASHA Fashs 4dE BN

orlo |o fu

3.5 MS, U4SHZ HFX| o

or

TJt Hla

g 70 ¥= 3% A8F TR WHE st
£ H|usto] YERJQICE. FeS;, CoS,, NiS;o] ZAuts 7t
2 ARA, F2A oo s UEpRlon] & WRA
&< v (W), 51210)(@), M2 (Aa)o2 ®7|5ITt

Fujiwara [15]+= BARF A7F Al YREATS of
o] AlZ o]&sto] EFAstAlTt.

ul

= ( Voe— VGC)/I (5)

Ri= A A A& (total polarization), Voce 7182 A

20
] —— CoS,-1
e —— CoS,-2
18- CoS,-3
——— CoS4
S 1.64 COSZ-5
T
(@)]
3
>o 144
Ny .“N
10— y T v
0 1000 2000 3000 4000 5000
Capacity(As/g)

Fig. 6. Discharge characteristics of single cells with CoS;
cathode.

opgal 5 587

A, Veer H24Y, 1= AVHIROIH. FeS,, CoSs,
7

NiS,& Agst AR OCVE ZHZF 192 V, 1.85
V, 1.89 V& ZAHAT. EIT CoS, g A&t TAIA|
o] deole ARE A7kl Aol A7t =24 A

Aok FFE HEUAET ole APF WA(self
discharge)ol| oJgt 7oz HIth WA X7 A=
FeS;9] A7t 7 w2 AC=2 YEgoy A254d
oA HA7F S 45 "ol o= Qlsto] AI3S4dofA
& 25 "AY7t s 5= A
o ®=gh Al1EHdo]l Ede AAY
T ¥I3F 25 vRst Ao=w SRQIEY. o=
FHEEAARCR HAAEH HR9 Fe = =2
ol TetA AllSAdo] Eue AlFAS] BHA

o] A

2

ot 19 glo oo mlo r|r

oX
fu)

7] Wil Aoz s

&3t TR WA Al WEA
. Ho}ﬁ —7‘—'(—7]01]‘_\:' FeSZ% 510
Aol 71 & Ae 98 £+ A
A= o] YWieAFS Nis; — CoS, —
FeS,0] A2 1 Z2717F 3A ERFHUAH. o]+ Al
oA AAdE= Z-phaseo] 95t 7oz siMEct
A25d FroAe CoS, 5 A8t W9l YHA
gol 7V A BAEEUY. &
Asglo] ol 27tof| yRAFo

she @il Ag

o
i)

Rl
)

Aok 271
A 27] A3
NISZ i COSzg
HA. AAAo= Hof
yrAgol 71 Ae 2

fu
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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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NiS, &= AMa+=
A0l x}ol7} IX] Ao} FeS,
o x

ol ATANL FIEUC] EFMS, M=Fe, Co,
Nijol o}2 QHA|E WA WHENS BAstoct
FT 3EU Felstel YHWAE TAAS 2T REA
Aeloz AAStET 1 A ¥ AR AXNSA,
25tEe] S0l T2 WS AolS AU 9
A AT 5 Uoick 1 Auks oreat o

S, NS RHGe FeS,2 A8F WA} AP

EWC0 NiS;, CoSz9l &A= WoPRth. a4, All=
AolA FeS, 5 A&t TBAA A7t 7 =0
WREAZ2 7P 2ot AR, Al25dolA FeS,
CoSy g A& TAAIY A7t g4 BoljAls o
gelstd ot NiS; s

)

¥e Hg3 ORAlE gush
Zastedct. Cos, 49 M2RMo] Bih 2y YR
Aol #7soz A Stk dge =R
2 9otk WA, A3ZHAA CoS,2 AEF TAA
of Mgivt Jbg Worou] YRAFE sy A 57t
sioict. AEMo= NiS,2 A8F UHAL FeS,2
Mg3t DRxlo] ws] 5o Atolst A e Ao
2 Hof NiS;= FeS,& 544 5% 2 S84 59
SEolA O 4 A ¥F a2 Yo
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