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ABSTRACT 1n this study, the electrical conductivity of SmBa(Co1.xMny)20s+q (SBCMn) (x=0, 0.1, 0.3, 0.5, and 0.7) Solid Oxide
Fuel Cell (SOFC) cathode materials were analyzed as a function of Mn substitution in layered perovskite structure. XRD analysis
showed that a single-phase layered perovskite structure was maintained for Mn substitution amounts below x = 0.5. Additionally,
high-temperature structural stability was confirmed for the single-phase SBCMn 1.8-0.2 chemical compatibility with the CGO91
electrolyte was also confirmed. The amount of Mn substitution has varying effects on electrical conductivity. In both air and N,
atmospheres, electrical conductivity decreased with increasing Mn substitution. Furthermore, Mn substitution of x = 0.1 and 0.3
exhibited a metal-insulator transition (MIT) behavior. Mn substitution altered the specific temperature at which the electrical
conductivity of MIT decreased. The material exhibited higher p-type conductivity in air than in N, atmosphere when used as a
cathode. In addition, as the current decreased, the charge-carrier transport path shortened, resulting in higher overall electrical
conductivity. Consequently, the maximum electrical conductivity of SBCMn 1.8-0.2 is 467.76 S/cm at 250°C, which is considered a

highly satisfactory value.
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2.1 Powder preparation

FAH o2 ARES 48] 918l SmeOs(Alfa
Aesar, 99.9%), BaCOs(Samchun, 99.0%), CosO4(Alfa
Aesar, 99.7%) 718]11 MnsO4(Thermo Fisher Scientific,
97%)7t AREE T, =8-S AERt 208 5] 9
sto] 23 Al AF2i7IA] Atsto] Aegstalon], A
o w B8 vhe e Foko] oYk Ato] Holx
5 Zesele), o]% 78°C 224 244t FF A= 3}
B= AA Y= 4o 23d=e] Sl= &HE AlASI.
AzxE E4-L alumina =70 Yol air 471914 5
C/min®] HEZ 1,000°C7HA] EEEF & 6A17F 59k 13}
staE A3gstolon, dA e BHe v frd= 24t
o o} E(Samchun 99.0%, Acetone)d}t T SRl o] &
0] 108 rpm 8] HEE 24417} F<F ball mill #4-S 213y s}
STt Ball mill & AR §-, 78°C 2204 79 ¢
Z5lo] opAlES ] AlABIAL, A2 -2 alumina
L7k el ol 1,200°CY] 2= & 8ATE B2t 27} stAE
Aeatglet. #EA 0w dxeE SEe vhe U R 24

S}l 100 um mesh(CISA, Spain)Z sieving= 285}

%
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2.2 X—Ray Diffraction(XRD) measurement

/d3t SBCMn 49| A7 28} A4S Siels
7] 18l X—ray diffraction(XRD) =41 X843} T},
A )= 2024 =TT e At Y] S5 AR olhke: B
=] shItfstwef AX|E X—ray Diffractometer(Rigaku,
Japan, Smart Lab SE)E AMESISTE X—ray &4 A| &
A2 BEAof| §2)3t CBO—aE Balelglon, 22 Q3t
XAE Apsiar S US| 5745171 $18) Divergence
Beam slit= ©]-835+9th X—ray2] 20 H¥+= 10°9f|4] 90°
& AAstelon, 2.5/min®] == SAII o] 4
T} EAE 913t T2 I3 0 2 Smartlab Studio T (Rigaku,
Japan)= ©|-§-5F3It,

E3F 2% HIlo| whE 4] P ERlsh] 219
Al in—situ XRD £4& AAJsF¢ o, o]& FalA L
o] AtalEL9) 70l 4] SBCMn<] XRD el o] H3l= shelst
Ak, AREE 2442 main peak®] #2]7F WAE SBCMn
1.8-0.2 9 1,4-0.6= A=sto] 100~900°C7H| =5
FeA7I S48

F7hE Aol tigh 3kt Al gkelstr] flsiA
8 mol% yttria stabilized zirconia((ZrO2)o 92(Y203)0 0s.
8YS7) 2 gadolinium doped ceria(Ceg 9Gdo 102, CGO91)
£ 217} SBCMn 1.8-0.2¢} 1:19] H|- &2 np-fika S35t
3kod 900, 1,000, 1,100 @ 1,200°C2] &EolA QA 25}
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2.3 Electrical conductivity measurement

SBCMn9| A7 M =& Z7d517] $15te] bar—type Al
e AArekeitt, AlE A&l AR E2 2.5 g0 &
Akl g T ZYAF ARG5St
0.70 x 10° kg/m’S] & 152 59t 78lo] AR L
Z18Y5k5T}, Bar—type &8 AJ % AlH-2 air w1704
1,200°CE 3A17F 59t 2A8}0] A&kt

AZE AHe F7Fo 2 ArAEE A5S B9ls)

H

7] 9181 air B Ny 29171914 DC 4-probe 274 $41&

B4 el g ¥
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o] 83519t} 24 Av]:= Keithley 2400 Source meters
ARSI oM A HE pt—wireS YA 1HES £l ot
HEAAL L5 WeE 50~900°CR F7HAAAA &
et on 717ko] 4 2o tiste] HF M= 0.01,
0.05 % 0.1 A& A7s}3lrt.
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3.1 X—ray diffraction(XRD) analysis
3.1.1 Effect of Mn Substitution on XRD analysis

Fig. 1914 SmBa(Co1-xMny)905+4(SBCMn, x = 0.1, 0.3,
0.5 9 0.7)8] X-ray diffraction(XRD) 235 A 2|3}
T} XRD ¥4 A3} SBCMn 1,8-0.2% °F 23°, 32°, 40",
46°, 52°, 68" W 790l A AT 4= 9li= UREA layered
perovskite -] @ 31 &S FQIe 4~ glom o

; [13)
Aol FAENES & 5 AU

HH SBCMn 1.4-0.6, 1.0-1.0 ¥ 0.6—1.42] XRD 1
oflA= = 3 el o] o] 7141 o)AMY peak 7}
et A& o 4= 9ot olE 5] SBCMn 1.4-0.69] 7
SBCMn 1,8-0.29} A9 Y3t HgS Holal Q=
layered perovskite AF ©]2]of 27°, 31° U 32°0f|A] o]A}AF
314 sfjglo] WALl om, o= BasMnyOs(PDF no, 00—
023-1026) ¥ BaCoO3(PDF no. 00—052-1612)2] o|x}4+
peak® EIEQItt SBCMn 1.0-1.02 oF 24°, 26°, 28°,

Mo gL

4o nf T

® BaMnO, v BaCo Mn O,
® BaCoO, ® SmCoO,
* BaMnO;, & BaMnO,_
1.8-0.2
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5
o
g
=
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= h
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Fig. 1. X—ray diffraction (XRD) patterns of SBCMn oxide systems
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31°, 337, 38, 427, 55" W 65°0)| 4] o]} 34 sfe o] tha
AL e o]= BaMnOs-a(PDF no. 01-085—1533),
BaCoo.6Mng 403-q(PDF no. 00—053—0965) ¥ SmCoOs
(PDF no, 01—-075—0282)2] Aro & stelw|gict nfx]ulo
= SBCMn 0.6—1.4+%= 9F 27°, 30°, 31° W 41°0)| A o]|=}AF
peakE I = Q%0 E‘% ] BasMnsOss(PDF no, 01—
091-6663) 0.2 Tetsk 4= Qlt) WSt oF 26°, 56° W 65°9]
A HAEE peaks %EH BaMnOs-¢(PDF no. 01-071—
1595)9] o|AMd=Z elst 4= et

Fig. 194 ©dAo] H A== SBCMn 1.8—0.2+ main
peak”} £ &&= dAfo] BFAISIH, o]+= orthorhombic
zZz2 r&%@z"\_ Ol]:]- 1_11,_‘5‘ o];(}/kl-o] old ZXHO]'“_‘ SBCMn
1,4—0.69X %= main peak”} £&| == FATo] Holw ortho—
rhombic 22 et 4= 9lr}, §Fd SBCMn 1.0-1.0 ¥
0.6-1.404%= o]t @] 'A% A Y9ttt &, SBCMn
AbabeE A|2"lof| A @A) orthorhombic -2 449
S F= 2912 B-siteo| A= Co2t Mn2] %] &k
vl &3 Bl 2S¢ 4 9k Mne F2 Mn” 9 Mn''
o] Aksh AFR| & EA5}iL, Cots Co™ B Co'' & EAjgteh,
oo} s}t Mno] 0] HH4L 0,645 A (Mn”") 2 0.53

A (Mn'")2l ¥ Co9l o] & WEL 0,545 A (Co™, low
spin), 0.61 A(Co”*, high spin) ¥ 0.53 A(Co'") oz o+
HA 9k (10] ATA 0 F MnQ| Hat 0] HFFo] Co2] ¥
o o] WP R 7] wjzoll B—site At]o] Co FHo]
g & xAJQ] SBCMn 1.8-0.22] 7% orthorhombic¥]
DJ?—__!*J TRE PAsH= Ao B 4= e M
E3) SBCMn AtsHsE A|AH]of| A B—site A}
94 Co/Mn A} v]&of uhzbr] ©d/go] g o et 244

= ol 4= Stk &, SmBa(Cor-:Mny)sOs+a®] T
SBCMn 1,8-0.2¢1 AL-owt § A=W, orthorhombic
%% SBCMn 1.8-0.2 2 1.4-0.6¢] 75-0] A=
O yhekek 4 gJuf M
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3.1.2 In—situ XRD analysis

L2 W3lo] T SBCMne| 1122 AL E915}7]
AafA Lo 2 &A% SBCMn 1.8—-0.22} 317 SBCMn
1.4-0.6& =712 A9slo] in—situ XRD B4 AAJsH
o, ol Fig. 20 F2|= o] ok, L= oF 26" 7

4 - X0l

oA YER= peak(A)= in—situ XRD 4] A] 1] <]
alumina holdero]| &J5}o] LAYSH= peak = 1= e},
Fig. 2(a)°]l AAIE SBCMn 1.8-0.29] in—situ XRDE
Fol 27 274 AP0l AH2olN S5 XRD o
€13} 5 7o) AL, Fig, 20004 26 715
SBOMn 1,8-0,2¢] 30°9} 35°€] & 7} HATt A0
2 257} Z71go] whet XRD fjglo] Yo e 2 o)5s
= A I 4= Qi o= ARV S7tol wEbA
HEH?ESI"C A&l Fig. 2(a) R (b)E &3l SBCMn 1.8
0.2 2A0IA = AFHlo], ko] 27} A 8 Halr) s
A 947] wiizoll SBCMno] Lo Ak A% —7157} A1
H LZA ok Ao] St E Ao g TSt 4~
ESH in—situ XRDE HIEFC.2 Mno| X|3E %
WY AsS A% A3t SBCMn 1.8-0.22] A8 %+
Al 9F18.6 x 107 K 19| ZARgEe = AXket 4 ek,
o= 7]—'— SBCO AlgolA] Hare Hit2Ql dBA
(20 x 109 K Y) djB] W& 42202 Mn 0.2 mol% 2|34
oJato] Fshto] 9JAE| %S et
Fig. 2(c) ¥ (d)°fl F2]%¥ SBCMn 1,.4-0.6 E3F SBCMn

S 0
1.8-0,29H 5T E4E Uehic} 24 55 2574
@ b ey (b) ,\J\
900°C]
L L L \A
N A o 800°C ] Lo
T; [ L X 700°C )‘\Jl\ Lot
E\ . N 5 600°C ,\Jl\ evc
§ _.._,_JL_A_M_~4~_‘. el "J:“ La
- N . . e M e
; J 3 & 300°C /\J\ 300°C
a ll L o 200°C ,\J{H\ 00°C
\ L T e T
o 50 ) B
S(deg.)
© 1
S
.
£ TR .
Z \
% J\ A\ . °C f
z M
e | Jili,.i,i& 400°C | AL 400°C
:E J A x 300°C [\f\ 300
a A‘ i R e _,/\f' \ 200°C
30 5 &0 0 80 30 31 32 33 34 35
26(deg.) 26(deg)

Fig. 2. In—situ XRD patterns of (a) SBCMn 1.8-0.2 (20~80°),
(b) SBCMn 1.8-0.2 (30~35"), (c) SBCMn 1.4—0.6 (20~
80°), (d) SBCMn 1.4-0.6 (30~35°)



CGO9N ¥ Etet F HA2)(900~1,200°C)F 2-8-3F XRD
A= Fig. 30l Fjst3ict.

Fig. 3(a)& SBCMn 1,8-0,29} 8YS7ZZ E3}3}5}0] XRD
e o2 yepdll A o2, IHbAQl 8YSZ+= ¢F 307, 357, 507,
60°, 63° ¥ 74°(PDF no, 01-083-9463)°]4] 34 &<
Kol 9}, o]& i O = 9kA] E1%E SBCMn 1.8-0.2
Gt e} vkl o, 900~1,200°C2] HE &%
HeJo A th=e] o]apgo] FAJH Aol WEEITE A

(a) v SmZZrZO“
BaZrO,

v v v A Y v Composite 1200 °C

% vi v v M ) v Composite 1100 °C

A A

E]

o

s

=) Y ‘ v v Composite 1000 °C

2

2 n

= Yoy v  Composite 900 °C

£

: J}L

o) R

2| I o SheMn1so2
} \ J\ A 8YSZ
I 1 . I . I . 1 R

20 30 40 50 60 70 80
20(deg.)
()

‘ A A Composite 1200 °C
= ) l \ I\ Composite 1100 °C
‘g
5
£ h h ]
% ) A J« J Composite 1000 °C
=
2 .

. 000 °C
T:) . A AL A mn Lflﬂposlte 900 °C
2
=
= . \ \ " SBCMn 1.8-0.2
x A Py
A J A CGO91
1 N 1 N 1 N I N |
20 30 40 50 60 70 80
20(deg.)

Fig. 3. XRD patterns of the SBCMn 1.8—0.2 composite mixed
with electrolyte, (a) 8YSZ, (b) CGO91

Layered perovskite 27|=22| Co—Mn X|2t0]| L2 M7 |MEE EM

Zog oF 99° 33, 37, 43°, 53° W 62°0)|4] o|x}A} 5|4
gjelo] WhAE|QloH, o] SmyZr,07(PDF no, 01-075—
8266) 9 BaZrOs(PDF no, 01-072—-7547)2] AFo & she]
w)Qlc}, wleba] SBCMn 1,8-0.29t 8YSY, 7he] 3}5H4] wt
5] 900°C o] &= A WAYEl= AL
k.

Fig. 3(b)oll41¥= SBCMn 1.8—-0.22} CGO91S- composite
sto] XRD &S A sHqieh Ag ol ARg-E CGO91- oF
29°, 33", 47°, 56°, 59°, 69°, 77° X 79°(PDF no, 01-081—
9326)°llA 24 sjelS Kol o]F oF 337, 59" ¥ 69°¢]]
A JER= peak+= SBCMn 2| peak?} 53 %] o] YeRdct
09} 7 900~1,200°C2] BE L% 2ol SBCMn
1.8-0.22} CGO91 7H74e] T4k XRD sEl-S 741513
o o]t Aol peak?| shift@} -2 W2 A
51A] 9kttt wakA SBCMn 1.8-0.29F CGO91 E-3H=
900~1,200°CE] %= Hflof| A 3}eh4 HgdS Hol= 4
O & {kgE 4= it

w2bA SBCMn 1.8-0.2 F7]=2 SOFC A|AH]of| 28
o 79, oekA QA SHellA CGogte| B Asirtar

o J

ofr
-

o]
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3.2 Electrical conductivity analysis

3.2.1 Effect of Mn Substitution on electrical conductivity

Fig. 494 ©al4Jo] B3 SBCMn 1.8-0.29] A7)
EEg Aelelgon], Mn AT e 4] A
SBCMn 1,4-0.69] A7|AE=%=E H|wsk3lt), Fig. 404
#7138} solid symbol(Hl ¥ @) 25 Z7[A7|HA &=
3t A7 - == Aol open symbol(( % O)2 L&
(900°C)ollA E=5 HaAI7IHA ST A7 e A
olth, T 24 WA 24 A7 HEEE 300~900°C
o] 2k oA AL FUS A7 |HEE g ASS 2

SOFC2] AukA¢] A= 2w 0] 700°C2) air £-9]7]0]| A
7+ 2490 A7|AEEE FHelst A3t SBCMn 1.8-0.29+
Z}7} 201 S/em®} 85,2 S/cm @] A7 A=E 7k
o 4= 2lom Mn 2]gho]| oJste] 7|



40
12
o
=L
ro
oy
A
0o
=)
0

I
oy
0
rok

A Y oFol & Mn'T 9] 5%} Co't Rk} T
1=01x]7] o] Mn 2o F71e2 HwAdo] 58 Co''
o} Co™ Afol 9] s} WAk A=} fhaslo] WA= FAt
o a4 ek & Mn FE] F7H J5tel Mn'
o} Mn”* 27} 215} Hdo] 8 A5} path 2 2850 Mn
Tt S7NEE AVHA R A AS A 4
Uct.

F7H 0% Fig. 45 8l SBCMn 4k2l= AlLHolA=
29| F7to| wE A7 AR 9] FTIe} vt WAsh=
& A Q] metal—insulator transition(MIT)2] A7 =%
AsE Holal glom, ESH Mn x|EHe] 2]t MIT A5<]
HIR olF A4 Eele 4= Qlrk SBCMn 1.8-0.2% &
L7t F71etel wet A7 A Ew=7} S7FshE 250°C o] %o
AR} Tadl= MIT A5 Ho)a 9IX4t SBCMn 1.4-0.6
o A= 400°C 5 7|H 02 M7 A =7} 7= MIT
Aol ez 2e o 4= Uk

d¥bA o = SOFC 37159 A7|1A%E A5 AsHA
A = Q37 dolld Al &fsto] o3 AR o]FS
+ small polaron hopping A= WA 02 AyEm Aki
] M AAtE s 25, & 4kaggo] WAk =
LE 7R AVH Tt 3438 sk 54 Kol
1 9Jek P o2 Eo] LnBaCorsMno 5054 2404
300°C O]%9] & oA Aka &4lo] Wagste] Azt

-

900 400

[

AUe.

’\\

I —a— SBCMn 1.8-0.2 Airup 0.1A

0.5 -—0—SBCMn 1.8-0.2 Air down 0.1A
—#— SBCMn 1.4-0.6 Airup 0.1A

| —o— SBCMn 1.4-0.6 Air down 0.1A

1 L Il L L L L

Log|o] [Sfem]

1000T [K']

Fig. 4. Dependence of SBCMn electrical conductivity on Mn
substitution

6 - XHAolH K|

o] et ™ o] Aol A AbaTTe] F7}E Qg o]F
HASH= B ollA Co'' 7} Co”t EE Co” 2 SEEHA
A7 o] 7]tz FEY wert ol A=ert
223 Zasitt UH LnBaCoMnOsi g ARAQ}F0] AsH
o] 7}t Mno] 2|30 & oF 400°C 2] IeolA| e A
4 kel Fhavt dojuy Akaggel 37 AAlEE &
ol Ik M &, oM Andt F 7 vAUEL
Mn Z|gto] Ab2359] RS AAste] o] 2 2ol A
Stk AS oJu|gict,

ox
o |
H

] A7) A=) 7hasich, o]m) Mn x|gho] AF
tfHo g S SBCMn 1.8-0.27 H W& 2+ 5 7|Ho

B A7) A w7} H4sk=t, Mn 2]|$o] Z71gtko] what 4
2O = 1204 Abh £Ao] HPAYE]= Aoltt, o] u}
g AtAE BAO] AR 2T A5 EHA] small
polaron hopping®l] 7|9kgt A= Hh4]of xjo]7} Hhysk=
Zog kst 4= glp 10

w}2bA Fig, 404 BHelel Aab= Mn 2] gho] 2J3 Mn'*
& S/ Aot A AR Fhael 204 9] Aba
o5 B JAR Qlate] AAHQ A7HEE Fho] A
311, A7|HEEL fHadke B4 71349 2E0f 93-S

3.2.2 Effect of applied currents on electrical
conductivity

Fig. 59141 SBCMn 1.8-0.29] 917} A Fo] ua} &4
AT AIE Aokt A Fig. 4041 283k
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Fig. 5. Electrical conductivity of SBCMn 1.8—0.2 under different
applied currents (0.01, 0.05, and 0.1A)
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3.2.3 Effect of cathode type on electrical conductivity
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Fig. 6. Electrical conductivities of SBCMn 1.8—0.2 under air
and nitrogen atmospheres
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