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Ohmic A&l FaE Frt. sHARE o]F H138) 7t v 37 AB1E ol8sbAY ofe] vAle] A% 33o] 71 2 73
G2 AFR)7F SRR AElE BT she dTtells APk gtk 2 Aol fleh 22 EAINES
Sdst7] 218t 48 Al 7IHEe] NiO-YSZ A58 A7 5 7t &3 v 9 d57IeF 48R 9329 (di
coating) 3795 AREsto] AN TEEL Mgt ¥4 71N 14E RIRAE AEEeith As=e] 71EES Y
A ZA AREEE 7L E2(CB, carbon black)®] H7F(10~20 wi%)?} #E AA2%(1350~1450 °CyE W73t
W AofelGiar, YSZ A 79 v s BeEs £ I EUEH(YSZ, 1~5 vol%)ys Alojste] 2 gh
wtelko] AafdS FasluAl slith 1 A9 Ni-YSZ gl HA9 ghow 2 Azl 40%2) 785 7R &
AL 15 wt% H7Iekal HFE AALES 1350 °CE Ao 24 A8 4= 9ot} G2 F8 S 3 YSZ 571 2~28 um
7R A7} 7153, 3 vol%e] it ERkoll ] X Wat Hald wjAlTZrF YAEIT HTHOR 40%2] 7EES
Zh= Ni-YSZ 9183 20 um T8 X193k YSZzA A, LSM-YSZ 371= 02 A9 w9 A X = 800 °Coll A
1.426 Wem™?e] 578t 452 A& 5 Uit
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Abstract — The performance and stability of solid oxide fuel cells (SOFCs) depend on the microstructure of the
electrode and electrolyte. In anode, porosity and pore distribution affect the active site and fuel gas transfer. In an electrolyte,
density and thickness determine the ohmic resistance. To optimizing these conditions, using costly method cannot be a
suitable research plan for aiming at commercialization. To solve these drawbacks, we made high performance unit cells with
low cost and highly efficient ceramic processes. We selected the NiO-YSZ cermet that is a commercial anode material
and used facile methods like die pressing and dip coating process. The porosity of anode was controlled by the amount
of carbon black (CB) pore former from 10 wt% to 20 wt% and final sintering temperature from 1350 °C to 1450 °C. To achieve a
dense thin film electrolyte, the thickness and microstructure of electrolyte were controlled by changing the YSZ loading
(vol%) of the slurry from 1 vol% to 5 vol. From results, we achieved the 40% porosity that is well known as an optimum
value in Ni-YSZ anode, by adding 15wt% of CB and sintering at 1350 °C. YSZ electrolyte thickness was controllable from
2 pum to 28 um and dense microstructure is formed at 3vol% of YSZ loading via dip coating process. Finally, a unit cell
composed of Ni-YSZ anode with 40% porosity, YSZ electrolyte with a 22 um thickness and LSM-YSZ cathode had a
maximum power density of 1.426 Wem™ at 800 °C.
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A AR AR 2 A5 TE1RX 2] Ohmic A& A9
Al e 2 IS Witk YN 9 2 Ohmic A& A
a2 Ago] 7HF & vlEE Akl AT A, e
730 7 o] F0) x| i= AMAIA W (TPB, Triple Phase Boundary)2]
5, 71337 9 715E T A= nlAlgze) wet 21 gro] A%
TH3-4]. Aalde] 749 dafjd o] o] A=t =31 FAI7} §F
=55 Ohmic A &o] 7HASHANE §F H &l A8 pin-holeo] A/
7] 411, o= 7kAst 3719 A3 E3(cross-over)= FEAI 7| EE
] 2] AeAlst B Aala de] =9 dllo] Frt. webA, A3
AL A 07 520 pme] $¥ X|'U3H(dense) HIAITZEE 714 oF
sk A5 A =S TPBE] Uiol| &gk whe- H=43E 218l
40% W19] o] At 7|3t 8 = V| ES T ES okttt
[4-6].

2482 0 2 AMEE= SOFC AF=41 Ni-YSZ A% (cermet, Nid}
YSZ, Yttria stabilized zirconiayS T o] 7hstal 724 Fjjoll
"oy gro] AHab] Niosg} YSze| 20|l w2e] =71, 7]
F83A1E] A7), 71 5FGAL o, 2ALE FTOE IFSHA H)A|
T2 A7} 7hsslth= oS 7FRITH7-8]. sk & 117]35}E]
2 Zulls 9 A7|AEAE 7HE N Sle) 58 Akdol A
ZIAA 7, 3 P34 13 sl QPgAdS 7= YSZE <L
3 AR g dA] o) 5T EARA T2 ARE I QITH2,9].

Sk 2 st AalA nAlTEE sk o R s R Ay o]
¥ (spray coating), E©] 7] A~ ¥ (tape casting), 2~T E] H (sputtering),
529 (dip coating) 5 ©] AHE-F I UTH9-12]. ©] T EHEE
(dip coating)H> THE W ol 3| 3-7go] Idslal Hl-g-o] A
st &2]g] ] Z7lolu WY = £5g Zdsto] 1hsiAl dalde]
FAE Aol 4= Alo] Halld IRl T2 AREETH13].

o)Z npgho 7 B oM Ni-YSZ A8 = 49 7|3 AA =
Al£-E]+= Carbon Black(CB)2] A 713 #F 24259 WgE
S 29 7)3E W uAlTRE 2e duay, 3Ty £eE
o] 274 WA AZet x|Hst vleke] vz s dE A E o
A= E A&t 1-V A&} EIS 45 21333l

2 A8

2-1. Y23 X|X[H| M=

NiO-YSZ 5= A A= 747k 2o} A7 HAIE 54 S9et
T dS57IPE o]g-8te] AlFSIITE Nio s+ (Kojundo Chemical
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Laboratory CO.LTD, Particle size: 0.7125 um)¥} YSZ '2(Tosoh:
TZ8Y 8 mol%, Particle size: 0.04 um)<> 60:40 wt% H] &= &35}
1, 71% /A2 AH8-F]:= Carbon black (CB)S] -2 3¢ & =
Al Ni-YSZ H32] 10 wt%, 15 wt%, 20 wi%= 37} akivt. at%
-2 IPAE 8= ARE-3to] 244]7F 52] 14} Ball-milling ¥ -
714891 uloIH (Butvar B-76)5 0.2 wt% g 47180 24417 2
2} Ball-milling8}F3th. < 22]+& 70~80 °C2] Hot plateol ] 1 HHS
w AFA1Z] F 200 um EZE A 9} sieving machineE ARS8
28 753 5] A1E linch 2o Yol A% 71gtsto] Az )
2 AFsAT whEol X MeEle 1100 °C oA 3A1ZFEE 738t
o ATTF AAAZ ARG, A5T AA A= HF 2250
0 F5E 9 7leE wsE BEsk] 98l 242 1350, 1400,
1450 °C= 3A17HEQY 44 - 900 °ColM] FAaE-97] 2 12417152t
skt

-

2-2. CIRIMR| M=

1A= 15 wt%2] CB7F 71 NiO-YSZ AE= XA Al
@ ZEH S Ak dalAs AT Rl AMEE e
YSZ &2l olhE, B54l S|, YSZ ', FAKAIE Yol 244]
ZF 12} Ball-millingdF3 2, 1 ¥ 7}4~#](DBP, Dibutyl phthalate)2}
ulRIH (PVB)S 715197 2441%F 22} Ball-milling 31 th, B55
218 &7 Uiolld 2027 F-A418k1, A4 EE 30 mm/min
O 7 AAsIelet. wegk i Ajlellx = dajde] FAE Alofst] ¢
alo] Gulol YSZ HH) vl 1~5 vol%® WEIAIA A1 C.
v HEH o7 ysz M do] Y E NiO-YSZ AR XA A=
1350 °CollA] 3AIRE Bt 24t 71§ A5 = AA A= FA}
800 pm7} B =5 vt E2) o F LSM-YSZ 3715 B3-S
oF 8~10 um A= FAZ ATUZAE o] 37)FE FAGA)7)
1200 °CollA 3417F 2Ak] AR A G A S A2t

fd

2-3. OM=E & M5 24

71883712 ¥ H 1 24 % W3t upe} vHEo] % Nio-
YSZAFES AAA 2] 7| FES B3] Yt ZF AES v=ax
TE9719 ASTM-C373S W} ol 27| Hd| A& AHE-381o 7]
FES S, o] W ARESE ARE S ok 4] ()RR

71 EE (%) = [(W3-W)(W3-W)]x100 O

W, : AZA=H (), W, : T8 (g), Wy : 233 (g)

|

¢

AnT, A 2 3715 B2 AT ERE d AARER FAE
Al w] 7 (FE-SEM, Field emission scanning electron microscope
(JEOL/ISM_7800F )< AF&-ato] #A8iqltt. 54 0w vhEoix
SOFC ©137|= A71388H4] %7241 (VMP-300, Bio-logics)=
ARgs1o] 77138k 3R~ B4 (EIS, Electrochemical impedance
spectroscopy )} T34 s A 3sISATE. o] wf WA ]
AuEize} 5 54 L 700~900 °COTH, AH 271 dnol

H,-3%H,0, &715°l1= 3715 43It

3.

M

_Tl_l. al __'Lé'

3-1. NiO-YSZ 2= X[X|H| OJM7= SM &AM
Carbon black?] %3} H&F 424 55 W2 3] A12F Nio-
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(a) 16 [_]1100°C (b) 0 = CB10wA% Before Reduction]  (C) - = CB10wt% After Reduction
40+ @ 13s0°C A ®  CB15wt?% Before Reduction A ®  CB15wt% After Reduction
25+ \ —A— CB20Wt% Before Reduction 45t —A— CB20Wt% After Reduction
- _— <« -
2 R’ 2 ’ £° =
> 2 " =y
g 2 15} : 8 35} e
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. .
A
5 r . \',‘. 25 [ " -
—y
N . A 20 - - -
1350 1400 1450 1350 1400 1450
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Fig. 1. Shrinkage and porosity changes of NiO-YSZ anode supported cells depending on carbon black contents and sintering temperature :
(a) shrinkage change before reduction, porosity changes (b) before and (c) after reduction. Microstructure SEM images of reduced Ni-
YSZ with 15 wt% CB by diverse sintering temperatures (d) 1350 °C (e) 1400 °C, (f) 1450 °C.

YSZ A8 A FHES T A F ol&sto] Atersion,
71 AT NiO-YSZ B2 242 % 9 CBY| H7lRko] S71e=
FEEC] TR AlE ERlET
FEE(%) = AD/D,x 100(%), AD =D-D, Q)
D = A2 XE(mm), D, = Z= A E(25.4 mm)

s

1100 °Ce] 739~ NiOg} YSZ9] 20] 71¢] o]FojA|4] oo} 10%
ojule] $HES Yo, 1350 °C o) L EellMi= 25~35% W
9] A 5 o] dofds AT 5 U THFig. 1(a)). T3
ol 7 vHIAE ARSsle] 579 NiO-YSZ 2=le] el 9k
o Fo) 7)5ES 2 2elX OB Ml W V1%

o] oA A 7} 1450 °C o] AL 24
-

o e

o

AETY 7|FES A Gl a9 A %Y B §
30% WIRke. R A4 7]%E olake] ke Kolr J43] hasisivk
(Fig. 1(b), 1(c)). = NiO-YSZ #}274 o]3}2] £1elM= CB2l 7}
o] T7FE PAE U 7o) WolH XN, B o o] &
Lol A= NiO-YSZe] A7 o] sobA] 7]3o] fA|wA] Satkal
o] w=A] Y HA A7) 2|57t o] Folx]7] wEo R 3
Alg o= glt}. 0|23k A= Fig. 1(d)-1(H)9) 2ol 22257} 1350 °C
FE Az} S71std 1450 °C7t H9LE wl, ¥ Ni-YSZ vl
71Fo] b=t 53t #H713o] FH L AT 3 As &
%%k SEM ARS GEliA &Rl 3 4= Qi

Table 1. YSZ electrolyte slurries with different YSZ loading (vol%)

AW o & yA] AbsHE A5 A Ni-YSZ Al f15=2] 7]
F0] 40%%Y W WS EEAT S o] W ke 7 o
A7) S FHUEE Uehdl= 2o 2 delA dvks]. 9
& A} Ni-YSZ A= A A= CBY 42 15 wi%® 3718},
2AEEE 1350 °CR AlOIRS W, HFA 0% 7] eE0] 40%E 7}
A= HA ] AT A= 2 2Rl & 4 QI

i> do ol

3-2. YSZ MollE OM+7= A

kA ERISH H A o] AR= A|X A = G2 FE S YSZ HaAe]
ATz} FAE BEEY 889 YSZ RS (vol%)ell uk
g} W3kelol o, o] wj AHE3Ek YSZ &89 A8 vk Table 13}
ki

YSZ 37 = H(vol%)ell et T8 )4 o] F7& Nio-
YSZ2] ¥ SEM AR E B-3to] gl A, YSZ 1 o]
3 vol%7kA] 71kl whel 8 e yszo) A AdF o =
st 71 0]%- 5 vol%ZHA] T7HE0] 7] FHadshe Ale ER1Ek
(Fig. 2). ¥ 27 97328 YHS 53 vSz Adjd 2 F70= o
2~30 pm FE7HH] Ao} 4= lom, o)z Whrd] YSZ ad
F(vol%)S] WA R A& 4= gl dyjo| =g u9- 7hdsty &
A1 WA FRISIITE ANk o7 Al 2 A] HalA Ul-A]
5 H 43kl Y8iA] B3k 5~20 um?) A A 2] FA= L
9] YSZ TAHIEES: oF | 5-3 vol% L2 3to] a7 gHo

RUBRSY

)

Sample Solvent volume (mL)

YSZ loading (vol%)

Dispersant (wt%) Binder (wt%)

YSZ 1
YSZ2
YSZ3
YSZ 4
YSZ5

106.88

1

2
3
4
5

10 wt% of powder 10 wt% of powder
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Fig. 2. Electrolyte thickness changes depending on amount of YSZ loa

(e) YSZ S and (f) thickness change graph.

2N IS F USIT

Al Utel] A El Ak Ag=a 3715 Aol dE 7kae)
F717F AR E3EE d o (cross-overyS 810] A ] 52
A AT BZ A e A TS G AL Fsith
[14]. ¥ A3elM TR € Hafjxl o] e SEMARLS vt A3
YSZ 37 o] 3volnedd 49 TR Majdo] sk 7Y
Sk R 1 =] 2 vol% O35 2 AL 4 vol% ©]73-2.
ZA5-olli= Aol WA EH(Pin-hole, crack)e] W% S th(Fig. 3).
E3] 20]8]9) YSZ A IER0] 2 vol% ©]8Hd A9 Had 718
| = Y3kl pin-holeo] T2 A H 101, YSZ 17|

o

—~
-
=

30 -
25}
20+

Thickness(um)
o
n

1 2 3 4 5
YSZ loading(vol%)

4vol% )74 75 sl el cracke] = A3 = ArhFig. 3).
ole§t Agto] WYt olfi= B Fofl TAs= iRl o} 7FaA| 9
3 @ vt o w AzEl & < ol o] AdtE &efe] vl
SAE QE vRRIg)Z IR E F A3 &E wg el AAE L
15919 e AP pFake] Ak AR Zlo R wdE
tH15]. o] & #MA3l] fIsiME &2l el 37be vRIgE 1=
Al FAA71 3L /P S S7IZIA AR S5 S1E 71565 (AFL:
Anode Functional Layer)s 71810 #8448 S7F A7 5 32
TR z18eljo} gitt, H Aol Wh=H 15 um Y2 FAE 7t
A= AFLe] 81X IS =2 7] A8 H) o] st 4

S ——

Fig. 3. SEM images of electrolyte surface (a) YSZ 3-no defect (b) YSZ 2-pin hole (¢) YSZ 5-crack and cross section defect (d) YSZ 1, (e) YSZ 4,

) YSZS.
Korean Chem. Eng. Res., Vol. 57, No. 4, August, 2019
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Fig. 4. (a, ¢) I-V curves and EIS spectra of unit cells coated with YSZ 1, YSZ 3, YSZ 4 electrolyte, and (b, d) I-V curves and EIS spectra of

unit cell coated with YSZ 3 electrolyte at 700 to 900 °C.

ol Aol o] £ 4SS A ws
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3-3. SRR ds &AM

@F91AA 9] e E AT EA FhE 800 °CollA] S gt A oF
22 pm8 FAE 7= YSZ3S FH I A9 7P ke A A
gyl A= Ak veRe #H31 4d50] 1.426 Wem .= 71
T2 ks Bk e o 2 pme) $FS A AE IR YSz1
ok 27 ume| 572 Ml AS TR YSz42] A5, Adgko] YSZ3e
TR 8 7w} ket #1/4d50] ZHE 0432 Wienr?, 0.925 Wiem?
S ERISISITHFIg. 4(a), 4(c)). YSZ47} TR E 7-§- Ho|
o] s Astel AdHke] T7h= Fig. 3(e)old &1e
pm2] 72 dalldo] @)z x]2] ohmic A& F7F
SZ52] Erlst 5] 23| /3w Astel] <] A
& 3H(cross over)] LAY E] o] O.C.V (open circuits
Z g gl & = ATt Ysz1 Ml
A= oF 2 um2] g2 A e o= B-skal
71 =8 Aghe YeRISE], o) ek A
g2l Az Aghel o) WAlE Badst A=A Az A,
557 AR £F 2 7 T3] AR deto] o glo] H Ao w
A TthFig. 3(d)). ol& S E] A= AEE 9 GdAAE 1
2AA B8t 4 9 ohmic A& B3 07 F7MAZ L, 71 A
2] A5 0.C.V7F A Gkl A& ERISISITKFig. 4(a),
4(c)). A - Aol x] AMEE NiO-YSZ AAA YSZ3 Sed 2 A
Zhg) G A) = 7P Wk Ohmic A &gk} = AdEHS B9l0
), A FE Fdata dFo] fl= RS IRl1E 5 Tt o]
1] 9] A2 900 °CollM 2F 2 Wiem?, S41-221 700 °Coll A =
0.56 Wem* S Ro], 4854 o] gata &ele] 4 XAA| 7] %E
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> 30l Ru R
i
2
w X
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A E Eaf 53 Ao G HAAS e 5= 9le-S ghol &
I AATHFig. 4(b), 4(d)). FF- A2 ] FAE 5 um ©J8L=E kL
F=A B AT, AFLES 371 A9 e mrt e 4 9)
& Ao g,

4.8 E

TAAE A8 AR 9 ArFA 7HE =S AeS UEhE
40%2) 7] 855 7H Ni-YSZA= Ni:YSZ = 60:40 wt%= 7|50 2
718824 A9 CBY) %2 15 wi% T H713E H 1350 °Coll A 34]
2 Ao A = AQITE I 40% 71 FES 7HXE NiO-YSZ
AT XX A 92 78 E oF 230 um T2 YSZ A &
9] YSZ loading (vol%)2 1~5 vol%7}A] W73lo] Ba-78 o
FA AE At AR W7 A 2 vl FZ2E Tk A
9 du s BAS vl w3 Ay}, s Eo] ulg- kol B s
FREAKYSZY), Aol Agho] By FHA ZHEHAS ol
(YSZ4) A&o] A F7Fskal ©e3A] 5ol ashs 2& &9
SHA), 18 YSZ 38 S 3 vol%® 310 B A H
% ok 22 pm FA1 9 AT XU A A FAIA A = 9l
o] W THX| 7} 7 e A &g 7HAH, 800 °CollA A
1426 Wiem?C 2 714 & &9 3hs 7IE 218 I3tk &
T AR ) s v A7V SEliAlE ke sl v
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S ol =l 93190 (No. 2018R1C1B5044487).
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