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Abstract : Metal exsolution from perovskite oxides has been used to produce well-designed
electro-catalysts where metal nanoparticles are homogeneously distributed on the surface of per-
ovskites. In this study, we prepare cuboidal and spherical Ni-doped CaTiO; to investigate the
effects of the different perovskite morphologies on Ni exsolution and catalytic activity for OER.
Ni ions seem to be incorporated into the A-site of CaTiO; with structural OH ions via sol-
vothermal route, and the stoichiometry of spheres and cubes were confirmed as
(Cag §oNig.04)Ti102.63(OH)o46 and (CagooNigo4)Ti1O285(OH)g 12, respectively. The spheres show
random distribution of Ni nanoparticles along grain boundaries, whereas Ni nanoparticles are ex-
solved along the edges in the cubes. With the small amount of Ni contents (~4 mol%), geometric
current density of each sphere and cube exhibits comparable OER activities of ~10 mA cm™ and
~7 mA cm? at 1.7 V to previously reported catalysts such as transition metals or perovskites.
We suppose from Tafel slope that different A-site and oxygen stoichiometry of the CaTiO; may
affect deprotonation step during OER in terms of proton conduction.

Keywords : Oxygen-evolution reaction, Perovskite, Metal-ex-solution, Morphology

*E-mail: jgl3@kitech.re.kr

-161 -



162 J. Korean Electrochem. Soc., Vol. 27, No. 4, 2024

LM £

QelBPN Be| Wl 48 ABSHe
W F s QeA oY wA) o

& A7%8: H,0 > H, + 120,
Tl WS- 2HT + 2¢” = H,
Al BWES: 40H” — O, + H,0 + 4e”

AF2A) WkS-(oxygen-evolution reaction, OER)Y&
S WkS-(hydrogen-evolution reaction, HER)E.Ch
o B3¢ g8 mAUES 7 o™, HER
(24AF ¥Eg) OER (4314} wEg) Atole] HA}F o]&
F7F g2 ¢ il Eo] A7RsleA At
458 ZASh= rate-determining step (RDS)7} =71
o] ZE&HR1 £l AAS 9l wkE SEE N
Ag art Yok
23t o] 2 OERS| W2 gt HeldA HiF
£ Fol7] {8 ket A71318t Zufel tigk &
o] ] P Uk dWHo =R 110, e
RuO# 7+ 3lHa% 8laS ARE3ste] OEReIA
A "AE A 2N F AT, =2 THEE
A2 Fgste] Agsol] =i vk wEbA, SHie 7t
AL A F e Aol w5 E oE Ay
ZA (e.g. AZH2TIIE B 29d)E 283 OER
Zujyike] A7 JFEHo] Ao o E Eo,
Gong et al-2> &9 H7&3E 9138 Ni-Fe 4 ]
= FEE U ZgolEaA e FH BAI7t
JIFolEl=s HIE 191, o] 0.1 M KOHel 7}
o 44 ZF(reversible hydrogen electrode, RHE) T
H] on-setd9)7F ~1.50 VE 7]E9] AFE AskE
ZmQl r0y/Cot fAKe A3E HAFAUTh? 23y
KOH F=5 I M2 S7MA71% o] RHE thY]
~1.45 V2 74312 Ni[yNi(lll =& 1V) 2kshgkd 3}
Aoz Qe AN o & AR/ E=E 48+
AoE WIS T} Zhang et al. & kA F
S 93 metal-freeZT] S B35St N3} p7
Aol =% gkAe] OERY tdh 2F == Ru
Hop sekARE gE5m1e] BAE 23S
2 4T HAFYOLY TR Mk A
date] 3l8ha o] ABOR! HIZHATIO|EE A H
UE WAo FF B SR wE vkt &
< HAFE Zo= <l dy dAFEo gtk
Suntivich et al.> molecular orbital principle 53l
OER Fv|-§ 2 H27lo|EQ] A3} kS AQts)
A3, ©]& bulk electronic description®] 7|1kt

[e]

1] e

41 e

fr

T

[
N
offt

gl

P

)
2, i ol

ox.

bulke] HHE GEH| ol S5 xwstels el
ofgt st A3ttt Mefforld et al H|ZH X
FllE xHe| kA T Aoz Ask MR Fze
o] FAikES] W3ty OER Ao w3 H& 3
descriptors TF=E d] FQ3ltky B uEiThY

OER Em= ZHA o] §2 XXA| 9o 2 4k
& =42 Bast7] wiiEel polyold 22 54
31 S AMEEEe] B AAA 9o 25 Ui
AAE ZAHATIE WEE 85t Ikl a3y
EYHoR 149 5 U=y e 253 ©@4a A
olo] ofsl Fu g0 2 Q3 7|slE vk & A
AAANE w2t G4 o]5d F o] 25 1
+ Ee g2 AT £ Q. HE
EZRE F5 Uyt §Ele 1A e 98
A B A AbslE AsNHA NN 73 A
S RAFULLT FZBEATl|E X R]A| 9
ZujEigdo]l gt 35 Uty B2 35 o
woxle} sl ZEATLO|E 7o) Ihet duztgog &
& Uyt 3 2 22d4S AT 4 dvke=
FHER T2 ot A2 H7|sle Fuf Fof
M E kst dEo] eds] s . e
U, Ao A7|sst EujjoA] F4582 NES g8
371 fEiMe el o3 FAEE H 2 BT
E AAA Y I 44 FHoR Qg vFHA 74
£ 34T Zavt otk o]d Aol F5EYE &
L3 F% Ye=YgArF ZA-Ee] JE sub-micron =
19 H2EX27l0|EE SvlE HEARE T3 B
Ao 7 AxEJUOH, o]= OERY thet -3 &4
7 QF9AS BTt o] HEZHAIIOIE sub-
micronAHe] Z2AE=NAN F5EEE T3 55 U
EA2E st EvlE AlRtele Wie]l g ¥
IfFE A7EE EelE Ndeked €849 & o
=< AAFe

E AFoxe o] ATt AFHOZA titanate
HZB27lolES] QYat A4S 3 FEFEZE A
ofste] A2 SIHAL olEfst Fgo mE 4 82
9} OER €A mX|& Gkl sl &Rlsirazt gk
ot Yiegztel flZ2EA7M0|E ARAZ 22 Nigt
CaTiO; & Adsldar, §vld 4S5 B3l 4 mol%
Nie] =3 CaTiOsE A3k, thogst Fels 34
St=E 3 27E AT FEYA= FF
¥ TiO, YAE 7IHke g 3t FAE oY, FEY
1= nitrate” |9 DA E 835t PN Wi
o ool w2 A4 Ao]E& XRDEAS T3l E1st
Stk AR w2 Ni vhe9iRte] S2ld82 SEM
48 T3l ERlIsier, 53] 8wl el st A
HA53s 53 AZE A-site deficient CaTiO; R A]A]

N



A71383)%), A 274, A4 35, 2024 163

2

A 4 o]&dEAlo] OFR EujEA w0l mj&l &= 9
DS Tafel sloped 3l FE31%ct

s

2.4 #

2.1 A (CaNi)TIiO;

FEAe] A-site deficient hydrated (CagooNig.o4)
TiO,83(OH)g.12 ke gujd gl osl A|ZE AT
3}k 2 1])(Ca:Ni:Ti=0.96:0.04:1)o] @& HAA
Ni(NO3),'6H,O (Sigma Aldrich), Ca(NO;),4H,0
(Sigma Aldrich, ACS regeant 99%) % Ti[OCH(CHs),)
(Sigma Aldrich, 97%)%& polyethelene glycol
(20 mL, PEG-200, Sigma Aldrich)ell wrFslHA] &
A, dEdg gHEZREog UBE QeI oHE
2 &7 Y2 mineralizec24 NaOHZ 0.02 mol 3
7¥eht. QEFE0]HE 190-200 °Co] oY F=ol 20
AIZF 9t ¥ wHsHHA] WAL &, F& oME

2B B2 33] AlFESIaL 80 °CY QEBeA] AR

22 8 (CaNi)TiO;

T8 2] Assite deficient hydrated (CaggoNig04)TiO563
(OH)p46 222 rlid Aol sl A=A}, 72
A%, #4493} Tio, TAE Ti ATAZ AME3I
t}h. slelkEd]o] W AA], Ni(NO;)6H,0O (Sigma
Aldrich), Ca(NOs),4H,O (Sigma Aldrich, ACS regeant
99%)9} FAY TiO, 7+ ELS wHFsPEA PEG-200
of 471 o dgdS ™S 9| mineralizer
¢l NaOHE AR5l HIZEOoZ WUHE QEFH |
B2 27t QEFYO|EE 190-200°Ce] o Hj
2ol 20A17F Bt Wl wRsIHA whAIZ] ¥, Fe
ol EAtzt B2 33] A|ZStaL 80°Ce QEo|A A
ZAZIT

2.3 Ni L=QIXte| 22|

T8 A-site deficient hydrated (Cagg:Nio4)TiO263
(OH)469F FEF 2] A-site deficient hydrated
(Cap9oNig 04) TiO g(OH)g 1= 700 °ColA] 5% Hy/Ar7t
25 Y5 3AI7F St HEE7194 Ni vy

25 Sefskint

24 M7|stsr 2o

AES dFEY =7l YXAIZL & 700 °CollA]
12A17F 52t 5% Hy/Arg S2/H 3dsle] Ni e
S HRZHEATIE FHd L8519t S
B XA Y Hgo| 460 HEE olaZed U=
(I mLyll 3 & Ratsle] Fu) &2 Az
SHTt. 5% Nafion §9(50 uLyS gl vlRIv=

A7kt & gt Su) g e 8 ot
9 223 B4 A7 H8E 33] kRS

TH|E Su £32](6 uL)E ring disk electrode®]]
o] & ¢bds] HARAIRIT Ni =2t 82
H HREATI0)E Sujje] kS 0.024 mgolt). A
L2 O,saturated 0.1M KOHE AF&-3l5th s
calomel Z1=(standard calomel electrode, SCE, 0241V
vs. RHE)® #3F ¢}o]o]E 747} reference =34
counter =02 ARE-3IATE

25 54 24

AR Fzol Uis JRE XA FEEA7]|(X-ray
diffractometer, PANalytical Empyrean)® 9t} 3}
S}3EH])= Thermo-gravimetric analyzer (TGA, Stanton
Redcroft STA-780) 2 EDX (JEOL JSM-5600)Z
Abgete] FAAAFULh FAF A& #n 7 (SEM,
JEOL, ISM-6700F)& AHg-sted FFEel o] meFwt
715 #EPsUT 949 PIRHA S Hiden
IGA WIEWZ 34715 AHg-ste] E4skoirt.

-

=

3. g3 o

K

3.1 CaTiO;0IM A-site22| Ni O|2 X|g

T8 2 HSAA e Assite deficient hydrated
CaTiO; ¥ (CaNi)TiOy= 47iE FARo= FH|=3)
o ZE A1Z& orthorhombic (pbnm) | ZHA7}o]
E FZZ HolHW(Fig. 1), FEIAY A8} 739
AlgrY A440] o =4 veist FEFEA
Z]dkgk &g 3 e Ak o= die] el
8 A, &3, A8 #4E AAA I ¥
AR 7% heterogeneous nucleationZHgS XAl
o] vgd TiO, A ZHAAA 1 2 AFAHE 7
Aol dojub Hx HFE TiOe F4S WAFIA
23 (CaNDTiO; +A1E AT 4 itk w4, Cadt
Ti o]20] &3]¥ £d|A= homogeneous nucleation
HAo] doju} (CaNiTIO; FE7F A3 FA=HA
33748748874 FHol AE AA N dold
T ATk olg A wlAUS 719lste] XRD
el FEIFAF] A&7 ARl o =4 yE
e o2 AsEY. 713 FEIL] AE5ES
unit-cell parameter®} ZAXH-3]= Table 1914 &1e
F Stk MTiO; B|ZE27O]EM: alkaline earth
metal == rare earth metal)ollA Nig} 72 Ho] &
& o] 22 FAIRE o]2RPF o= lE| UnkHo=R B-
site2 3R = ok de] gElA Sl o)eh ol
Ni ©]2©] CaTiOs¢] Ti-siteol] X2 7%, Ni¢] ©]
27 o] (Ni**: ~83 pm) Ti®] ©]2WHA(Ti*": ~73 pm)



164 J. Korean Electrochem. Soc., Vol. 27, No. 4, 2024

B} =7) wj&o)l (CaNi)TiOs2] AXFET7} CaTiOsH
o o Aok gt} 2y B Aol Axe ¥
FEEAF] A|FEOA (CaND)TIO2] &9 A H3)7}
CaTiO;Eth o] ZH-g Kol F1, o]& Ni o]2o] ¢
WAl Ti-site?} obd Ca-sited] A 5= A2 A
ARSFEH(Ca?": ~100 pm). ©] AFk= o] Aol Lo
Aot Ak, PP R AxE A8 tE
A &miE MR Az 7Y FERIG AE
Solx &l ol 2gt S4tst o] (0H)el A
Xgko 2 Az w7} YAsHA| AL A-site vacancy”t

(a)
—— (CaNi)TiO, spheres
! ICSD database
El
&
2
B
c
2
£
. ' ' wina " "
10 20 30 40 50 60 70 80 20
2Theta (degrees)
—— (CaNi)TiO, cubes
' ICSD database
El
&
2
B
c
2
£

10 20 30 40 50 60 70 80 20
2 Theta (degree)

Fig. 1. XRD patterns of (CaNi)TiO; (a) cubes and (b)
spheres.
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Table 1. Unit-cell parameters of CaTiO; and (CaNi)TiO; with different morphologies

a b c \Y
CaTiOs spheres 7.658 (8) 5.454 (5) 5.419 (6) 226.4 (5)
(CaNi)TiO; spheres 7.654 (7) 5.446 (5) 7.410 (4) 225.5(4)
CaTiOs cubes 7.673 (5) 5.442 (5) 5.420 (6) 226.31 (5)
(CaNi)TiOs cubes 7.669 (7) 5.457 (4) 5.401 (5) 226.06 (5)




AN 383, A 274, A 435, 2024 165

102

—— Sphere

OH- or H,O trapped in pores — Cube

100

98 4

96 - :
1 Structural OH- or H,0O

Weight loss (%)

94 4

92

90

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 2. TGA curves of the (CaNi)TiO; spheres and cubes.
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Fig. 3. SEM images of the (CaNi)TiO; spheres and cubes.
(a, b) as-prepared and (c, d) exsolved at 700 °C for 12 h in
5% H,/Ar. Scale bars indicate 100 nm.
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Fig. 4. OER activity of (CaNi)TiO; spheres and cubes. (a)

LSV curves of the spheres and cubes with 10 mV s of

scan rate in O,-saturated 0.1 M KOH solution. (b) Tafel
slopes of the spheres and cubes.
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