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In-situ Exsolution of Cerium Oxide—-Metal-Perovskite Composite Cathode for
Solid Oxide Electrolysis Cell
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Abstract: The solid oxide electrolytic cell can use a renewable electricity to convert CO, into CO for storage. However, it still suffers
from the sintering of reactive sites and carbon deposition at cathode. In this work, A-site deficient Lag 4Cag 4T19.94Nig 0603_5 perovskite
cathode with the decoration of a large number of exsolved Ni nanoparticles was prepared by an in-situ exsolution method. Also, a
promoter of CeO, was introduced into the system via different synthetic methods (i.e., doping, impregnation and mechanical mixing)
to construct a “cerium oxide—metal-perovskite” three-phase composite cathode material. The results show that the carbon deposition
resistance and electrochemical performance of the mechanical mixed modified materials can be improved at 800°C, 70% (in volume)
C0O,/30%CO and 1.4V electrolytic voltage. The current density is increased by 3 times and the voltage decay rate is decreased by
58%. Such an improvement is correlated to the increased amount of surface oxygen vacancies and the strengthened CO, absorption.

Keywords: solid oxide electrolysis cell; conversion of carbon dioxide; in-situ exsolution; perovskite cathode; modification of cerium
oxide; carbon deposition resistance
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A, FREC 1 g 9 LCTN 5 5 %0 CeO,, B T I
WHERH NN TE K O/, BB 2 h M R 13 2R
&84 LCTN, iy LCTN-Ce(Mix), #ACEMEAL
R R TR 1 sl

x1 RARMEUFHNRTEE

Table 1 Denotation of the representative catalysts

Composition Denotation

Lag 4Cag4Ti.04Nig.0603-5 LCTN

LCCTN
LCTN-Ce(IM)

Lag 375Ca0.375Ce0.05Tio.0aNi0.0603-5
Lag 4Cag4Tig 94Nig 06035 impregnated with
Ce(NO3)2 . 6H20

Lao_4Ca0_4Ti0_94Ni0_0603,,5 mixed with CeOz LCTN-CG(MIX)

Lay 6S19.4C092Fe0 503 LSCF
Lay §Sro.2Gag sMgo20s LSGM
Lay2Ce 3025 LDC
Lay4Cag4TiOs3 5 LCT

1.2 BIMARSFLIE

N T RAE R R HUA BRI RE, L 100 mg
LRI E T 1a Posedil s, wm
R E, B SOEC BH M AT Ak i e i 2% 1
LCTN HLH8 A LE N, (50 mL/min)H B 3 °C/min THiE
F]900 C, VA 5% HyN,ibJE 10h, B2ER )5
AL, FonN R-LCTN, FLL 3 “C/min PR3
800 C, BEAHAFLHF COyCO (LA
327+ 1:9. 0:10) R RS A AL EE 50 h, KRN
R-LCTN-CO,/CO(3:7/1:9/0:10)-50 h, A4k 554
T IEARIR], R kA B
1.3 MR EAHIE

HIARRORL i £ 4G L) Ao R 483 200 H
(0.075 mm)Jiii it i f5, 52BN figdZ gL 1.0:1.5
WEEE 2 h i 2 IR G 395], LBl O IR (L
ol B SRR AL, PR )R
B 10 REYAE, ISR = 4 3T (0
Brati, VBT ) 2N R R .

K H 22 W OB Rl 3% i) % LCTN/LCCTN/
LCTN-Ce(IM)/LCTN-Ce(Mix)||Lag ,Ceo 50> (LDC)|

Layg §S10.,Gag sMgo ,03(LSGM)|LDC||LCTN/LCCTN/
LCTN-Ce(IM)/LCTN-Ce(Mix)¥ i, &5, NT
B 1t LCTN/LCCTN/LCTN-Ce(IM)/LCTN-Ce(Mix)
HLH 5 LSGM HLfif i R A2 N, 7F LSGM 4 7
LDC Kk, HrA LDC ¥y il B AL G R, Hokn ik
e it 1.0:1.5 0 HHES 3] LDC Kkl
W7 LDC ¥REHETE T 1350 CRBE 4 h 5153
4pum (1) LDC BB )=, #ELEMM LDC & 2R
Ay GTE 2 EEACA 0.5 em? (UHKE, T 1200 C
Rike 4h, BREEZ N 20 um KR ZE . &5, 18
i 22 [ BRI ZE AR R R B AR AR E, AR
AR T HL R (A O IR 70T, DAD 87)i4%,
600 CHBE 1 h ZERAEHAY, 13301 dmE T Esl A
A H

LCTN/LCCTN/LCTN-Ce(IM)/LCTN-Ce(Mix)
ILDC|LSGM]|[Lay 6Sro4Coo,FeqsO3(LSCF) Hi, fift ith i
FO7iES Y- miAEE, 78 LSGM —llix7 LDC &
22, # LCTN/LCCTN/LCTN-Ce(IM)/LCTN-Ce(Mix)
WRNREER G R LDC £, R LSGM
(1 53— 34278 9 J2 AR M 0.5 em® (19 LSCF PR it
2, 1100 CRiBE4h, ZWERIERZG, KHg
b FH AR HL B 5 3 A 1 ) ) o b AR B A M e B
[1)— iy, 600 CHEHE 1h, H3E F B % (Aremco 552)
FE 2 .
1.4 EBALZEMR

g AL A R CS2350H Y Ha b2 1A%
v GEOURHE AR BT 2 FHBTE N, (50 mL/min)
H 2L 3 °C/min ()5 Z0R H N Z= IR N #2900 °C,
SRJGTE 5% (RFA4350) Ho/Ny FHIE R 10 h BUE AL AT H
RPN, FELL 3 C/min FFIEZE 800 C, U3
CO,/CO 5T A - BHPTIE (BIS) MK, W40
KGN 10° 2 107 Hz, ZWHIFEA 10 mV, R
Ciucci %577 &) MATLAB F2£/5 (B DRTtools %k f4)
Xt EIS HHE (ot B2 18] 0 A5 434 (DRT). 4= el ith
B EWE 1b o, W FE LA 1 °C/min FHE# %
MEIRTFFE 260 'C, £ 70 ‘CHI1 260 CHIRIR 1 ho
4 LA 2 C/min [FFHEEZ M 260 ‘CH42 900 C.
5% Hy/Np I 10 h J5 LA 2 °C/min B 22 800 °C,
SRIG, M SARTIA CO,/CO, MIEIRZAR
FFE 50 mL/mino WA RS0 4 Fth () F 2%
JE(OCV) LM & S fE oL, #E7E CO,/CO =
S R g v %) PR R — FL A R (O-V) R AL
LR BIS Mz, JFiEid e s AR A (GS) IR H fig it
RS 1 o
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Fig. 1 Electrode powder treatment and tube electrolysis cell device
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500) M %2 7 HL B A S5 R L R AR T ROM 45 4 . R
T PER BN B (HRTEM, 3£ [E FEI Tecnai
F30 TWIN)RAEE 558 ARFE i EAr gk &8
WURL 1) T35 R i 3R T TG 3R A0 A o R 3 AT A
(TGA, fEE 5 STA449F5) I [F] 45 5oy #r ot i 1hé
FIA(TGA-MS, Z[E TA SDT 650+Discovery MS)
1EA 5550 PA 10 'C/min MRS 850 CTXiHf
BHAFURR IR BEREAT T 7. F2/FFHER CO, BLFHE
(CO,~TPD, ZE[H Micromeritics Auto Chem 2920)F/
H, &5 JHiR & JE (H,-TPR, #8511 H 5K A A
MFTP3060) X {44 771 1 W B S5 Ji7 Ve ge 34T 1 1t
Ft, HH CO-TPD EARFEFIRAEN: M rlEe Ak T
He S HAE 200 CLRIE 30 min, Bl 54 FE S TE
100 ‘CZ: COy/He [10% (15:F4453%) CO,]W4d 30 min,
FiH He SRR 60 min PLog £ fk 25k B A4k
ko 5 24 LA 10 °C/min I#Z 850 'CHARR 30 min Ji5
AEHAE 100 C. i fa 5 R 21w 34T 7047
H,-TPR 8 K FE S 7E F iR 5% Hy/N, FFFiALHE 2 h,
P22 L) 5 °C/min FHEZE 850 'C, fR¥E 10 min, # 5
R AR IR Hy WAER . R X S8t T REE(X
(XPS, [H ThermoFisher 2 ], K-Alpha+)Hf 77 A%
PRLR T S AL

2 HEXRE53w

2.1 ERINFRRR M R

TG, ¥ LCTN MR E T 1 FrRif2EE
W, R R 25 1, IR 10 h 5 R AR RS
Bl R-LTCN AT 1. B 2a NEAHTH Ni

YURBRL ) SEM FE B o K48 B 90K MUk 7E
REHTH, RAEGIE A RER, HeRBRSF
BIRALN 23 nm, HERESECRE. B 2b N
&)@ Ni 9K Bk HRTEM 8 A, HE3E 015 () 5
[ AR d=0.203 nm, FHHIAN Ni(111)da1H. B 2¢
ME 2d REARER S BT B R A
(HAADF-STEM) 1 7t 2 [ 43 4ii I (EDS) & 7~ 85 £K A
KAERM N, La, Ca, Ti3 MmESHIIS, K
USRS AP

e, EASE FIEAN ARG CO./COo
(3:7/1:9/0:10) ) NS 5R LA ELSE ) SOEC HLfifR <
A, ALFRIN AN 50 ho B RS ESRAL R S
) R-LCTN {EFHEAT TGA RA4E, KRFEMENT
S, MRAIEESE N 25~850 C, 45 R 3 fios.
B, K& COyYCO M AFAFLR R-LCTN f#
WHIHI R EIIA 4.91%, %5 ST 5 AT
H & 8 9K R AE 2 AR A AL (2NT+H0,—
2NiO), LR REE TS 2S8R A M RN
(Vy+1/20, > 05). 5 R-LCTN AL, 23 3.7,
1:9, 0:10 LB CO/CO J B4R AL L5 (1)
R-LCTN HI R &K 5 52 3.24%, 3.62%, 3.90%,
g RAE R E R RS BRI 2, MR
UK 2REIMAPRES, XEIEHTAMEERT
Sk S R AR B S AR R E AR R, HAE TGA Wik

TR 2SR FHERAMN(CHO0,—C0,), 1L
TRER AT

B & X R-LCTN K CO,/CO(0:10) 4k ¥ J5 i
R-LCTN #HAT [FP 34 70 H i i A I (TG-MS), 45 %
wE 4 Fos, WA 650 ‘CH, R-LCTN-CO,/CO
(0:10)-50 h B 1 58 FU) CO, 5 5 W& (107 i Ll 44) .
%4 e W R A AT H 1 4R R A R A R TE
TR, BT R I LA A CO IIAFAE,
SRAEEA RN, FHORER A .
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(a) SEM image (b) HRTEM image

(c) High-angle annular dark field-scanning transmission electron (d) EDS mapping image
microscopy (HAADF-STEM) image
B2 R g KORL I TS0

Fig.2 Morphologies of in-situ exsolved nanoparticles

3 RESFAFEER R-LCTN HIHEE 47 #h 28 K4 R-LCTN. R-LCTN-CO,/CO(0:10)-50 h ] TGA-MS RHZk
Fig. 3 Thermogravimetry analysis (TGA) of R-LCTN treated Fig. 4 TGA-mass (MS) curves of R-LCTN and R-LCTN-CO,/
in different atmospheres CO(0:10)-50 h
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Bl Sa s, FrA RE 8 EA BURY ) TE A2 R A ER AT
45k, 5 CaTiOs HIARHEIE(JCPDS 82-0283)VLAL R
U o AR F K XRD i, LCTN-Ce(IM) Al
LCTN-Ce(Mix)fE 28.5°M%H] CeO, fiTiflE, K
CeO, AAAE TSR R, FFHSL B . LCTN-Ce(IM)
MEHE CeO, ATHTIESRAERSS, HIEECATEIZ, X
nrRe s A RERA R, M2, LCCTN
XRD R W, CeO, ITHHIEAFAE, IXERE Ce JTLHR K
B2k, FFmE T TSR st B Sb i
HAADF-STEM #1763 [ 73 A Bl — 30 CeO, 1
AN, Hrp LCCTN i Ce %1510 #i T 1440,
LCTN-Ce(IM)# i /b & Ce HI% 45, LCTN-Ce(Mix)

TERMEEE R PR Ce TREE, X 5IL XRD 45 R4
W16

¥ 3 Fh Ce 1B 5 (WD AL B T-A 90 gk
17 EiR M R b3, HE i J5 4L ] R-LCCTN.
R-LCTN-Ce(IM) #1 R-LCTN-Ce(Mix)7E 800 C,
CO,/CO(7:3)K A ALHE 50h, 43544 C-LCCTN,
C-LCTN-Ce(IM)A1 C-LCTN-Ce(Mix), M4 850 °C,
2SR R IR A A i R 1 BB A5 OO
TGA 25 W 6 fvr, SR ERBIR. RN
RAFEBR N 1.3% 0.9%A1L-F AR . 4]
R AU L2 B K IR & LCTN-Ce(Mix),
LCCTN, LCTN-Ce(IM).
2.2 EHAYEBLEMRE

WG 6 1) TGA &5 3, il 1 PR I RE B 4F
[ 2 4~ Ce &M RHED LCCTN & LCTN-Ce(Mix))

(a) XRD patterns

(b) HAADF-STEM and EDS mapping

K5 LCCTN. LCTN-Ce(IM)Fl LCTN-Ce(Mix)H] XRD ifi. HAADF-STEM [/ F1 EDS i &
Fig. 5 XRD patterns, HAADF-STEM and EDS mapping of LCCTN, LCTN-Ce(IM) and LCTN-Ce(Mix)
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Bl 6 CO,/CO(7:3)S A HERFT 5 1) LCCTN. LCTN-Ce(IM)
A1 LCTN-Ce(Mix)fJ TGA Hi;
Fig. 6 TGA curves of LCCTN, LCTN-Ce(IM) and LCTN-
Ce(Mix) before and after CO,/CO(7:3) treatment

BT TR AR, RS RE Ce B
(I BA AR AL R R AT T AT L. B 7a A 800 C,
COy/CO(7:3) K% LCTN. LCCTN #l LCTN-
Ce(Mix) - HL i 7E T % Ho A7 R 9 EIS B, HARALBA BT
LI 4.9, 47 Q-cm’ Fl 4.4Q-cm®, CeO, K&
Je, WALHBRIIR 2R, Ui CeO, BMiAFIT
P2 LCTN HLAR LR COo/CO [ HEAL 22 BE . EIS
AT DRT 3, 331K 7b, A it 28 mT LA
GYONS AN, AN E e BT AR IR AL T
10°~10°, 10°~10*, 10**~10°, 10"*~10**Hz 1 10 "~
10Hz, 7 5ARE N Pys Py Py, Pyl Ps, HZHE L
BR[17)0 %0, Py A Py IHERT-BHAR 4T 4 % . (OER)
1O, #F%, T P3~Ps IEFEH A CO, AL 2EIE
JEAG 9K o Py~Ps 43 0T B A HLAL 2238 5 (P3) FI I AR O,
RPN COL WPt (Ps)o AR, Ps T AR AT
HARWERA, 8 CO, M2 LCTN. LCCTN
LCTN-Ce(Mix) HiL it FL R CO, [0 IR,
HE—B 4% 7L LCTN. LCCTN 1 LCTN-
Ce(Mix) AR FI 4 B ffith 2 tF, B 8a A HLfR AR
TOREEMIE Fr, A EBRARGZ FIR . FELR R
FE 2 E AR, Horb LSGM HR 21080,
W RG22 L. HRAEHS AR5 FRE 25 )2 1A
Fefih R4, R I 7 E IS . ¥ 8b v LCTN.LCCTN
A LCTN-Ce(Mix) HLfFh 53 ITE 800 'C, CO,/CO(7:3)
AT -V th4, HIFEEH #1086 V, fE
1.4V BJHLE R, LCTN. LCCTN Al LCTN-Ce(Mix)

(a) EIS

(b) DRT analysis diagram

Bl 7 LCTN. LCCTN # LCTN-Ce(Mix)}HL i {E 800 C,
CO/CO(7:3)S 4+ 1 EIS F1 DRT 437 &

Fig. 7 Electrochemical impedance spectroscopy (EIS) and
distribution of relaxation time (DRT) analysis diagram
of LCTN, LCCTN and LCTN-Ce(Mix) half-cells in
CO,/CO(7:3) at 800 C

LA b ) PR P IR 35 P 0 S0 0194 0.53 AJem® Al
0.60 A/em®, HIHAT LA H LCTN-Ce(Mix) B it ]
HLg I RE AT T W AR T, HARTHIRE KT LCTN
(13 fi5. EWI T BRI AR e, 1£ 800 C,
COL/CO(7:3) 35, HLff B3 300 mA/cm” I,
3% P A PR R B IS R PR AR A O R, ] 8c TH LA
WALE R, &t 60h Hf#, LCTN-Ce(Mix)H i
T H A R B R 29 1.0 mV/h, 1 LCTN B
fEth v RE TEJRAS L, 20 h AR R P K 2400
2.4mV/h, XXM IES CeO, &1 LCTN A
AT LA A R A PR RE, RIS g s T
R R E L, BIHUR BRI RS .
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Fig. 8

(a) Section microstructure of electrolysis cell

(b) -V

(c) GS

HL iR U A8 T PO 45 K PR LCTN . LCCTN Al
LCTN-Ce(Mix) LI LE 800 °C, COL/CO(7:3) <5
(¥ 3-V HIZ A GS £k

Section microstructure of electrolysis cell and current
density—voltage (J-V) curves, chronoamperometry
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Fig. 9 Hydrogen temperature programmed reduction(H,-TPR) and CO, temperature programmed desorption (CO,-TPD) curves of
LCTN, LCCTN and LCTN-Ce(Mix) powders
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Fig. 10 X-ray photoelectron spectra (XPS) of O 1s before and after reduction with LCTN, LCCTN and LCTN-Ce(Mix) catalysts
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