5552 %5 7 R
2024 £ 7 H

JOURNAL OF THE CHINESE CERAMIC SOCIETY

%4 TE( Vol. 52, No.7

July, 2024

http://www.gxyb.cbpt.cnki.net

G & T

DOI: 10.14062/j.issn.0454-5648.20230839

Jo - Pl 5 P th A FLBRAORE BT B B e M et

kE', Zmwm, T AL B &

Aoml EEES KB 4R

(1. ER MRS, 75 0 2211165 2. F) REER A, JEaT 1000705 3. LPGRHIMTERY:, B E 330038)

B F: RrWERIBECC)A TR EREMAT AL G R AU, O TARIREE P AeRE, BT

VAN IR

SR, FEHIRIRI, PCCs % HUR (1 %UhT Hi SN (OER )RR J S N (ORR)EN 1122818, Ml fase 2, SO

PR RRE HIBAT o DRI, Bt AT A P vy R 1 LT I AU AR fie it PCCs ORIV A SR R E 2L AR TARHRT T PCCs
SRR AL . S S AL A TEREZ B (G R, IR T R R AR R UG TR R 2, 0 e T AR PR A A

G, SHERAERIREE . & COy URME Cr ZUR R IR EE,

LB AM ) H LR SENG , FF A AR R Bt SRR K Ty

MEAT TR
KR RTMER, AR MR BfbErERe; Rt ;
PESES: TMI11.47 MHRERD: A XEHS: 0454-5648(2024)07-2442-11 T

4% AR AT ). 2024-06-12

REVR & N SAEAF AR JE () B B Al . A A e TR
R EALT AR T — RAIERES )8, 57 % [E 4R
Tl RETR L Bk R, 2yt 1 (Rmifb” /5 &
“ERERAREIRA R AWM. KA. KFHAE. ¥
¥ B 25 ] T A B YR AT E ML AR g A T B ) g
R ARIT IR Dy R0 AT AR BEYE KRS K
JR4A e IR RG] SEME AR e M R B Bk, B
TR TR EAF R IS R R IR R . [
it & — PR E R B, BT LUK R
LR AR, BT DLR L REFE AL UL 22, B R
MR, MR EE .

] 7 SE A R AR A1 P A I 11 0 A 5] R A
I3 R TAE T B [E AR S A F i (SO Cs) AT 4%
SRR T M EI(PCCs). H1E 1 AL, PCCs K H
B, AKEESECFEAR AR B, T8 T ORG-S KR
IR, EEARME N KRS, ARG
Ni P, BT DA E A BT Hyo TR
BN TR, ARSI RERK(0.44~0.60 eV),
K[, PCCs nJ7E EAR AR T/E(400~650 C), H
R 00 1) L ) S T S5 A 5 L I (1 FARE 1 LA AE

Weka F . 2023-10-31,  EITH#1: 2023-12-04.

BEGIH e AR 55 2 L 55 4 7 B1(2023K YID1010); [E
KRBT R 42(52202334); 1T B BRI ERR AR
B3 & %% 4:(BK20220011).

H—fE#: KIRE0988—), L, FE#FTA.

WEES: ERRA964—), B, Ht, #Hiz.

KH

FIELTF SOCs, PCCs X4 FE A 5 i A K
PCCs I TAFIR N 400~650 °C, 75 B4 FEARAE G
T B B I EUE JE AN E AT A g s HL T
1 H S SRR AR 20 S RS Ak T K B = 3
B, A HRNALE SRS B R IR .
JUE IR A A AR B T FAR T 1 e 5 i
T RN B S T4 ANIEH it e,
{EL 2 B rp 137 70 F AR )15 4R B B A RRE A O % AR
KB FAEFHUR IR FL, MXSI S, 0] sbr
JSLF 1] PCCs A HL AL 22 AR 8 M BRI Fe /b

1 AR TR AL

PCCs FHA HIM. . FELA T RN A FEAR 2 1, SR FR AR
N PCCs HiAL [ S i—480IE Ji7 2 RE(ORR)/ T Hi
FI(OERRBEIA I, 4k T AL RS A I HL T

P T 5 1 S PR AR T (PCECs) A 1~ i e SR R}
FLIB(PCFCs) B A JiE BEAN[A] , S8 F A A F A S B ot
L BIEAA. MEERES N T EES. —
ki, £ PCECs F1 PCFCs )4 B bl b i e Ak

Received date: 2023-10-31. Revised date: 2023—-12-04.

First author: ZHANG Xiaoyu (1988-), female, Doctoral candidate.
E-mail: xiaoyucumt@163.com

Correspondent author: WANG Shaorong (1964-), male, Ph.D., Professor.

E-mail: srwang@cumt.edu.cn



52 55 7 W

SR T 5. TP R i R B R i AR T ST < 2443 -

SOFC

SOEC PCFC

PCEC

PCCs

SOFC is solid oxide fuel cell. SOEC is solid oxide electrolysis cell. PCFC is proton ceramic fuel cell. PCEC is proton ceramic electrolysis cell.

Bl 1 SOCs il PCCs L1 52 ]
Fig. 1 Schematic diagram of working principal of SOCs and PCCs
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Table 1 Elementary reactions on the surface of oxygen electrode

Steps (PCFCs) Elementary reactions (PCFCs)

Steps (PCECs) Elementary reactions (PCECs)

Oxygen adsorption 0, = Oy

Oxygen dissociation 0,00) = 20,
O,te” = Oy
Charge transfer

0O,+e” -0

Oxygen transfer 0 = Ol

Proton transfer H! = Hy,
. ,
. H;PB + OTPB - OHTPB
Water formation - .
OHTPB + HTPB - HZOTPB
Water exhaust

H,0p — HZO(g]
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(2

Water dissociation H,0,, — OH_, +H},

0} -e >0,

Charge transfer ! !
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Water formation 20, =0,

Oxygen exhaust 0,,—0

2(g)
+ +
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+
TPB - Hs
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TPB is triple phase boundary.
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(d) Triple ionic—protonic—electronic conductor
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Fig. 2 Oxygen electrode reaction mechanism
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As-deposited film

Dry PBSCF 100 h

Wet PBSCF 100 h

(a) Surface morphology of the as-prepared films by SEM

—

3

0

%10

(b) EPMA mapping of the film surface of the wet PBSCF film after 100 h

3 PBSCF MiJIAE T2 LR ¥ SEM & EPMA i J7 1+
Fig.3 Structural characterization of PBSCF film in dry and wet air by SEM and EPMA?
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Extended Abstract

Proton ceramic cells (PCCs) are widely investigated as devices for power generation, energy storage, and sustainable chemical
synthesis because of their moderate operating temperature, high efficiency and great application prospects. Nevertheless, a main
challenge for oxygen electrode of PCCs remains the sluggish kinetics of the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) at intermediate and lower temperatures as well as the insufficient stability of the oxygen electrode materials in the
operating environment. Designing and developing high-performance and durable oxygen electrodes is thus crucial for promoting the
industrial application of PCCs technology. This review discussed the relationships among composition, structure and electrochemical
performance of oxygen electrode materials and summarized the factors that impact the stability of oxygen electrode. The stability of
electrolyte and oxygen electrode interface under high steam condition, CO, atmosphere and Cr atmosphere was discussed. In addition,
a future research in oxygen electrode stability was also proposed.

The elementary reactions at the oxygen electrode include oxygen adsorption and dissociation, charge/oxygen/proton transfer, as
well as water formation and exhaust. It is considered that protons can play a critical role in the reaction process on the oxygen
electrode in addition to electrons and oxygen ions based on the elementary reactions occurring on the oxygen electrode. Triple
ion-electronic-protonic conducting (TIEC) materials can extend the triple-phase boundary (TPB) area to the entire surface of the
oxygen electrode. Besides the basic requirements of high activity and electrochemical performance, the oxygen electrode also needs
to have a sufficient porosity, a good stability, and a matched thermal expansion coefficient with the electrolyte.

Developing new materials or optimizing their compositions is a possible way to improve the intrinsic characteristics of materials.
Effective design strategies include element doping (A/B/O-site doping) or the construction of A- and B-site defects. The A-site in the
perovskite structure ensures a large lattice volume and prevents lattice distortion, and doping elements in the A-site with large radii is
beneficial to ion transport. The acceptor doping on the B-site can increase the electron cloud density around the oxygen atoms,
thereby facilitating proton absorption. Also, the oxygen-site doping is more complicated. The substitution of oxygen by elements with
a lower valence state and a higher electronegativity can promote the migration rate of oxide ions and protons. However, electron
conductivity and carrier concentration may decrease after anion doping. The realization of optimal TIEC in single-phase materials is a
challenge. Composite electrodes with different functions exhibit synergistic effects and strong interactions at the nanoscale, thus
garnering increasing attention. Composite oxygen electrode can improve the mismatched thermal mechanical issue between the
oxygen electrode and the electrolyte, and enhance the chemical stability towards CO, and H,O, thereby increasing the long-term
stability of PCCs. Methods for preparing composite oxygen electrodes include mechanical mixing, impregnation, self-assembly, and
dissolution. Among these methods, the last three can be used to fabricate nano-sized composite oxygen electrodes with a superior
performance.

The stability of the oxygen electrode and the interface between the oxygen electrode and the electrolyte has a significant impact
on the lifespan of the PCCs. The adhesion between the electrode and the electrolyte is strengthened via depositing an intermediate
layer to enhance PCCs stability. Active material with a high coefficient of thermal expansion can be combined with a negative thermal
expansion material to form a composite oxygen electrode, exhibiting a well-matched thermal expansion characteristic with the
electrolyte, which is beneficial to the thermal cycling stability of the PCCs. In addition to interface stability between the electrode and
electrolyte, the stability of the oxygen electrode material is also crucial. Most oxygen electrode materials contain Ba and Sr elements,
which tend to enrich and segregate on the electrode surface, especially in atmospheres containing H,O and CO,. Water can promote
element segregation, leading to the formation of secondary phases through reactions with impurities in air, which affects the catalytic
activity of the electrode material. The stability of oxygen electrode materials can be significantly improved via doping, developing
materials without alkali elements, and using composite oxygen electrodes. In addition, other pollutants (such as Cr, Si, B) may be
generated in the stack, which also affects the stability. Furthermore, the oxygen electrode of PCCs is exposed to humidified air when
operated in the electrolysis cell mode. However, there is a limited research on the poisoning of PCCs oxygen electrodes towards high
steam and other elements (Cr, Si).

Summary and prospects PCCs is a key technology for renewable energy conversion and storage. The degradation of oxygen
electrode greatly increases the polarization resistance of the cell and causes obviously declined performance. It is thus urgent to
improve the stability of oxygen electrode materials. A further research can be conducted in the following fields, i.e., the relationship
between the composition and electrochemical performance of the oxygen electrode, the influence of microstructure evolution and
morphology changes under a high humidity on electrochemical performance, and the corresponding degradation mechanisms; the
thermal cycle stability and interface stability of oxygen electrode materials under actual operating conditions; the mechanism of the
PCCs oxygen electrode poisoned by Cr and Si in a high humidified atmosphere, as well as corresponding detoxification strategies; and it
is necessary for commercial application requirements to investigate the stability of large-area PCCs under typical operating conditions.

Keywords proton ceramic cells; oxygen electrode; materials design; electrochemical performance; stability



