55 52 54 6 ] HOER e Vol. 52, No. 6
2024 ¢ 6 A JOURNAL OF THE CHINESE CERAMIC SOCIETY June, 2024

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

Zoa if

DOI: 10.14062/j.issn.0454-5648.20230900

[ A0 S A 1 WLt = FUABR R e i

F & A % x

W xR, BEEA OB A F O FALE

(PR RR 5 TR, MBSO SR AR e E H mscie s, KX 430074)

B B AR BRI O B L, [ A ) A (SOEC) B A& RE B AL AR ey T RAE RE ) LU R 2R 038

(RS 35T SOEC BAH HIHL K MBIAR AL 5, ol
TTYLAS L —, HoP R AR ELB U2 o R LA

IR BE O AU H AR IR SR KB 7). S R A2 SOEC MR
1o AICEEET HEGCA 1 SOEC A i kM A R, MEHIMR R

FIHUEL . APRLEDR . BRI B AL 2R . A2 R RE DL RO RIS 75 AT 1 RGN IIE . 5 Xt SOEC Ak

MR R R HEAT T 3 A A B

KR Afe BRI BR; SEN SRR P
YEHS: 0454-5648(2024)06-1884-16 - Jmieis

hESHS: TKI1  CEFRER: A
4% H R AT iE) : 2024-05-08

AneReERE AR SEMER . TIE 3.
THEBOR JFoRE =& S0 AL B e NS 2l g
B AR EN AR HEIRE, FiEd—EF&
A4 . 24T, SARMHIEBOT NEFE LR LR 7
X 1) ABREHRE, AR RIRHIEE:
2) WA PRIRTIE, OFEE . TR A5
3) HfR/KHIE: 4) JefEtbHlE; 5) KA.
FREIEEAREE R, TR NERE. BB IE
pedil gy TN N R S SRS N 4 b |
ik H A K & A SN A R, RN AR =
SRR, IR R

B AT 30 B K S BAR R DLUR LK
1) Bl E A K ) S(ALK) s 2) 5T T8 6 E iR
K Z(PEM) ;s 3) BB 1 52 # B AL i K i &
(AEM) s 4) [l 44 5 4k 9 | ff it H R K i &
(SOEC). ALK. PEM LK AEM T{Eif 5K,
IK CAB AR T X AFAE , 76 PO 1Y) 45 8 /4 Ak P v
W2 [IAFTERG IR . ALK 5 PEM 43 AR AH X Rl 24,
O ks T, T AEM BoAR REAEAR,
WAE SR =B B . 5T 3 PR RAHEL, SOEC
HLAR R AR L R e 02, il 1) pA

WA E i 2023-11-23. BT H #: 2023-12-27.

REWH: ER AR IS (52072134); WdbE AREHER SR T
4ET0 H (2021CFA072).

P 2 FE199%6 ), T, MR

SRS HALB9ss ), B, M, #R.

i BE, SOEC Firk FH BIBARK [ U1 Ni-Zrg.9,Y 0,080, 1 Ni-
R AL (YSZ)). BHAR (W1 LaxSri«MnOs_; FHI
LSM) 5 Hi, fift J5i I B (B Y SZ) A4 Bl AR iR, A 7
BLE SR A e RN B & R AL R 2) A ]
B, SOEC NA [ AS5H, AN AT A A4 ik
gy, Atk 3) FEHERAK, SOEC X5 k4l
JEERAR, BT AR CAKZES, FAE
M KESA REMFRKIR, TRE—BHRL
WhBE, T ZfRAE RN 4) AR R
A 4 Em, SOEC M T {E i & vu H & 78
600~1000 ‘C, %% 1 T AF i B v A R T K 3
il S NI R, B T R AR LI AR SOR, [RIEE SOEC
FAL i K L T HeAt gl S R R A, PR R AR
4% R; 5) WML, SOEC AW H T £ FiH
R, BGIZEB] BIRRET BT FlHh
TR EE X AFE R 2 #F, SOEC ffrf5 2
HXH . SOEC 1 i¥ T/E X (SOFC) I 4k 5 g =
AN HRE, TEXAE . KPHAESE BIR = & 1
5% R 30 i IXOE 3 4 IRURE K PH B8 25 78 U U B i
TENERE, TE A IR A AR K H SEB B iz
1 XK R s e iR B0

Received date: 2023-11-23. Revised date: 2023-12-27.

First author: LI Cheng (1996-), male, Doctoral candidate.

E-mail: licheng267@163.com

Correspondent author: JIA Lichao (1985-), male, Ph.D., Professor.
E-mail: jialc@hust.edu.cn



%5 52 &4 6 3] Z

P A AR B T S R AR LT T .+ 1885 -

1 B

1.1 SOEC EAT{ERIE

SOEC &Mk =relide &, vk H R =L
A Rt sERe, R TARR R RS 3 i 4
R, R AR AL SR . CAHEK IS, ¥
R sE A E I F AL 2 I R A AR

H,0(g)+26 —H,(g)+0> 1)
02’—2e’—>% 0,(g) )
Hzo(g)*Hz(g)‘*%oz(g) 3)

WK 1 frs, SOEC HLrajth = 3 #532Hk,
AL P 1) 22 FL25 S AR L F R DA S AT 2
V) P B A LA . R S A S k) —
MR, SHEMAES H-H0 el — Ml s dk. T
PERS, fEAMINHEIERIIEA T, SRR H0(0)43
BT PIE R Hy, 2 HARAS 2R B S AR
PR OF K AR O BIRST, e R
PN ARSBE o B e 1, RIS S OF 2 5l
fh2f i,

Air electrode

0, - \ '
“w

H, Electrolyte .T .T .T

OO

Hydrogen electrode

1 SOEC %y e TAF/RER
Fig. 1 SOEC structure and working diagram
AR AT (H") v 2 B 7 1) F it e A
{E 53 1 i) %5 HLfif i (PCEC), PCEC [ TEJRH#E 5
SOEC A FiAAl:
Hydrogen electrodes: 2H'(g)+2e —H,(g) (4)

Oxygen electrodes: HZO(g)—Zef—%C)z(g)+2|'|+

()
PCEC /K Z&AFAET 2 HUARAN, AL Ho0(g)
2R O IR HT, BEJE H 5 HUfif o7 A A R
MFERAEIFAE R Hoo BT HER/NT O, Hyr ik
BomREEAR, Dk PCEC A% HINIL AR LA 7
PERE . {5 PCEC HIFFIFE HO R AR i & ™ L
(RIS, BRI T 5 R P,

1.2 SOEC #Ah*

121 feE@mRK  SOEC TAERZSMFHRMLrRE
AIEE. LAE@) A, X TR RN, A7)

SR LG RN HT S BE B AT S AR

AG=AH-T-AS (6)
Hrh: AG 4 Gibbs H HH AR, AR LR AH
IR, R R IR B A e AR A AS IR,
EERIIFEEE T MR T-AS REARMAGET
K Q.

Kl 2 ik 7 AH. AG. Q FHIREZHIIK R,
BEE IR T E, KRBT AH AR, HRE
FRIZD T, Pk Ee IR = . AR T HLRE,
IR R TR0, ESL R R A2 B iR B ]
BEAR S N FERE R T oK, X ARIL ) SOEC Ha ik fil
SRR, R A A AR Bk 2 R
FOCHEEL, AR M k) AE LTI Ha fg il
FEI R EER, AR A .

00 ¢ 1.6
= 250+ :ﬁ A AH (Total energy demand) 1.4
I—g ; AG(EI 112
\ ectric
S 2000 energy demand) 1.0
=1 el 2
§ 1501 O, 1 H,O(e) Jos
g T ! E
: I 10.6~
> 100+
& : N loa
(=1 | an
D 50 /E QﬁTAS(He"“ dem 1o,
' 0.1 Mpa
’ ' : : : 0.0
0 200 400 600 800 1000

Temperature/'C

Kl 2 SOEC Hf#/KHIRER TR 5 R MR I 2
9\%/%[11]
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Table 1 Comparison of electrochemical performance of hydrogen electrodes

Test conditions

Material Electrolyte Current density/(A-cm™) Reference
Temperature/'C Feeding gas \oltage/V
Ni-YSzZ YSz 800 97.5% H,0-2.5% H, 1.30 -1.000 [24]
Ni-ScSZ ScSz 750 50% H,0-50% H, 1.30 -1.400 [25]
LSCM-YSZ YSz 850 20% H,0-80% H, 1.60 —-0.430 [42]
LSCNNi YSz 800 3% H,0-5% Hy,-Ar 2.00 —0.090 [49]
SFW LSGM 800 6% H,0-94% H, 1.57 —-0.750 [51]
LSCFN55 YSz 850 50% H,0-50% H, 1.30 -0.960 [52]
STFR YSzZ 800 50% H,0-50% H, 1.30 -1.720 [53]
LCNT ScSz 900 50% H,0-50% H, 1.30 —2.750 [64]
PBM(Co-Fe) LSGM 800 10% H,0-90% H, 1.30 -1.310 [72]
SFM LSGM 900 60% H,0-40% H, 1.30 —-0.880 [81]
SFMNi-SDC LSGM 850 42% H,0-58% H, 1.30 -1.257 [87]
SFCM LSGM17 800 50% H,0-50% H, 1.30 -1.220 [90]
LSFN YSZ 800 50% H,0-50% H, 1.30 —-0.640 [96]
PSF LSGM 800 3% H,0-97% H, 1.60 -1.390 [99]
FevO,-SDC YSZ 800 5% H,0-5% H,-Ar 1.50 -0.120 [103]

SCSZ: SCo.1Zr089Ce0,010195; LSCM: Lag75Sr0.25CrosMngsO03-5; LSCNNi: (Lag755r0.25)0.95(CrosNio2)0.05Ni0.0s03-5; SFW: SrFe;_xW,O3_s5; LSGM: LagoSros-
GapgMgo203-5; LSCFN55: Lag 4Sros5C002Fe0sNDo203-5; STFR: Srogs(TiosFeo.e3RU0.07)O03-5; LCNT: Lag43Cag37Nio s Tio.9403-; PBM: PrBaMn;0s.;; SFM:
SraFe; sM0o506-5; SFMNI: SraFe; 3Nig2M0gs0s; SFCM: SroFe; 3C002M0g506-5; LSGML7: Lag gSro2GaossMgo1703-5; LSFN: LagSro.aFeqsNig 2035 PSF:
ProgSro.4FeO3_5; NMC: Ni(Mny3Cry3)204; GDC: Gdg 1Cep.90-5; SDC: Smg2Ceo 0.
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Extended Abstract

As a device capable of converting electrical energy into chemical energy, solid oxide electrolysis cell (SOEC) has superior
characteristics such as high energy conversion efficiency, reversible operation capability, and environmental friendliness. The
hydrogen electrode as the direct site for the hydrogen evolution reaction (HER) is a crucial component of SOEC. Excellent hydrogen
electrode materials require a chemical-structural stability under high-temperature reducing atmosphere, outstanding electrocatalytic
activity, long-term operational stability, and cost-effectiveness. To meet these requirements, various types of hydrogen electrode
materials are developed. However, their performance stability issues are evident, necessitating the overcoming of these challenges
through materials development aligned with the unique demands of SOEC materials. It is thus essential to provide a systematic
discussion on aspects such as the hydrogen electrode reaction mechanism (i.e., hydrogen spillover, oxygen spillover), material
requirements, physicochemical properties of electrode materials, electrochemical performance, and material degradation. This will
facilitate subsequent research endeavors in this field.

This review introduced cermet-based hydrogen electrodes, exemplified by materials such as Ni-Zryg,Y(0s0, (YSZ) and
Ni-Gdy,Cep g0, (GDC). Cermet hydrogen electrodes composed of Ni and ceramic phases are widely used due to their excellent
electrocatalytic performance of Ni, good mechanical strength, and lower cost. However, some issues such as Ni oxidation, migration,
agglomeration, carbon deposition, and poor redox cycle stability during electrolysis of H,O and CO, operations restrict the application
of Ni-based cermet. This compels to seek novel hydrogen electrode materials to address these challenges, leading to the proposal of
perovskite, with perovskite oxides as a representative category. Perovskite oxide is mixed ionic-electronic conductors (MIEC)
material, so the reactive region can be expanded to the entire surface of the whole electrode to reduce the activation resistance. Also,
perovskite has an excellent resistance to carbon deposition, sulfur poisoning, and redox cycle stability. The A, B, and O sites have a
potential to be replaced by other ions, and the above characteristics lead to a wide range of interest in perovskite-based materials. The
physicochemical characteristics and the pros and cons of each type materials of perovskite, i.e., single perovskite (ABO;, i.e.,
La;,Sr,CrOz5 SrFeOs_s, SrTiOss), double perovskite (A;B,0s, i.e.,PrBaFe,Os,s, Sr.Fe, sM0,Os-s), and Ruddlesden-Popper perovskite
(RP, An+1B1O3zq+1) Were discussed. The review also provides a comprehensive discussion on various strategies for improving material
performance, including A-site vacancy, A/B-site doping, in-situ exsolution, second-phase composites, and microstructure
optimization. Other materials like spinel with good stability and conductivity are explored as the alternatives for hydrogen electrodes.

Under electrolysis conditions, the degradation issues of Ni-based cermet materials primarily revolve around the oxidation, migration,
agglomeration of Ni, and external poisoning by sulfur and silicon. The oxidation of Ni leads to deactivation and loss of electronic
conductivity, necessitating the protection of Ni-based cermet electrodes via introducing a reducing gas. Furthermore, the oxidation,
migration, and agglomeration of Ni can disrupt the original structure and composition distribution of the electrode, resulting in a poor
cyclic stability of the cermet-based electrode during redox cycles. The deposition of carbon can block triple phase boundaries (TPBs),
reduce active reaction sites, and disrupt the microstructure of the electrode. Simultaneously, trace impurities in the reaction gas, such as
sulfur, have a pronounced poisoning effect on Ni metal. Measures such as alloying, introducing materials with a high ionic conductivity,
and regulating electrode structure can effectively mitigate these deteriorative effects and slow down the degradation process.

Summary and prospects The existing research on hydrogen electrode materials for SOEC involved the systematic theoretical and
experimental studies. To commercialize hydrogen production through SOEC, it is still necessary to further investigate hydrogen
electrode materials. At the mechanistic level, advanced characterization techniques, such as in-situ transmission electron microscopy
and X-ray photoelectron spectroscopy, combined with first-principles calculation and distribution of relaxation time method, can be
employed to investigate the reaction mechanisms of SOEC hydrogen electrodes. This approach guides subsequent development and
application of electrode materials. The degradation of hydrogen electrode materials is a primary obstacle to the current
commercialization of SOEC. The existing research predominantly focused on Ni-based metal ceramic hydrogen electrodes. For
Ni-based metal ceramics, the main issues involve the oxidation, migration, and coarsening of nickel. Based on the fundamental
mechanisms of electrode reactions, a comprehensive exploration of material degradation phenomena and their mechanisms is
conducted. The severity of the impact of the mentioned changes on the elementary reactions of the electrode is assessed, and the
corresponding improvement strategies are proposed. At the material level, it is essential to conduct in-depth studies based on the
actual requirements of the electrodes. Combining theoretical predictions with experimental data, some performance-enhancing novel
hydrogen electrode materials can be obtained through ion doping and in-situ exsolution for the regulation of electronic structure,
charge carrier migration capability, and surface oxygen vacancy formation energy. At the application level, improvements in
large-scale cell manufacturing process, optimization of the microstructure of Ni—YSZ electrodes, and the incorporation of
high-performance catalytic materials such as perovskites using methods like ion liquid injection are crucial for advancing the practical
application of SOEC.
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