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Table 1 Theoretical unit cell parameters of ReBaMn,Oq

and ReBaMn,O5
ReBaMn,0s ReBaMn,0¢
Element
(a=byA c/A (a=byA c/A

La 3.8958 7.8182 3.7933 7.716 8
Pr 3.9877 7.9475 39174 7.8433
Nd 3.996 8 7.880 6 39173 7.8252
Sm 39865 7.904 5 3.908 5 7.8380
Gd 3.956 1 7.868 3 3.8890 7.752 8
Y 39167 7.8387 3.8530 7.701 0

a, b and c are lattice parameters
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Fig. 5 XRD patterns of LBM, NBM and GBM samples
<2 NBM #1 GBM ##& XRD #5545
Table 2 Refined structural parameters of NBM and GBM samples
Materials (a=hyA cA V/A? o R/% Rup/%
-NBM 3.971 40(6) 7.757 3(2) 122.349(5) 2.844 7.20 9.42
o-NBM 3.897 82(4) 7.736 3(1) 117.537(4) 2.652 9.20 6.63
r-GBM 3.947 21(3) 7.688 3(9) 119.787(2) 1.638 4.46 5.71
0-GBM 3.912 67(4) 7.618 6(1) 116.633(3) 1.564 4.49 5.72

V is lattice volume; )(2, R, and Ry, are the error factors for XRD refinement.
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THIARALBEAT S )5 NBM [ 1.9 f5A0 1.4 %), #
] NBM 1 RE0 4204 J5 RN S 480K B S PRI A 375 P 5
5T GBM, Xt 5HSTIMSE R — (K 4).
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E, is the activation energy of conductivity.
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(b) Arrhenius plots of NBM and GBM as a function of temperature.
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Fig. 6 Conductivities and Arrhenius plots of NBM and GBM samples measured in air and 5% H,/Ar
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R1, R2 and R3 represents the resistance components; QPE1, QPE2 and QPE3 are the capacitive components.
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Fig. 7 EIS of NBM|LSGM|NBM and GBM|LSGM|GBM symmetrical cell measured in air and 3% H,0O/H,
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Table 3 Polarization resistances of symmetrical cell NBM|LSGM|NBM and GBM|LSGM|GBM Z/(Q-cm?)
NBM|LSGM|NBM GBM|LSGM|GBM
Temperature/ 'C Air 3% H,O/H, Air 3% H,O/H,
Ru Rv R Ru Rv R Ry Ru R Ry Rv R
700 0.20 0.86 0.72 0.21 1.75 0.63 0.24 1.79 1.37 0.32 1.95 1.43
750 0.08 0.33 0.28 0.13 0.62 0.34 0.10 0.42 0.34 0.15 0.72 0.36
800 0.03 0.16 0.10 0.09 0.26 0.22 0.05 0.18 0.11 0.10 0.33 0.25
850 0.02 0.05 0.04 0.04 0.25 0.20 0.03 0.07 0.04 0.08 0.27 0.23
Z is impedance; Ry, Ry, and Ry represents the polarization resistance of high frequency, medium frequency and low frequency, respectively.
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R, is the ohmic resistance, R, is the polarization resistance.
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Fig. 8 Cell performance and EIS of NBM|LSGM|NBM and GBM|LSGM|GBM cells



HS2BE e Ak S WRREUEIAR AR it ReBaMn,Os, s SEHIARAT RIS SERRES TR S S50 40UE « 1807 -

3 £

AT AEiz A& — M EETESNT
ReBaMn,0s.5 (Re = La. Pr. Nd. Sm. Gd. Y)# %l
e git, Sh468, RBER B TA%E,; @i
LI FE T ReBaMnyOs.s (Re = La . Nd. Gd) 4514«
HL2E R R A VR RE, L T MR RE S AR E T
GERIRETE Z I BE R

1) F—MEBHEERY, ReBaMn,Os.; 1 i
SRR o0 R RN RN; GdBaMnyOs.s
s Retm, RARAE, 1M YBaMnyOs,s 145
ARk, RBEEREZE. DOS B g,
ReBaMn,O¢ 1] O 2p W5 Fermi MEEEZ L
ReBaMn,Os /N, B PRLG T4 08 S5 F2 1 i
g A S A FE . Hod, NdBaMnyOs,,s
(17 O 2p Uit 00 5 B KTV e 1 22 f /) Ut I LA
P3G e . ReBaMnyOg [ O 2p 5 Mn 3d HiEH
LI ES L ReBaMnyOs /N, ULEAM BHE i S
R H AP E &, Hd PrBaMnyOs,s
NdBaMn,Os.5 ] O 2p F1 Mn 3d L& 1) 0 () RE B
ZERUN, ML A S A R

2) kR B %A L LaBaMnyOsyy s
GdBaMn,0s.s Al NdBaMn,Os.50 SZIG45 SRR 1T,
M & A LaBaMnyOsis > 1 GdBaMn,Os,s A1
NdBaMn,Os..s £ AMFIIE AR N HIREARRF 2 RS ER
Wk, BRI RIFMZ T EN . NdBaMnyOs,s 7E
A 5% Ho/Ar HHIFHL 23 15T GdBaMn,Os.., £E
900 ‘CIf 43 %l K 488 Sem' 1 10.0S-em™’. H.
NdBaMn,Os.,s 7E 7 SRS A5 T BIRALBR BT /N
F GdBaMn,Os.5, F I H TSR MALTEE . SLI6 45
B 5B 5E4—8. YL NdBaMn,Os.s AXTFK
HLHZ, 300 um JE1 LSGM Ay FE i i 1 45 10 Fi A
SCEEN ARG, 7E 850 “C R KT R % ik 5
335mW-cm 2.

S 30k

[1] BOLDRIN P, BRANDON N P. Progress and outlook for solid oxide
fuel cells for transportation applications[J]. Nat Catal, 2019, 2(7):
571-577.

[2] ABDALLA A M, HOSSAIN S, PETRA P M, et al. Achievements and
trends of solid oxide fuel cells in clean energy field: A perspective
review[J]. Front Energy, 2020, 14(2): 359-382.

[3] ZHU K J, LUO B, LIU Z H, et al. Recent advances and prospects of
symmetrical solid oxide fuel cells[J]. Ceram Int, 2022, 48(7):
8972-8986.

[4] RUIZ-MORALES J C, MARRERO-LOPEZ D, CANALES-VAZQUEZ
J, et al. Symmetric and reversible solid oxidefuel cells[J]. RSC Adv,

2011, 1(8): 1403-1414.

[5] SU C, WANG W, LIU M L, et al. Progress and prospects in
symmetrical solid oxide fuel cells with two identical electrodes[J]. Adv
Energy Mater, 2015, 5(14): 1500188.

[6] ZHANG M, DU Z H, ZHANG Y, et al. Progress of perovskites as
electrodes for symmetrical solid oxide fuel cells[J]. ACS Appl Energy
Mater, 2022, 5(11): 13081-13095.

[71 SENGODAN S, CHOI S, JUN A, et al. Layered oxygen-deficient
double perovskite as an efficient and stable anode for direct
hydrocarbon solid oxide fuel cells[J]. Nat Mater, 2015, 14(2): 205-209.

[8] CHOI S, SENGODAN S, PARK S, et al. A robust symmetrical
electrode with layered perovskite structure for direct hydrocarbon solid
oxide fuel cells: PrBag sCag,Mn,0s;s[J]. ] Mater Chem A, 2016, 4(5):
1747-1753.

[91 ZHAO L, CHEN K F, LIU Y X, et al. A novel layered perovskite as
symmetric electrode for direct hydrocarbon solid oxide fuel cells[J]. J
Power Sources, 2017, 342: 313-319.

[10] ZHANG Y, ZHAO H L, DU Z H, et al. High-performance
SmBaMn,0s ;s electrode for symmetrical solid oxide fuel cell[J]. Chem
Mater, 2019, 31(10): 3784-3793.

[11] ZHANG Y, ZHAO H L, ZHANG M, et al. Development of
titanium-doped SmBaMn,Os, s layered perovskite as a robust electrode
for symmetrical solid oxide fuel cells[J]. Int J Hydrog Energy, 2023,
48(72): 28119-28130.

[12] ZHANG Y, ZHANG B Z, ZHAO H L, et al. Electrochemical
performance and structural durability of Mg-doped SmBaMn,Os.;s
layered perovskite electrode for symmetrical solid oxide fuel cell[J].
Catal Today, 2021, 364: 80-88.

[13] CALLE-VALLEJO F, DIAZ-MORALES O A, KOLB M J, et al. Why
is bulk thermochemistry a good descriptor for the electrocatalytic
activity of transition metal oxides?[J]. ACS Catal, 2015, 5(2): 869-873.

[14] HONG W T, STOERZINGER K A, LEE Y L, et al
Charge—transfer—energy—dependent ~ oxygen  evolution  reaction
mechanisms for perovskite oxides[J]. Energy Environ Sci, 2017,
10(10): 2190-2200.

[15] LEE Y L, KLEIS J, ROSSMEISL J, et al. Prediction of solid oxidefuel
cell cathode activity with first-principles descriptors[J]. Energy
Environ Sci, 2011, 4(10): 3966-3970.

[16] PERDEW J P, WANG Y. Accurate and simple analytic representation
of the electron-gas correlation energy[J]. Phys Rev B Condens Matter,
1992, 45(23): 13244-13249.

[17] GEORGES A, KOTLIAR G, KRAUTH W, et al. Dynamical
mean-field theory of strongly correlated fermion systems and the limit
of infinite dimensions[J]. Rev Mod Phys, 1996, 68(1): 13—125.

[18] GUO K, MAN Z 'Y, CAO Q G, et al. Effects of rare-earth substitution
on the stability and electronic structure of REZnOSb (RE=La-Nd,
Sm-Gd) investigated via first-principles calculations[J]. Chem Phys,
2011, 380(1-3): 54-60.

[19] ZHOU W Y, ZHOU Y, TANG S Q. Formation of TiO, nano-fiber
doped with Gd** and its photocatalytic activity[J]. Mater Lett, 2005,
59(24-25): 3115-3118.

[20] NAKAJIMA T, KAGEYAMA H, YOSHIZAWA H, et al. Ground state
properties of the A-site ordered manganites, RBaMn,O4(R= La, Pr and
Nd)[J]. J Phys Soc Jpn, 2003, 72(12): 3237-3242.

[21] HONG W T, RISCH M, STOERZINGER K A, et al. Toward the
rational design of non-precious transition metal oxides for oxygen
electrocatalysis[J]. Energy Environ Sci, 2015, 8(5): 1404-1427.

[22] &P, ZR =, B E . RS LY R T XS R



+ 1808 - CRERR R 2540 J Chin Ceram Soc, 2024, 52(6): 17991809 2024 4

SmBaCoFeOs.s [R5 5 PERE(]. RERR EE-74k, 2020, 48(2): (23] AL, R0k, BUEE, 55 B ARSAPIR I XS SRy P &

187-194. P AR e B 5 A BE T S5 MR AR TR (D). RERR £h 244, 2021, 49(1): 7-13.
DU Zhihong, LI Keyun, ZHAO Hailei. J Chin Ceram Soc, 2020, 48(2): DU Zhihong, LI Yuanyuan, ZHAO Hailei, et al. J Chin Ceram Soc,
187-194. 2021, 49(1): 7-13.

Structure and Performance of ReBaMn;0Os,; based Electrodes for Symmetric Solid Oxide Fuel
Cells

ZHANG Min', ZHANG Yang', DU Zhihong'?, ZHAO Hailei'?
(1. School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China;
2. Beijing Municipal Key Lab for Advanced Energy Materials and Technologies, Beijing 100083, China)

Extended Abstract

Introduction Compared with conventional solid oxide fuel cell, using one material as both the cathode and anode to construct a
symmetrical solid oxide fuel cell (SSOFC) configuration can simplify the fabrication processes and reduce the cost, while mitigating
the chemical incompatibility and thermal mismatching issues. A-site double perovskite PrBaMn,Os.5, with a matched thermal
expansion coefficient with electrolytes, good structural stability in both oxidizing and reducing atmospheres as well as a modest
catalytic activity is a promising symmetrical electrode. However, PrBaMn,Os,; has a low electrical conductivity in reducing
atmosphere and an inferior catalytic activity towards fuel oxidation. To address these issues, a lattice doping strategy was employed to
regulate the charge carrier and oxygen vacancy concentrations, as well as the energy band structure. In addition, theoretical
calculation could predict the properties of the material, and screen doping elements for high-performance material. The A site
elements have a great impact on the properties of material in terms of structure, conductivity, and catalytic activity. In this paper,
first-principles calculation was employed to investigate the effect of A-site Re (rare-earth) element species (i.e., La, Pr, Nd, Sm, Gd,
and Y) on the structure and properties of ReBaMn,0Os, s materials, and the calculated results were verified by experimental data.

Methods The Cambridge sequential total energy package (CASTEP) module in Material Studio software was utilized to calculate
the binding energy, formation energy from oxides, and density of states (DOS) of LaBaMn,0s.; (LBM), PrBaMn,0s.,s (PBM),
NdBaMn;0s,5s (NBM), SmBaMn,0s.s (SBM), GdBaMn,0s.s (GBM), and YBaMn,0s.s (YBM) materials, respectively. The
selected materials were prepared by a sol-gel method. The phase structure of the synthesized powder was examined by X-ray
diffraction (XRD). The electrical conductivities of the samples were measured by the DC four-terminal method in air and 5% H,/Ar
atmosphere, respectively. The electrochemical impedance spectroscopy (EIS) and current—voltage curves of the
Lag gSrg,GagsMgp,03-5 (LSGM, 300 um) electrolyte supported symmetrical cell were obtained using Solartron 1260 with 1287.

Results and discussion The theoretical lattice parameters of ReBaMn,O4 and ReBaMn,Os were obtained through geometric
optimization in DFT calculation. The ReBaMnOs shows an enlarged lattice volume rather than that of ReBaMnQOg. Also, the lattice
volume of RBM shrinks with decreasing Re®" ion radius. The binding energy results show that GBM has the maximum absolute value
of binding energy, indicating an intense structural stability, which is related to the half-filled electronic configuration (4f7) of Gd*".
YBM has the minimum binding energy, indicating a poor structural stability. For the formation energy, SBM and GBM show a
negative formation energy from corresponding oxides, inferring an intense synthesis preference. LBM and YBM exhibit a positive
formation energy, and they prefer to maintain two phases, i.e., La(Y)MnO; and BaMnOj;. The energy difference between the O 2p
orbital center and the Fermi surface of perovskite materials is related to the catalytic activity. Based on the conduction mechanism of
B—O—B small polaron of electrons in perovskite structure, the energy difference between O 2p and Mn 3d orbital center can be
related to the conductivity of the material. In this regard, the DOS of ReBaMn,0O4 and ReBaMn,0Os is calculated to predict the
corresponding properties. The results show that ReBaMn,Os. s exhibits a better catalytic activity towards oxygen reduction than fuel
oxidation because of the lower energy difference between the O 2p orbital center and Fermi surface of ReBaMn,Oq4 than that of
ReBaMn,0Os. In addition, PBM shows the minimum O 2p-Fermi energy difference, indicating a superior catalytic activity. While
YBM and LBM possess high these values, indicating a poor catalytic activity. For the energy difference between O 2p and Mn 3d
orbital center of the material, ReBaMn,O4 shows a smaller value than that of ReBaMn,Os, inferring that a higher electrical
conductivity can be obtained in oxidizing atmosphere than in reducing atmosphere. PBM and NBM exhibit lower O 2p-Mn 3d energy
difference values, indicating that they can realize a high conductivity. While YBM and LBM show the opposite results, indicating a
low conductivity of the material. To verify these calculation results, ReBaMn,Os.s with La, Nd, and Gd A-site elements are
synthesized for properties characterization.

The XRD patterns demonstrate that NBM and GBM show a tetragonal structure with P4/mmm space group in both air and 5%
Hy/Ar atmosphere, while LBM sample consists of BaMnOs, La; M, ;0;, and MnO phases. This result is consistent with the
calculation results that LBM possesses a positive formation energy, showing a thermodynamic instability. NBM and GBM exhibit a
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higher conductivity in air rather than in 5% H,/Ar, and NBM displays higher conductivities than GBM. At 900 ‘C, the conductivities
of NBM are 48.8 S-cm ™ and 10.0 S-cm™ in air and 5% H/Ar, respectively, which are higher than those of GBM (i.e., 38.9 and 8.8
S-em™). For the EIS results, NBM and GBM-based symmetrical cells exhibit lower polarization resistance in air than that in
3%H,0/H,. In addition, NBM shows superior catalytic activity than GBM, as confirmed by a lower polarization resistance of NBM
than GBM (i.e,, 1.78 vs. 3.4 Q-cm? in air, 2.60 vs. 3.7 Q-cm? in 3% H,0/H,). The conductivity and EIS results both are in accordance
with the theoretical calculation results.

Conclusions The computation results indicated that LBM is not stable at single phase layered perovskite structure. GBM showed
the maximum binding energy, indicating the optimum structural stability, while NBM exhibited a smaller energy difference between
Mn 3d and O 2p orbital center, and a lower energy difference between the O 2p orbital center and Fermi surface, implying the good
conductivity and excellent catalytic activity among the investigated materials. Based on the calculation results, La, Nd and Gd were
selected as A-site elements for verification. The results manifested that LBM was difficult to form single-phase perovskite, but it was
easy to synthesize the single phases NBM and GBM. They showed a good structural stability in both reducing and oxidizing
atmospheres. NBM exhibited higher conductivities in both air and 5% H,/Ar, compared to GBM. In addition, NBM electrode
displayed much lower polarization resistance than GBM, demonstrating a superior catalytic activity. The LSGM electrolyte (300 um)
supported symmetrical cell with NBM electrode delivered a maximum power density of 335 mW-cm > at 850 C.

Keywords symmetrical solid oxide fuel cell; first principles calculation; layered double perovskite; rare-earth element.



