Supplementary Information (SlI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2025

Supplementary Information

Effects of Ce co-doping to the A site of Smy5.,SrsC00;.; for high
performance air electrode of solid oxide reversible cells

Sovann Khan'-*, Aleksandar Staykov®, Junko Matsuda®, Maksymilian Kluczny?, Kuan-
Ting Wuf, Kakeru Ninomiya¥#, Maiko Nishiborif, Jun Tae Song®™!, Motonori Watanabe'
Miki Inadaf! and Tatsumi Ishihara®!*

TAdvanced Energy Conversion Systems Thrust, International Institute for Carbon-Neutral
Energy Research, (WPI-I’CNER), Kyushu University, 744 Motooka, Nishi-ku, Fukuoka
819-0395, Japan

iInternational Center for Synchrotron Radiation Innovation Smart, Tohoku University,
Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan

'Department of Applied Chemistry Faculty of Engineering, Kyushu University 744
Motooka, Nishi-ku, Fukuoka, 819-0395 Japan

*Corresponding authors: khan.sovann.455@m.kyushu-u.ac.jp (S. Khan);
ishihara@cstf.kyushu-u.ac.jp (T. Ishihara)

Experimental:

1. Material synthesis:

LagoSr.1GayggMg(,0;3.; (LSGM) was synthesized by solid-state reaction method.
Stoichiometric ratio of LSGM, 9.79 g of power was weighted by using La,03 (99.99%,
Kishida, Japan), Sr(COj3) (99.99%, Wako Pure Chemical Industries Co., Ltd, Japan),
Ga,05 (99.99%. Wako Pure Chemical Industries Co., Ltd, Japan), MgO (99.9%, Wako
Pure Chemical Industries Co., Ltd, Japan). Thus obtained powder precursors were mixed
with ethanol by planetary ball-milling (20 zirconia balls, 5-mm diameter) for 12 hours
(48 cycles of 15-min run and 5-min rest). Then, LSGM powder was annealed at 1000 °C
for 6 hours in air.

NiO-Fe,0; (NiFe) composite (Fe:Ni= 1:9 wt.) was prepared by impregnation of
Fe(NO;).6H,0 (99.9%, Wako Pure Chemical Industries Co., Ltd) on NiO (98%, Wako
Pure Chemical Industries Co., Ltd, Japan). 10.48 g of NiO and 6.46 g of Fe(NO;).6H,0
were mixed into 200 mL of de-ionized water by magnetic stirring. Then, this solution was
heated up to 553 K until complete evaporation of water. Solid mixtures was fired at 673
K for 2 hours, and annealed at 1473 K for 6 h in air. Obtained NiFe was ball-milled for
12 h to grind the particles. Final NiFe powder was dried in vacuum oven at 393 K for 24
h.

TiO, added Ceyglag 40,5 (Ti-LDC) was prepared by solid state reaction. 3.8688 g of
La,03 (99.99%, Kishida, Japan) and 6.1312 g of CeO, (99.99 %, Sigma Aldrich Inc.,
USA) were mixed by plenary ball mill (10-mm of diameter, 30 balls) at 300 rpm for 3 h.
After that, this mixed powder was dried under IR lamp and annealed at 1633 K for 6 h in
ambient condition. Next, LDC particles were coated by TiO, nanoparticles on by mixing


mailto:khan.sovann.455@m.kyushu-u.ac.jp
mailto:ishihara@cstf.kyushu-u.ac.jp

0.045 g of TiO, (P25, Aerosil, Japan) and 8.955 g of LDC using plenary ball milling (40
g of 3-mm balls) at 300 rpm for 3 hours. This mixed powder was dried under IR lamp
and annealed at 800 °C for 2 hours. Finally, Ti-LDC powder was grinded by pestle and
mortar before screen printing.

2. Cell fabrication:

Slurry preparation: Anode, cathode and buffer layer were prepared by screen-printing
method. 1 g of electrode materials, 0.06 g of ethyl cellulose (Kishida Chemical Co. Ltd.,
Japan) and several drops of 3-hydroxy-2,2,4-trimethylpentyl isobutyrate (Tokyo
Chemical Industry Co., Ltd., Japan) were mixed with pestle and mortar until formation
of slurry.

LSGM pellet electrolyte preparation: 1.5 g of LSGM powder was pelletized by 20-
MPa press, and formed 20-mm pellet was conducted cold isostatic press (CIP) under 250
MPa for 30 min. LSGM pellet was sintered at 1773 K for 6 h in air. Dense LSGM pellet

was polished until 0.3 mm of thickness, which was used for electrolyte.

3. Characterizations

X-ray absorption measurement

The X-ray absorption fine structure (XAFS) spectra of Ce K-edge (40.44 keV) and Ls-
edge (5.72 keV) were measured at SPring-8 BLO1B1. The powder samples were pressed
into pellets with a diameter of 10 mm with boron nitride powder. The XAFS
measurements were carried out at room temperature in transmission mode.

STEM observation and electron energy loss spectroscopy (STEM-EELS)
STEM-EELS analysis was performed by using Titan ETEM G2 (FEI, USA) equipped
with a GIF Quantum energy filter (Gatan Inc., USA) at an acceleration voltage of 300
kV.
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Figure S1: Cell configuration (a) & (b) and photographs of the prepared cell (c)
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Figure S2 XRD spectra of Ce co-doped at Sr site (CeSSC) and Co-site (SSCCe)

It is different from Sr-site co-doping. Ce co-doping at Co-site possesses binary
phases even with a small amount of Ce content (x = 0.025) (see red arrow). Besides the
major peaks of orthorhombic structure, the new phase was indexed to tetragonal phase.



Zhang at al. co-doped Ce at Co-site (Sm,Sr;.«Co;.,Ce,O3.5) reported that binary or single
phase could be obtained in accordance with Sm or Ce co-doping contents [1]. When Ce
content is increased to x = 10, CeO, phase which is impurity phase is detected.
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Figure S3 Comparison of XRD patterns of Ce doping at A site with and without Sm-co-

doping

Table S1 Elemental composition estimated by EDS analysis and their stoichiometric

ratio
C EDS (at %) Stoichiometry (at %)
e X
Ce Sm Sr Co Ce Sm Sr Co
0 0 24.61 (£0.38) 25.57 (£0.86) 49.63 (+0.57) O 25 25 50

0.025  1.62 (20.08) 23.65 (£0.33) 25.05 (£0.70) 49.68 (£0.47) 1.25 23.75 25 50
0.05 231 (£0.08) 23.57 (£0.21) 24.87 (£0.38) 49.24 (+0.31) 2.5 225 25 50
0.10  5.07 (£0.07) 20.17 (£0.25) 25.62 (£0.72) 49.03 (0.41) 5 20 25 50
0.15  7.78 (20.16) 17.81 (£0.19) 25.71 (£0.58) 48.70 (0.38) 7.5 17.5 25 50
025  12.04 (0.25) 12.64 (£0.23) 25.87 (£0.51) 49.45 (£0.60) 12.5 12.5 25 50
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Figure S4 High-resolution XPS spectra of Sr 3d and Sm 3d from samples with different

Ce co-doping

Table S2 Atomic ratio of different oxygen species obtaining from XPS deconvoluting

peaks

Ce,x Ce*/Ce*  Co*/Co0*  Ochemisorbea/OL

0 - 0.18 0.44
0.025 0.31 0.50 0.30
0.10 0.24 0.60 0.24
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Figure S6 Ce L3;-edge XAFS spectra of CeSSC, SSCCe and CeO,.
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Figure S7 EELS spectra of CeSSC, SSCCe and controlled sample of BZCYYD.

The oxidation state of Ce ions can be characterized by spin-orbit coupling spectra
of 3d;,—4f5, (My) and 3d3,—4f7,, (Ms). The ratio of My/M; peak can be used to identify
the valence state of Ce ions. The higher My/M5 ratio indicates the higher valence state of
Ce ion [2]. The M4/M;5 ratio can be varied depending on the calculated methods. In this
study, we calculated the ratio of highest intensity and integration area under curves. And,
the My/M; ratio of Ce ion in our samples confirm that mixed valence state of Ce** and
Ce*" exist in as co-dopant in both Sr and Co-site doping. For reference,
BaZry1Cep7Y01Ybg 1055 (BZCY) sample is also analyzed. In BZCYYB sample, Ce is a
B-site cation and high oxidation state of Ce*' is dominated. Based on the ratio of My/Ms,
higher oxidation state of Ce ion is rich in B-site.



Figure S8 SEM images of cross-section of CeSSC cell after reaction

Cross-sections of the cell after reaction showed that thickness of LSGM
electrolyte was ~0.3 mm. And other electrode layers are about 10 um.

Figure S9 EDS elemental mapping of cross-section of cell after reaction

EDS elemental mapping shows that cell composes of anode (Ni, Fe), buffer layer
(Ce, Ti, La), electrolyte (La, Sr, Ga, Mg), and cathode (Co, Sr, Sm, Ce). No elemental
diffusion in each component layer were observed
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Figure S10 Fitting cuicuits of cells’ EIS spectra and their components at 973 K
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Figure S11 EIS spectra of half-cell of cathode (cathodic impedance) at 973 K
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Figure S12 EIS spectra of symmetric cells at 973 K (a) and (b) EIS spectra in air and
oxygen atmospheres, (c) and (d) the Arrhenius plots in air and oxygen atmosphere
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Figure S13: EIS analysis of cell before and after long-term operation at 973 K for 50 h
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Figure S14 LEIS spectra of SSC and CeSSC

Table S3: Ratio of area under peaks of LEIS spectra
Sample Co/(Co+Sr+Ce/Sm) Sr/(Co+Sr+Ce/Sm) (Ce+Sm)/(Co+Sr+Ce/Sm)

SSC 0.06 0.88 0.06
CeSSC 0.07 0.87 0.06
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Figure 15: I-V, I-P curves and their EIS spectra of cells made with different cathode
materials operated at 1073 K
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Table S4 Comparison of FC performance with similar cell performances reported

0.62 (973 K)

R Power
Anode Cathode Electrolyte | Cell structure Condition (W/Cm?) Ref.
NiO-Smy,Ceo 5055 Sro9CexCoOss NiO- . . 2015
(Ni-SDC) (SCCO) LSGM SDCILDCILSGMISCCO AIrH-3%H,0 | 048 (1073K) | 75
Srp9Y0.1C00;3.5 .
Ni-SDC (SYC10) LSGM ﬂiggg}tggwggg Air/H, 0.64 (1073K) | 2020
Ni-SDC SrosY,C00s5 LSGM Gbe Air/H, 0.74 (1073 K) [4]
(SYC10)-GDC
NiFe e LSGM NiFe]LSGM|SSC 0,/H,-3%H,0 0.80 (1073 K) 2E)52]1
Ni|Ni-
O LaySrCopaFeqs | SDC/LSG | SDCISDCILSGMISDCILSC | o (l)'gi E}g;g g 2022
055 (LSCF) M/SDC F-SDC anode-support thin 2 ' [6]
o onll 0.74 (973 K)
Pry.4Sto.6Feo.sNio Nbo, PSFNNb- . ‘ 2022
On (PSFNND) LSCF LSGM GDCILSGMILSCE-GDC Air/humid H, 0.59 (1073 K) 7]
072(1073K) | 505y
LSCF LSCF-GDC LSGM LSCF|LSGM|LSCF-GDC Air/3%H,0-H, 0.52 (1023 K) 18]
0.31 (973 K)
Ni-SDC (Lféés)r;ﬁg%%ers LSGM Ni-SDC|LSGM|LSC Air/H, 0.72 (1073 K) 2E)92]3
Lay.4:Ca 37 Tio94Niy 06 ‘ . . 2023
O L) FSCF LSGM LCTNiLDCILSGM|LSCF | Ait/H,-3%H,0 0.43 (1073 K) [10]
StMoysFeo -0 (SMF) (S)rc(g(&f;‘;‘;“ﬂ"-“ LSGM SMF|LDC|LSGM]|SCFTi Air/H, 0.46 (1073 K) 2[??]3
3
PrSr(Cu,Fe)ooMng ;045 g ; ) 1.00 (1073 K)
(RP-PSCEM)/ Cu-Fe | LSFC/DGC LSGM ggg&%%%ﬁg’ép GDC Air/3%H,0-H, 0.68 (1023 K) 2[‘1)3]3
(CFAYGDC 0.41 (973 K)
Pro,Bag,Sro,Lag, 1.21 (1073 K)
S(gﬁij[;}\é"l)"éoﬁ Ca,C0055 LSGM SFM-GDC|LSGM|PBSLCC | Air/3%H,0-H, 0.78 (1023 K) 2[%]3
s (PBSLCC) 0.46 (973 K)
1.22 (1073 K)
NiFe SSC fiber LSGM NiFe[LSGM|SSC O,/humid H, 0.83 (1023 K)
0.50 (973 K) 2023
1.33 (1073 K) [14]
NiFe SSC-SDC fiber LSGM NiFe[LSGM|SSC-SDC O,/humid H, 0.91 (1023 K)
0.57 (973 K)
0.55 (1073 K)
f;‘ézg’%"co"-fe‘)-&'ﬁ PSCF LSGM E%CCF -GDCILSGMIPSCE- | x4t umid H, 0.40 (1023 K) 2[?%‘
0.20 (973 K)
120 1073K) [
NiFe CeSSC LSGM NiFe|TiLDC|LSGM|CeSSC | O/humid H, 090 (1023K) | '
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Table S5 EC performance at 1.3 V

Current Density
Anode Cathode Electrolyte Cell structure Condition (A cm?) Ref.
. SFMNi- 0.84 (1073 K)
grzl(:;‘:ﬁgf)l\’ls‘]’;‘c LSCF-SDC LSGM SDCILCOILSGMISDC- | Air/42%H;0-H, | 0.51 (1023 K) ?1061]6
¢ LSCF 0.27 (973 K)
Ni-
. . . 0.38 (873 K)
. YSZNiFe|CMF|TiLDC| | Ait/20%H,0- 2020
Ni-YSz SSC LSGM LSGM|Porous 30%H,-50% Ar 8‘%3 g;g g [17]
LSGMISSC :

. 0.46 (1073 K)
SrleongO(]szeos STCO02 . 0 2020
(STCO2F) STCO2F LSGM FILSGMISTCO2F Air/50%H,0-H, 8% 8(7)531(1)4) 18]
Lag 6Sr9.4Coq.15Feos 1.62 (1073 K)

Pdy 0510 5 LSCF-GDC LSGM I(:J?)CCF PILSGMILSCE- | \i0s09%H,0-H, | 1.16 (1023 K) [23]22
(LSCFP) 0.77 (973 K)
GdBay 5Srg5Cop, NiO- 0.44 (973 K) 2023
NiO-SDC oCuy 055 LSGM SDCILDC|LSGMIGBS | Air/humid H, 0.34 (923 K) [19]
(GBSCQ) cC 0.22 (873 K)
032 (973K)
SFCM|LDCILSGM|LD e 2024
StFeCop Moy, | SFEM LSGM CISFCM Air/S%H,0-N, 8.;(5) ggg 8 1201
5(SFCM) :
. 0.61 (973 K) .
0 _50 .
NiFe CeSSC LSGM IS\IéFCe‘T‘LDqLSGM‘CC ?5;;‘50“\12 S%H> | 6 36 (923 K) Jgr‘li
2 0.20 (873 K)
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