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Fig. 1. Location overview of the doped ions and oxygen vacancies in the supercell.
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Fig. 2. Schematic diagram of the co-doped local structure and its corresponding energy.
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Fig. 3. Density of states of Ce32064, Ce320¢3, Ce315rO¢3, Cez1SmOg3, Ce3pSma2063(M1) and CezoSmaOg3(M4-2).
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'k, CeapSmSrOgs (N)-N, N & T 2 i g M1
1 CezpSmSrO63 (NNN)-NN, N X T & 2 H 1)
M4-2 £ 8Y).

K2 CeOg HMEHNA TS LLIE A BE
Table 2. Oxygen vacancy formation energy of CeOg

based material.

Structure Ef. . /eV

Ce32063 3.332
Ce315rOg3-N —0.275
Ce31SrOg3-NN —0.096

Ce31SmOg3-N 1.887

Ce31SmOg3-NN 1.956
Ce30Sm2063(N)-N, N —0.421
Ce30Sm20g3(N)-N, NN —0.418
Ce30SmSrOg3(N)-N, N —3.357
Ce30SmSrOg3(N)-NN, N —3.267
Ce30SmSrOg3 (NNN)-NN, N —1.472
Ce30SmSrOg3(NNN)-NN, NN —1.359

HER 2 T LUE H, 21 A T CesaOgs M5 2
KT BCRE AR &1, N 3.332 €V, 3X 15 B 4l ) R AL Al 1R
HMETE R AL, AR 1 HL S R ARAIK. 177 Cegq SrOg3-
N, Cesz1SrOg3-NN 48, 25 1 FE il BE 43 1 N —0.275
AT —0.096 eV, Z1E N0.179 eV, iX 5B Sr2+ 1145 4+
2{$15 CeOq BEME H KX R AL, 1 HA Sr?t 1
URIF A AR bE S 25 A B8 ) T 7 Se2 [ el 4T Ak
Az, IR TR G I IR A B Y S S AR A A A
73k WOTRE D), X PMZIREE I E— e R B
A AL H 23D, R, BAR Cesy SrOgs H &
IRAR A 2 T B BE, 1B T Se2t 5 & 28 AL 17
SR, Ces1SrOgs I E + HLFRANIR 2 3| —E
1) 5.

X Sm3t 5 24 ) CeOq 1 5, Ces1SmOg3-N,
Ce319mOg3-NN [ 28 75 £ T2 AR BE 7 1) /9 1.887 Al
1.956 eV, 1M CezpSms0g3(N)-N, N, CeszoSmsOg3
(N)-N, NN 8% 2 A7 % il fe 5 ml v —0.421 Fl
—0.418 eV, X Ut Sm3* (1) )5 35 R E e s B
B A AL AR R, 2 SmBt [ R 345 24 TR B
RIS (O B2 T 49 B Ces SmOgs), 28 %5 A T B AE K
IE{E, NG RE AL, B Sm3 45 22K (1 T+
1 (5 BT F B CegoSmaOg3), 4825 R AE AR N
FE, MW RE B K R S0 54, AFRT

Ces1SrOg3 FITR I SR i A% o7 S 3T 408 5 I S A
Z TA) 5 3 A T FCRE 22 BE K (2928 0.179 V) [ EIL
%, X Ces1SmOgs 1M &, AH AL A2 A48 25 AL
BB 22 H R A 0.069 eV, 15 B Sm3t X 4 23 7 1 1%
SRR A Sr2+ A4 58, 11 % CesoSmaOgs (N) T
&, N, NAIN, NN X P Fl A [F AL 2 8] i 4025 AL
T RCRE ZE (B3 — 24/, R 0.003 eV, 1X i B 4
5L AE K T AN 5] R pit Kb 7= AR R 3630 T A 45
XAE— € E FRE S (R a3k S 2 AL AE AN [F) A7 i 22 [H]
1 H iz, XM SDC B A & 1
BT HSRRENEE L —.

B30 o 2 P EEE AT 1 CegoSmSrOgs
(N)-N, N ALY B RE N —3.357 €V, CesoSm-
SrOgs (N)-NN, N 4 25 7 2 B RE N —3.267 eV,
THZEEN0.09 6V, i CezoSmSrOg3 (NNN)-NN,
N {1 48, 45 7 7 B BE N —1.472 eV, CespSmSrOgs
(NNN)-NN, NN (820 BRE N —1.359 eV, —
HZEN0.113 eV. X —J7 [ #6 ] Sm3* F Sr2+ 4k
5 4 BERSAE SmP T B Sr2t LB 2k CeOy LR | 1
A PRAR S S AL B (Sm3t, Sr2+ L8 44 S 2 1
TE R RE AR T A0 B ) Sm3F 80 Sr2t i L A =
P LRE, TIAS AT Sm3t, S+ Jfh 45 244k
RN RE 2 8]); 5 —TJ71H, BT Sm?t, Sr2t
L5 A4 1) CeOo 1 F AN R AL i 22 ] F 5825 67 TE %
BE 25 (0.09 F10.113 eV) /T CezoSmaOg3(N)
0.003 eV 1 Ces1SrOgs [ 0.179 €V 2 [A], 18] Sm3+
5 ST LB 2R B T BB T R FRAIC S S AL TR R
2, BB B2y v R Sr2t e 4R 25 AL A 3R
RN, X AN 77 TH SE B b #A R F Smdt, Sr2t gk
B4 CeOy HM B T LT R L m.
3.4 S|T[ITFARE

SEG AT f A% S50 LTS AR 451
PAKR AL R i) 23 A, FA CI-NEB 77 7373l
5T CesoSmSrOg3(N)-N, N (f BT 2 X5
HHTIM1), CegpSmSrOg3(NNN)-NN, N (% B J-
B 2 H X5 2 b ) MI4-2) (158025 7 ) Sl AR A B
¥ (B 4 PR, B VAREE S AL, 01, 02, 03,
OAARFR A [A] F) B3 A8 S S AL A AL 1) I RS
Re22, N T HSDCHLE, JATILTHE T SDCH
CesoSmaOg3(N)-N, N A4 B ity 4 25 A7 1] e T 4B o7 B
TR IIRE 22, 45 RNk 3 sl
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Ce Q
0@
Sm Q
sr @

K4 JLBIEAR (a) M1 (b) M4-2 WES TR

Fig. 4. Oxygen vacancy migration path of the co-doping system (a) M1 and (b) M4-2.

I3 AT 3% 3 T MR TR I 8 AL A% fE 22 W AN,
ATPIEBAE2IEEML-V — 03(N, NoN, N;
Sm3*, Sr?*) > M1-V — O2(N, N — NN, N; Sr?t,
Ce*t) > M1-V — O1(N, N — N, NN; Sm?3*,
Ce*t) > MI1-V — O04(N, N — NN, NN; Ce**,
Ce*t) [P Ak 3k o, S T 85 1 2 42 Sr2t
(1.26 A) > Sm3*(1.079 A) > Ce**+(0.97 A),
I, it R, AECHAR R (B, BRET
14 A A EL AR FH Bt A M 2 A ) 1 7)) 4R
RIT R, AT RIS EE TR
KA B ALIT e e 22 )52 o5 48 32 A7, K
BT R B AL HIT R B4/,
BEAS 7S AL TR, i BT R Re 22 (K.

XFM4-21M &, 1&# AE 2 4% 1 M4-2-V — 01
(NN, N — NNNN, N; Sr?*, Ce*t) > M4-2-V
— O3(NN, N — NNN, N; Sr?t, Cett) > M4-2-V

— O4(NN, N — NN, NN; Ce*t, Ce*t) > M4-

2-V — O2(NN, N — N, NN; Ce**, Cet) i
Fead g, LR, TR BRGNS EME TR
A2 RN MU b AN [ 45 2% 8 1 o 48028 A6 B A B AR
LR = 7 M4-2 85 M | B R B e 2. 4l
mn, TR kAL G B E AR N, A M4-2-V
— O1(NN, N — NNNN, N; Sr?t, Ce*t) > M4-
2-V — O3(NN, N — NNN, N; Sr?t, Ce*t),
H A M4-22V — O4(NN, N — NN, NN; Ce*t,
Ce*t) > M4-2-V — O2(NN, N — N, NN; Ce**,
Cet ™), X Ut B BRSO AE X5 A ALl v ks
L%, 2252 3 2 Fh B R B2, (5 M4-2 11 5,
] T AR LG LR E T E BARFFASAL S
Sr2+ Z (AR BE B AN, S8 A ABLF SE A ] T ) 2 S
Sm3+ VT (¥ 7 3, X H RS E R B B
TREAEAAE TS S R,

#3 M, M4-2 & SDC AT HRE
Table 3. Oxygen vacancy migration energy of M1, M4-2 and SDC.

Migration path Edge atom Forward/eV Backward/eV
M1-V — O1 (N, N — N, NN) Sm3t, Cett 0.556 0.403
M1-V — 02 (N, N — NN, N) Sr2+, Cett 0.935 0.842
M1-V — 03 (N, N — N, N) Sm3+, Sr2+ 1.283 1.283
M1-V — 04 (N, N — NN, NN) Cett, Cett 0.354 0.227
M4-2-V — O1 (NN, N — NNNN, N) Sr2t, Cett 1.154 1.133
M4-2-V — 02 (NN, N — N, NN) Cett, Cett 0.314 0.295
M4-2-V — 03 (NN, N — NNN, N) Sr2+, Cett 1.047 1.018
M4-2-V — 04 (NN, N — NN, NN) Cett, Cett 0.408 0.276
SDC-V-1 (N, N — N, N) Sm3+, Sm3+ 1.081 1.081
SDC-V-2 (N, N — N, NN) Sm3t, Cett 0.638 0.635
SDC-V-3 (N, N — NN, NN) Cett, Cett 0.425 0.352
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Xt B3R 3 F M1 AT SDC AH Xt b 48 28 4 47 55 2
FER, RIYMIA SN EREELLG LA
Sr2t LR, M1-V — O2(N, N — NN, N; Sr?t,
Ce*t) >SDC-V-2(N, N — N, NN; Sm?*t, Ce*t),
M1-V — O3(N, N — N, N; Sm?*, Sr?*) > SDC-
V-1(N, N — N, N; Sm3+, Sm?*), X & k& BR
A A7 A2 7E M1 5 SDC AR X B (1) A7 18 2 6] 1T #2,
HBEFMIMEIBEKAELG EEFFERRM
Sr2t B, 3T M1 ESALER R 2 KT
SDC. 14 M1 TR FIA % %A St HIlE,
M1 F1 M4-2 A %6 B A7 05 BRI A S A iE R A M-
V — O1(N, N — N, NN; Sm**t, Ce*t) < SDC-V-
2(N, N — N, NN; Sm®*t, Ce*t), M1-V — O4(N,
N — NN, NN; Ce**, Ce*t) < SDC-V-3(N, N —
NN, NN; Cett, Ce't), Hai—FiF AR, Hif
M1 M M4-2 85 TR0 % F e v &R
i, TIERERE2: M1 < SDC. X i B Sr2+ f /775 %
i 7 M1 MBI BRARIE R RE 22 (L SDC ik g 22
HEAR). £ M4-2 5 SDC HIE R RE 22 X Lh oh
RE R DL ERE AU, B Sr2t A SmBt [ 3kis 4 &1t
15 CeOq 1 2 (B2 M1 IE A M4-2) KRR AR 2 s
T RE L2 L SDC B AR A 2 AT i 2210 11K

4 % B

AR ICAEILAB R 0] CeOq LT 28 1 1 FH LB i
Ao A A R B R, R G — R R BT S
DET+U 77 %, X Sm3+ F1 Sr?+ 345 4% (1) CeOq it
1TT7 RERIWE I, LERIE TR % H Sr2t) Smt L5
J CeOy 4 R f Fa e AL H 3Rk b, % Eb Sm3+ Bk
Sr2t BB ALK CeOy 1R R, THEHIEHT T 3B 24k
R TREE. S A0 EE UL K&
AT AL MO E . TFELE R R, Sm3t,
Sr2+ {345k XF CeOo 5 HAL M 0T M e 1 $2 my B
PR FIORE, =3 (345 A RE P R 40 ) CeO4 14
R T H S EREIE RS CeO, WA 13
— 35 AR S AL AL, Sm3 (WAEAE IS4 B T 1%
% S+ X S AL AT IR VE A, 1Mo S+ i N U &
5 AE SDC By LA itk — P BRI IR A B AT 2 R,
@ = 1 R A Tk R LB A R NE S
BEAE M BE R AR AT 3% 0.314/0.295 eV, f&F SDC %
KA MERRE. A SCHIBF TR T Sm3t, Sr2+
45 9 5F CeOq HL T2 MV [RIVE FHALEE, 3 X 34—

AR H A R PR RE I SE B AR R A o B
BB AISEEE X

SR [ 2 BOR K 2 v S K T B SRR AN
k.
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Abstract

Solid oxide fuel cells (SOFCs) have been attracting people’s attention for their high energy conversion efficiency, good
fuel compatibility, no precious metal catalysts, and pollution-free emissions. However, the high operating temperature
(800-1200 °C) of the traditional SOFC can reduce the long-term stability and cause the difficulties in either the selecting
of material or the sealing of SOFC. Therefore, great efforts have been devoted to developing the intermediate temperature
SOFC (IT-SOFC), which works at 600-800 °C. In the IT-SOFC, the ionic conductivity of doped CeO2-based electrolyte
has a significant advantage relative to that of the conventional yttria-stabilized zirconia (YSZ) electrolyte. For example,
at 600 °C, the ionic conductivity of Sm-doped CeOs is 0.02 S/cm much higher than that of the traditional YSZ electrolyte
(only 0.0032 S/cm). Therefore, the doped CeO2-based electrolyte is a very promising electrolyte for IT-SOFC.

Recently, the co-doping of two different elements into CeO2 has become a hot research topic. The ionic conductivity
of Sm®** and Sr** co-doped CeO> has proved to be nearly twice as high as that of Sm** doped CeO» (SDC). However, the
mechanism for the co-doping effect on the conductivity of CeOs is not clear. In this paper, Sm3* and Sr®>* co-doped CeO-
is systematically studied using the DFT+U method. The microscopic properties of the Sm®** and Sr** co-doped CeO»
including electronic density of states, band structure, oxygen vacancy formation energy and oxygen vacancy migration
energy and so on have been calculated and analyzed by comparing with those of the Sm3* or Sr?>" single doped CeOs.
The calculation results indicate that Sm®* and Sr?* co-doping has a synergistic effect on the performance improvement
of CeO2-based electrolyte, which can not only suppress the electronic conductivity of doped CeO2 system, but also can
reduce the oxygen vacancy formation energy on the basis of single doped CeOs. The existence of Sm3* can help to reduce
the trapping effect of Sr>* on oxygen vacancies, meanwhile the addition of Sr?T can further reduce the minimum oxygen
vacancy migration energy on the basis of SDC. Calculations by the climbing image nudged elastic band (CINEB) method
indicate that the oxygen vacancy migration energy of the co-doped system can reach as low as 0.314/0.295 eV, which is
lower than the minimum oxygen vacancy migration energy of SDC. Our research reveals the synergistic mechanism for

3

Sm3T and Sr?" co-doping effect on the conductivity of CeOz, which is of great instructive significance for the further

research and development of other high-performance co-doped electrolyte materials in IT-SOFC.
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