R F F 4R

LRk

Review

ACTA CHIMICA SINICA

DOI: 10.6023/A20120561

RA SRE RS R 5 5k R R SRR 5Tt R
flor  ER RFlrere  gkig e

(@ EREREOER EEE ST AR E R E SRR R KiE 116023)
CHERBERE R 6T 100049)
(P E B R R REIR G A KIE 116023)

WE RSB AT DAL EURRN 0 BRSNS & 7R — AN ST, SEBLR SRS B — 1Ak, fRf it
TR KO AR N2 5 IR £ TR SR I N s RE 5 S B U i 2 R, A4 OR 2 BRI 2 O ORTE. IR S
LR TR G TGS AU SN 28 P K 7 S B AT AT TR, B T RIS IEARL . EALR L BRAE SR AR U
8285 R AR A SOSE RIS, 3 AT T H RTAEAE R IR, RIS e B T i USAE A TR R AT AR R S5 7 THT AR K
KETT I, Ay AT By e 5 S L 2% P 7K o3 8 S 2 R 7

RegE  E BRI KO EARE AR

Recent Progress on Mixed Conducting Oxygen Transport Membrane
Reactors for Water Splitting Reaction

Lili Cai*’ Jingyi Wang®’ Xuefeng Zhu*<< Weishen Yang®’
(¢ State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian 116023, China)
(> University of Chinese Academy of Sciences, Beijing 100049, China)
(¢ Dalian National Laboratory for Clean Energy, Chinese Academy of Sciences, Dalian 116023, China)

Abstract Catalytic membrane reactors based on mixed conducting oxygen transport membranes (OTMs) have the ability to
integrate reaction and separation, and thus simplify the chemical process by coupling oxygen supplying reaction, oxygen
separation and oxygen consumption reaction into a single unit. In recent years, more and more attentions have been paid to
the mixed conducting OTM reactors for water splitting reaction owing to their applications for preparation and separation of
hydrogen. In this article, we summarize the recent progress on mixed conducting OTM reactors for water splitting reaction,
including the effects of membrane materials, catalysts and operation conditions on the water splitting involved membrane
reactors. Meanwhile, the current existing problems in the above aspects are analyzed, and the future development of mem-
brane materials, membrane structures and catalysts in this field is prospected. We wish this paper will be helpful for the de-

velopment of the water splitting in membrane reactors.
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Figure 1 The catalytic membrane reactors for water splitting with dif-
ferent oxygen removal reactions
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Figure 2 Schematic diagrams of dual-phase membranes!’*!. (a) IC-EC (ionic conductor-electronic conductor), (b) IC-MIEC1 (mixed ionic and electronic
conductor), (¢) MIEC1-MIEC2. Reprinted with permission from ref. [75], © 2015 John Wiley and Sons
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Table 1 The water splitting performance of single-phase oxygen transport membranes

Membrane materials Thickness/mm 7/°C Atmospheres Catalyst.s F'fg/ i Ref.
at both sides at water side (mLecm™emin™)

Lag3Sro7FeOs.s 3.00¢ 860 17%H,0(g);He 0.005 [76]

La;Sro7FeOs.; 3.00¢ 860 17%H,0(g);CO 0.015 [76]

La0_7Sro_3Cu0_2FeoAgO3,(; 0.53 900 49%H20(g),80%H2 Pt/SDC 1.9 [82]

(LSCF7328)

LSCF7328 0.02 900 49%H,0(g);80%H, — ~9 [83]

LSCF7328 0.05 900 49%H,0(g);80%H, Pt/SDC 11.4 [82]

BaFe9Zry,0;. 1.05 900 49%H,0(g);99.5%CO — 32 [84]

Bao‘ggceo_“Feq'%O;,g (BCF) 0.50 900 90%H20(g),80%H2 Ru/SDC 10.2 [49]

(mRu/mcalalysl: 1%)

BaZr,Co,Fe.Os.; (BZCF) 0.17¢ 900 75%H,0(g);4%CH, — 2.2 [28]

LagoCay,FeOs.; (LCF-91) 0.90 990 50%H,0(g);5%CH, — 0.5 [31]

SrFeCoy 50, (SFC2) 1.04 900 49%H,0(g);80%H, — 4.0 [78]

SrFeCog 50, (SFC2) 0.02 900 69%H,0(g);80%H, — 17.4 [78]
SrCoy4FeysZr.103.5(SCFZ) — 900 69%H,0(g);6%EtOH — 3.4 [108]

“ The thickness here refers to the wall thickness of the tubular or hollow-fiber membrane.
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Figure 3 Water splitting stability of BCF membrane at 900 C . 90%
H,O and 50% H, fed to the two sides of BCF membrane, respectively.
Reprinted with permission from ref. [49], © 2016 John Wiley and Sons
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Table 2 The water splitting performance of dual-phase oxygen transport membranes at 900 C
Membrane materials Ratios of two Thickness/ AtmOSph? res Catalysts at water side F"Z/ i Ref.
phases mm at both sides (mLecm™emin™)
(Zr01)0.8(Ti02)0.1(Y203)0.1 - 2¢ 17%H,0(g);H,/CO, - ~(0.5 [47]
(TiO,-YSZ) (Po, 107 Pa)
Cu-GDC 2/3 (volume ratio) 0.46 49%H,0(g);80%H, — 2.3 [48]
Ni-GDC 2/3 (volume ratio) 0.13 49%H,0(g);80%H, — 3.9 [85]
Ni-GDC 2/3 (volume ratio) 0.13 49%H,0(g);80%H, Ni-GDC (Mnil Vope=40%) 6 [85]
Ni-GDC 2/3 (volume ratio) 0.46 49%H,0(g);80%H, — 2.4 [85]
Ni-GDC 2/3 (volume ratio) 0.46 49%H, (g);80%H, Ni-GDC (Mnil Vope=40%) 3.0 [85]
Gdy2Cep501.9.5- 3/2 (volume ratio) 1.1 25%H,0(g);50%H, — 2.0 [86]
GdO.OSSrO.XSTiO.()SAlO.OSOSi()
(GDC-GSTA)
GDC-GSTA 3/2 (volume ratio) 1.1 25%H,0(g);50%H, NiO-GDC (Mnio/ Vape=150%) 2.6 [86]
GDC-GSTA 3/2 (volume ratio) 1.1 25%H,0(g);100%H, NiO-GDC (Mio/Vopc=50%) 3.1 [86]
GDC-GSTA 3/2 (volume ratio) 0.025 25%H,0(g);- — ~10 [87]
Cep.s5Smy 1501925~ 3/1 (mass ratio) 0.04 90%H,0(g);80%H, Ru/SDC (mpy/mcaatys: = 1%) 15.5 [27]
Smy 6S19.4Alg3Fe0 705.5
(SDC-SSAF)
SDC-SSAF 3/1 (mass ratio) 0.40 90%H,0(g);80%H, Ru/SDC (mgy/Mcaatys: = 1%) 5.0 [98]
Ceo_g5sm()‘1501_925- 3/1 (mass ratio) 0.70 90%H20(g),80%H2 Ni/SDC (mN;/ngc: 10%) 53 [5 1]
Smy 6Sr9.4Cro3Fe0 703.5
(SDC-SSCF)
SDC-SSCF 3/1 (mass ratio) 0.50 90%H,0(g);80%H, Ni/SDC (mi/mspc=10%) 6.5 [51]
SDC-SSCF 3/1 (mass ratio) 0.36 90%H,0(g);80%H, Ni/SDC (mni/mspc=10%) 6.9 [51]
SDC-SSCF 3/1 (mass ratio) 0.36 90%H,0(g);80%H, Ni/SDC (mni/mspc=10%) 4.6 [51]
SDC-SSCF 3/1 (mass ratio) 0.36 90%H,0(g);80%H, Ni/SDC (mi/mspc=10%) 6.2 [51]
Ceo55Smy 1501 925~ 7/3 (mass ratio) 0.5 90% H,0(g);80%H, Ni/SDC (mni/mspc=10%) 6.3 [50]
SrzFe| '5M00‘506,,$
(SDC-SFM)
SDC-SSCF 3/1 (mass ratio) 0.04 90%H,0(g);80%H, Ni/SDC (myi/mspc=2%) 15.8 [52]
SDC-SSCF 3/1 (mass ratio) 0.04 90%H,0(g);80%H, (Ni+Ru)/SDC (myi/mspc= 19.3 [52]
1%, mRu/mSDc - 1%)
CegoPro 10,5~ 3/2 (molar ratio) 0.70 88%H,0(g);40%H, — 0.41 [32]

Pro.,1Sro.9Mgo.1 Tig s03.5
(CPO-PSMTi)

“ The thickness here refers to the wall thickness of the tubular membrane; * The water splitting rate here is evaluated at 1600 C.
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LAY HUR Ud PR, HBE SRR EZ TR
MEATEHREREZmW. RE2XMOEHRE T
La;-Sr.FeOs-5 UK La; - Sr:M;.,Fe,03-s (M=Al, Ti, Cr
5 )[89:92-961 X L AT AT A L IR L 5 BRAE = A o SR TG
M(10° Pa)F 22 p-BUMFHF, ERIAD EIEEN
(101 Pa)F- B & n-MWHTHT. E&ET, EPHIKED
JEJ0 B P G 2 10°~10710 Pa)HL S5 2 HEL— e/
B ERX—m, ABETHEFHEER, p-AMn-HEFHE
I TTRRAE 2, LD, i 4 Bl F4h, SCERIR
TE ) Smo 6Sto.4Alo3Feq705.5 (SDC-SSAF)FE L4 73 K3
I L R AR AR 72 POM B B 4% iR &
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SR TR T X o R sk N TS, AR T IX
A B B ARAE, 7E T X 3B 4020 R st/ N T G oK. A
BA SR EHE S A A RS JF AR T RS
IR, HE N AR B EEAROR, Ju LBk P A
R 25 A BN, B AE FPIR AR R R (T ORI LR
AR, AT REE PR HE E PR S R &R fEK R IR
N2 5[] OTM Js W2 HH IS 9 ] Fe) 48070 Gl 7E 107~
101 Pa, HAFAE KA R, FrLL, IBE SALE
HARE R NI X)L A R BR ) T HoaFE M RE,
HEMSEN K A fPERE. S mARME FP RS 20 R 254 T I
T R R R THIRBE I O, 7E CeO, JEXUFFAR
B, CeOy 2 FAH, FERMAE THST. CeO MEBE T
HL 3R R AR, FEH R I CeO, i
AR IR = A R n- BT RS, BTRL, XU AL
BEH TR A AR A AR PR R TN T E S A R
B E M Re, TR K iR Re. BRI, WTRL
JE A B I R TR G 5 R A B 2E R R T T A R
RS T BT 5 FEL PR BE SR SRS B v I /K A i 1 .
Cai PRI Cr. Fe 348781 Smo6SrosCrosFeos0s.s
(SSCF) fE N XU AH i 1 IR & 5 & M, # &
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Ceo.85Sm0.1501.925-Smo.6S10.4Cro.3Fe0.703.5 (SDC-SSCF)XUAH
JBE, FEHIREE D T P AR T L L S R, SR oK
M REPERE. 0.50 mm JF ) SDC-SSCF 7£ 900 ‘CHI7K
IYRIE L) 7.0 mLeem?omin BV, KF7ER FIIR 2 14
T 0.40 mm JE] CeossSmo.1501.925-Smo.6Sr0.4Alp 3Fe0.703.5
(SDC-SSAF) R 1 7K 43 fif i (5.2 mLecm2emin™")[%%).

0" +CH, —>CO+2H, +2¢

11
Ho,

B4 POM JIFE 5o s r IS 9 ) ) S A 2 34 PN P S AR AR R 7).
L REIRMEL, o REHRTHFE

Figure 4 Schematic illustration of oxygen chemical potential drop and
conductivity change across an OTM membrane in the POM reactor,
where L represents the thickness of membrane, and o. is the electronic
conductivity®”. Reprinted with permission from ref. [97], © 2016
Elsevier

HAT, Tk E90%LL EEACSKk B TR BB
AR 1-101, X 677 ) 24 AR PR IR 2 H CO.
CO> HoS SEZRJ5T, XS8R 50t AT RHAF A2 ] S (R F4L
TER. FrUION T it — g m AR R e M, 75 2] &
REAE S A COL M HoS 25 2% B 8T 21 U h K I [ 38 12
TR L Li f1 Cai 1T T HEAMNIE R A N HH
Bowm B S R MR IR E T SDC-SSAFET |
Ceo55Smy 1501.925-S12Fe1 sM0gsO6.s  (SDC-SFM) B9 F
SDC-SSCF FIRUAHMEL, EAIE S COL A HaS 245 (1134 5

MR PR AR RIA R e, WK s s

Jia SEC2E A BT AN G 0 BEE R & T E5 R
MR CeooPro.102-5-Pro.1ST9.9Mgo.1 Tig.603.5 (CPO-PSMT)
XUHIFE, {5 0.70 mm /£ CPO-PSMTi XUHHEAE 900 C
7K AR 2 AN 0.41 mLeem2emin’!. 76 LLJG ) TAE
AT T BV T 7K 7 AR 2 i R AR R PR L P I I 4
3.2 FEAREENER

OTM S N2 H 17K J3 fift S 7 1 i 32 JE A L i3
M RE BRI, 0 2 B PR AH B 7 o LR R, AR AH
T HOE BN BRI K 23 ik e ) Skt ARSE AR AL 1
i, Wt B E AR R AT T S TR
(A3 St R v, P T Ak ) 450 TR 3518 i (1~ 10° Pa),
M TE K AT AN 2 1E R, BB AN 38 Ah 7E A SR 20 R R,
X R S&AE R A R B S R, R Wagner
DR o, =g o oo Ins 0B I
OTM M BHI L1 H S R RIS B 1 L 5 3R, LN R,
B AN Ry, 43 59 2 v 48 43 AT ARMER 48 43 A ) 4849 )
PR . SR S AR B A5 S R B B T FE 1Y)
AR R, HEIT W K A Al R IX PR Z6F 7K Oy fi 1
AN ISE L I
32,1 BEEREMHR

R R R ANAR, 3 S AR AT J5E P Sk kN A 4
RCBEL 7 72 — Fh B DL (42 1o SR8 8 T R K 40 i %
7715, XF Ni-GDC JEMRLIRUL, EEM 1.70 FFCE]
0.10 mm K, /KAMEEM 1.2 BN 4.3 mLecm2e
min'; 4fEE I 0.28 FEZE 0.13 mm I, 7K 7 R 10
N2, BAREERART —F, (HKRD fERIE T
18%(M 3.3 {13 3.9 mLecmZemin™)®5), {4 AHY
BORPGE S, KO R BAZ N 1 %, XIS R
FE I BEA, FRTH SN [ RS MR oK. 24 4E 0.28 mm

InA,

a4 b y,]
—_ > —_
T 12| 9WPaIDRI R PGP 2 PP T 12
Z 12 ‘ | E 12
£ 10 PP 0w | R e R e ,
o T T T < o
§ 8 . = || |5 &8 | &8 | 2 § 8] L2 .-
- : 8 ] |4« & B 2 3 £ g &
E 6] P g | ¢ |8 & % & E 6] £ ¢ : 3
g o S g = F 2 g o B & 8
g4 5k Sl - R S g Y2 § =
2 3 S 2{ * § 3 3
0 T T T T T T T T T T 0 T T T T T T T T
120 160 200 240 280 320 360 400 440 480 520 560 0 50 100 150 200 250 300 350 400

Time/h

Time/h

Bl 5 SDC-SSCF XUHIATE 900 CA R T 7K 43 i Fe e PEMSL ZK M5 A 90% HoO, A IR AN [RIEE SRt S A i 78 P o
Figure 5 The stability of SDC-SSCF dual-phase membrane under different atomospheres at 900 “C [*8], The condition at water side is 90% H,O, and the
different reducing gases used are marked in the figure. Reprinted with permission from ref. [48], © 2020 John Wiley and Sons
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F110.13 mm JZ ) Ni-GDC R H 8 i Ni-GDC Z fLJZH,
IR R R Sy HIE N3] 4.6 F1 6.0 mLecm2emin’! 189, Ji
R ZFLES N T R S SRR, BN 7 K f#
R,

FEWFFRANE R ) SDC-SSCF  fRA4RHE) K 7 it 1tk
RERT, Cai VX RN G 7K 2 it S BRI A SR A S I D 2
NS EE L T R, R TARFNRE R KRR
RN A 2 S R THT SR BE 7 (%)~ B PRI AR 5 BH )
(), W 6 Fa. BT AT EA R MBI A R, Al
R s RIRIK A s S BE ) FVEU A A S5 BHL 7 1) A A,
SBHAIAYETEAE 2 A s IR B =r+0). F54h,
FEAZAE R SR R T JUNAS R R B IR o~ AR [
R AN AN TR] JE FEE T B S5 N 2 R [0 3 FEE 1 7 A 1) 48
JE (108~ 10710 Pa) Fl g J5 A4 1) 28 43 He (10713 ~ 1016
Pa) 73l AL FE AR [F] A ), SR, T H, KRR
JE AR 14 48 53 F o BE AR R (105~ 109). BT L, R =
ANANIE JEBE BB s AR R A R, I 6 o, BEE
TEFERIREIN, AR o SRR, A fER— I RS R
(R B I T £ A3 0. /et R BEARL S R T 7K 93 At 56 32 A
R A ) AR RE . 386 I R S P88 e 2 348 A4 A
BRBE e BH 7 A i o B, Bl N 2R T S R BE T ) o
Et. %} 0.70 mm /£ SDC-SSCF Jisk i, 7651 M i
FER et (B E T 50%. 3X R TE AT SR
FEJEEA 2 E oKL (A, % 0.36 mm &) SDC-SSCF
JER L, 7 L PR K. B REE] AR S A ZEAKR, TEATIR
1) ) YU R P, 7K 43 il A R AR B ORI 2 T s 1 A [R]
P, AT DA, R R — D PR, SR S K
e JEL S 2% m PR A 7K 20 i ok R Y s B 5,

Resistance /(105 Q*m?)
N w - (3] (-2 ~

0.4
0.5
0.6

L 0.7
/mm 08 950

Bl 6 SBH 7 (ot R A BEL 77 (o)t 8 0 B JEE ) O 3% o)

Figure 6 Dependence of the total resistance (') and bulk resistance
(7*) on temperature and membrane thickness (L) ®'!. Reprinted with per-
mission from ref. [51], © 2019 Elsevier

Xt B ECE R AR, R 2 LR N
RPN, (HEZ A SRR L &AL
RPN B, 77 A AR ZE AR A R £ AR I F) 23
B IR RE1021061 JE T S2ma K e R R, PRIk, AT i
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1.2 FL 2 11 45 1 Sk SIS A DRUs gk A v 7 S 1k e
Cai 2O o i 2E V1 A ZIRE B R BIE 2 FLE H
H EIER A AEXT PR SDC-SSCF i, & 7 s, i
NEER IR A R VE R 1S B4 30% R TE. HET OTM N
R K 2 AL BRI S IE AR A AN FE PR R
FE EANRE RIRSE MK il e, R HA B m g
BRI 7K 53 R A TR AN SRS B A 7K B B B L
Ja ST K R AL T AR 2R 4 TR 48,

. ! H, + 0> —> H,0 + 2¢-

dense layer

porous support
layer with grooves

H, + 0> «—H,0 + 2e-

Bl 7 BOLZIMEBORH % 2 LB R Bl JE X AR RN
Figure 7 Asymmetric membranes with straight grooves in the porous
support layer were prepared by laser grooving technique 17!

322 wFREFEE

JIEE T 1) 40 2 T s JEE 5 il JE A ) v 5 6 ARV 0
AR, XU R R — D R I B 2R R K o R RE. TE
A S SO B B 222 S JT 794 A S A 61 10 28 - F P - FL S5 6
LT HL S 2R IAIG IR TiO,-Y'SZ UK L [ 7K 43 fifd sk 28
AR, {8 F 4 )8 Cu B Ni 1F B 75 B AR AT PR AR
KU RS B} T H S AR AR B, 7E 7K 23 i s B R SR 3L
W RIFIIPERE. A Ak, ARZEIRTE XU AT RME A 75 T 2
Z 4 JIE i o A BRI A A R T R M RS
PE R N A% K o YR RE, WITE 312 TP
SDC-SSCF F1 SDC-SFM XUAH 5[5 19 1l iy &k (1) 48073 1
A TN HEB S SER, M EITRK 3 fERE R A
T2 T B S IR SDC-SSAF XU fiR(50-51.981,

B M R E B E L RN S —HER R, &
SR IR BN, A 70 Fh B B3 AE I (1) 3K 3 w1l B
I, (ER KA B ISE I B35 v (1) — Se OB AD B, K 1) 4y
fifts A TR ER NS DL POM &AL B
HRZ TGP, A OGP 2 RLIE 2 RN HOHE 2 2 B IR 1)
FrEmg k. 4T 0.36 mm )£ SDC-SSCF fif, 24iE
M 800 CHEINE] 940 C, AHRLFIZK 7 fFH 22 M 4.2 B9 h0
£ 7.7 mLecm2emin! B 7K 43 A2 6 B Ik FE 1 38 o 1 14
TN — 25 B3 B I BE AR T 48000 R R K 2 ik ol 26 11 5%
M 56 K.
323 ANAEMAE

JESTRA 53 730 2 A2 7K o it S L AN AA RS B IOBE, X A
14D 52 I T8 26 2 2 M B 2 I 8 1) 7K o i 1 e ) R R TR 3R
K3 S N () 580 TR RIS M AE 2 4 TR A48, X —
0 43 e S 5 AN [) 8RS I s I PR 4 20 T B FEE 0T s I A g
Saf-A

IE QAT T2 B A RIS JE SR 40 How COy CHas
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CoHe 25X S8R Bk S BTG AN ), 33811 3¢k ol S A e 11 4
BIEMEARE. B 1R T DA R R BB K 53 fif
THE AU Jz 97 455 (22:2853.1081 - M S R [ I N7 2 6 SR,
FRNBEARIE AL A 8 A K B R G (IGCC)#y & 1T LASE
=M CO, i35, 7 BCF = Mash, fE#EAA
CO 5ER RIS Hy K, [RIEF =421 COL 353
PP IS ERL 55, S EE AL OB TS PR A B H
D) T BCFZ S 4 4 e Bias 1, M s Ak
BB E L R ER, 12 900 CJL-F-H il AS 3 A 5 )
HLP3290 5 R B S B2 43 ) POMIPSIAI 2, e S8 Ak i &L
il ZHE2HE, 7E 800 °C /KA fRIE 43739 0.7 A1 1.2
mLecm2emin™'. Zhu ZEU8IE SrCog4FeosZ10.105.5 (SCFZ)
PR Jz B 25 R 2 B A A 7K 208 B 2 e R SR 3 Ji
R FERR, 7£ 900 CHI/KA i 25 F] 3.4 mLecm?e
min. DL b G5 5L 52K 43 i T 2 AR OR AR R SRS B
R,

SiAbh, S INE AR A B R PRI AR 20 TR R 4
SYIEBEEE, WMERIE MK o fFE 2. 41 0.90 mm JE )
LCF-91 5, 438 J5H) CH4 < FE M\ 0%38G N2 5%, AH R[]
IK B 2 M 0.008 1 %] 0.50 mLecm2emin™ BY. XfF
0.36 mm J& 1) SDC-SSCF 7t 900 ‘CHY, ik JEMIES
WP 10% 35N E] 100%, AH LK 73 fAs 28 M 4.4 390
F| 7.5 mLecm?emin!. [F]W}, SEIGEE G0 IR 0 AR A J
PRSI0 RS 4 0 R B, 3R T3 I K 23 ik
KIS,

% F A I8 PRI S R SR bR RS, PRREAERS
Bk S LN 7K 23 e 1 REFRIBR . LCF-91 B B 8% 1) POM
WLE T AL 7RIS B LCF+Ni 2 L2 A7, A
7K 53 i 26 A 0.001 H4HNE] 0.5 mLecm™2emin! B,
SDC-SSCF % x5t . b7 5 75 & Ak & B2 A A
Ru/SDC AL () 7K 73 fif il Z 8 Ni/SDC fEAL 5
Pem T 80% B2, ix bk B i i FH i E A AL 7R R
DI A BRI R Re 8 K o . B R A RS Bl i)
AT TR/, T8 AR DL ) AR it — 20 5.

4 IRGTRRR R AL

IR — DA 3T 1 2= R, T HL 3230 7% R
BRI RE, RS N 2% 1T DA 4 77 2= B ), v 8 e 551) )
WPIB S Ve RE R e 2 OCE B, R, Park S5 £
1) LSCF7328. Wang 587 £ ) GDC-GSTA DL
Jiang ZF28£&1) BZCF B MASH, /K35 A
i AL, BRI T BZCF #1% 50~100 um J5)
rRS AR YR, KA REZRAE 900 CHEAUA 2.2 mLecm?e
min!. Balachandran Z5£357F 0.13 mm /&) Ni-GDC JE %
5\ Ni-GDC ZALZJ5, /K fRiERSER T 70% (M
3.9 #NF 6.0 mLecm2emin™). AT RNZFLER N T
R BB 1S B E N T Ko fR s R . [F A, Hong
ZEI8617F 1.1 mm JE ) GDC-GSTA i #4:% Ni-GDC {1k,
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U, K AR 2.0 BEHNF] 2.6 mLecm2emin'.

Cai ZEBUA TR B AT K 20 i s B 1 B 2, 72
AL T T 7 OKE TR, Wikit 7 2MaEs 48
477 M/SDC (M=Fe, Co, Ni, mu/mspc=10%), ¥
13478 1F 0.36 mm J5[¥) SDC-SSCF R I# . 7£ 900 C
AR B K A3 i 25y ) iE %) 5.00 6.8 A1 7.5 mLecm?e
min”!, tEMEALTEME Co/SDC<Fe/SDC<Ni/SDC. [d]t},
H52 T AEAE ] Ni/SDC AL AS [H) s 5 R g s, R
B R EFAC T 94%(M 0.70 [£Z 0.36 mm), {HfE7E
900 CAHRLHIZK /M fR 2 AN T 33%(M 4.8 HEhNF|
6.4 mLecmZemin"). 455 N ()2 17 S B FH 0] B2
W, SR RN 7K it B S A A S S AT A v P 44
TiEPE, S R NAZIE I 94%. (H2, SEPRIGm T
33%, R FiFE B, BT A, R 00 S B A
MBS EEREENER. BIKD G~
Ni/SDC AT FIAE A IE PR A 5.

Cai ZE0B0gE #1THH A JEEZ ) SDC-SSCF ZAEA
I 3L FEE ) A AR B BEL 0 AN 3R THD S N2 PR A, el 6 flois.
S5 EW], 0.36 mm JE () SDC-SSCF JEAE 900 °C ()3 [Hi
SNBH T 51%. a5 FEARAR IR RS, 2RI s MV BH )
[ B — 1K, N/SDC Ak 70 HO0E PRI A 457 32
B N T IR K A R R, 7R BT R i M R 1
AR S, A AT T T — R A AT A R A
J& - AR ELAE F (SMSD ) Ru/SDC AL T, 1E SEIeit #2
o Ru MEALFIBRAE IR, Ru M A M s F L& B S
Brifh, AR 3~5 nm MIGRREURL, FWia T+ 7R E ik

JETH, W 8 s, T VA Rw/SDC 1 Ni/SDC fi#
AT 53 390 X6t 7K G i e o R A SR A B g PR A TS 1, A
A% 7 VYA A AN AL ) SDC-SSCF JEXT R
JIES 2 N 2. 45 R 3 W6 T K 0 A S N RN AR AL
Ru/SDC AL L Ni/SDC HIE AL I 14 7.

5 KOMRNESHEM OTM k2§

W E AL TR T HAR LR K 53 fif S B
OTM & Ri#%, WK 9 Frar. & B Fischer-Tropsch &
PG £ AR RRH R P AN B ZE A0 T AR, MR & R
fil & oy 0. A Tk &R &RV V=35
TENL, HEBARIRELE B (Vi Veo=2) £ /0 7
L=, T HReem(LAG RaEd i e, sl
A B RERE A S R B BEFERY 84%). LA, &
A RAH AR RS COy BIHE. X bk jn) 3,
Li ZEBOGH LR Y T ER G Sk OTM e Bigs  —2
(7] BNF ] 2% 220 A BRI AR BB G e S B, B A
H,O/Air VA K CH, 17y BCF RPN JERh =, i 4%
IS LA, [R)B 15 205 G RSB IR B B
(Bl 9a). TE&R PR = AERAAMTE P RESR—
EBIFE R 55—, 1 CHy SN A OB AARIRELE . 7K
SHREFEAER Ho ISR IR N, £ T8, HEIEH
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I8 Hy/N, LEIIR A RS, 1F 925 °C, BCF JiB S b a4
Al 315 505 18.8 mLecmZemin’ ) Z & B A 45.6
mLecm2emin ARG BAAE IGER . M EL T Tk
il F A AR LA RS R, R R AR i A
Rk, RERETT A ik 63%06. {H /& BCF A REHE K

LilMEERE 22 % %8 T CepsSmo202-5-SraFer sMogsOs + 5+

SDC-SSAF  WUHH IR 7E 2 2 5 Js N 2 v i B F - 3 o
SDC-SSAF HEXFFRAEAE 925 “C (M B & i< 1A i £
ZARIAR] 204 F1 51.0 mLecm2emin’. 7ELLJE B 5%
o, ERAESRIE ST B KRR E YR A BT 2

B N7 25 1Y IS D o AR M DR 45 A RS E 1R, Zhou' VA AU AT T A

B8 Ru/SDC #&ih 1H T B EIE5Y. (a, )2 SR T Ru/SDC, (b, ¢ F e)ifJ5 )5 1) Ru/SDC, (a F o) 4:& 5T FAL(STEM)E, (b)i 43
FREBHRSEM)A, (d A1 o)t Bl X L (EDX) L E G K

Figure 8 Electron microscopy images of the Ru/SDC samples®2. (a, d) Ru/SDC prepared in air, (b, c, €) reduced Ru/SDC, (a, ¢) scanning transmission
electron microscopy (STEM) images, (b) high-resolution scanning electron microscopy (HRSEM) image, and (d, e) energy dispersive X-ray (EDX) ele-
ment mapping images. Reprinted with permission from ref. [52], © 2019 Elsevier

a b

H,, N, Air (0,+N,), H,0
® K
0.&.;:’ . N\ @ N,
@ Side | K o
«f p e o
% & H,0
Catalyst
Membrane
CH, + 0F 5 2e + 2H, + CO Catalyst
&%) e
& 4’ ....50 ® cu,
& e side Il ?.“ by
L8 T L8 e n
Natural gas H,, CO

B9 Wik Z HIE SRSV . (@) i /KR 2 SR A3 B & A B (Vi Vg =3)P°), (b)illid 73 /K A — S AL B A3 B 4 < 1O

Figure 9 Two types of water-involved oxygen transport membrane reactors. (a) Synthesis gases production for ammonia (Vj1,/Vx,=3)1%%, (b) syngas
production by splitting of H,O and CO, %!, (a) Reprinted with permission from ref. [36], © 2016 John Wiley and Sons, (b) Reprinted with permission from
ref. [40], © 2017 American Chemical Society
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Liang % [40] E C60A9PI'0A102.5—PI’0A6SI'0A4F603_5 (CPO-
PSFO)XUAH I s )87 85 9 1) 43 71 38\ Ho0/CO, R A ) F1 H
e, W] [E 45 3]G (B 9b). FEIZAR R H0
COL RAEFNAT AR IR L, 43 AL % Ho/O A CO/O,, A2 R
O, It OTM A& 30 5y — M0 e A= 35 73 S8 A OB
FRHE AN R 75 SR R 2K F1 CO, BRI, w45 B A [H
Ho/CO EEBIFIE LS. 24 Vino/Veo, A 5 I, HO/CO, 53
iR ) B AE 930 ‘C43 %] 1.3 mLecm2emin’ H)& S
( VHZ/ Vco - 2).

6 RESRE

BRI R P A E B, U )
BN TR, TRE TR OTM [ BLEE ATRE K 7 i
S NN ZS R AR SRS NV ARRE &, MRS BRI T
BB, ASCERIR T IR SOK o i RN IR & T 14
OTM N2 FRIRIE T, o 520 7K 7 fiff 3o R F) 5 i R 3%
17 TRV, A BT IR RZIR SR 3 B A A 3 K
vy uEipc

TRE T OTM MR IZIHR 825 1) £ 2 22 AR
By, A R B A8 I i A S B i R A R 1% 40
SR BB ME TR, ASCHEAESE T OTM MBHEK
SRR BRI, A OTM MR,  Hi%
HERR, ANTBEK R AR H2 25
FAR A R SR UR N MR e MERLE . T HERIT RN
MU B B AU N B T (R e vk, (HR AR
MRS ML ER AN . B TR, S IS AR
SR A BB TR OB R R, HE TR 2K 3 i
AE. ASCEES T LB ZON K R RERORE .
o IR PR J5E PS8 0 A AR AT S BEL 7 iT A K SR8 0 1k
fE, BETTHE K R AR H R JT iR & B
BUE R AR PR FETHEL S N P BE. (ER AR 122K
Ji B Mg T, AR B A7 o LD, A K 3 g B
ANAE RS B3k S N LE PAY P 3R T Jse 2 BEL 77 ol oA BIR ) 5 e 7 48
PERERI DL . AERIFRBE R B R AL 2 DA S FLAR K
NIRRT, 3G IR ZE A HE T 2 S K 23 A
fE. AR I FU R 2R H 5 B SRR AR AL EE 1. AT
R e 58 S S22 R K O i =R, 8 LR B b 4 75
BRTHET R W B R Ve RS IEE R AR 5
Gb, BB A8 RS th R S MR K O Al 2R 1) — S L ]
. HATRIWEFC R 2 A9 BT AR BRI h 2 2T 4
e, A A AR AN R AR, B0 B SRR S
s SRR K 7 A ) SR A . P AR S W 8 v
2 60 I )4 fd I TSR, 7K o 08 S I A e A R B2 R
R IR B r 2 2T 4 5 s 7 o SR X 9L ) 2 s
TR 2 (5% S IS 25 799 i 4 50 DR AR5 vt S8 2 LB B P, 7
FE i K e 3. 2 LUR BT b 25 A A
R Js2 I8 7 S TR X 7K G i R e e A SR AR S

3t o R i K 2 PR B AR R A o B L R el 2 2 THT
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NERH T RER, B R s N A K o R BE A T
B WA R B E AR T . RS AR AL A S
Pri A B S HETCA 2RI R Ko iR
SN A B A S M IR AL . X EE(Fes Con
Ni)/SDC JE 574 @ k7, Ni/SDC 4k 771 5 AT fe e (1 i
feid . EAIHT ) Ru/SDC 14 Je Ak 70 i3 1 v T
548 Ni/SDC HEALF. H i xHEALFI R0 780 B
IR, SHE SN ALEE R = . 76 LLS )
WEFH, SR Ko AR R L ALER, A v PR AL
FIBETH LT T

B2, RE S OTM [BE# H K R R SR A
A A R 2> B B AL TR T ). IE 0 T A ) —
TERA R s 46 R A 750 &5 7 TR A AR K3 T 25 ().
TEAR IR FL A, 5 B A AR s R A AL 7]
%, RSB EIK o s 2 AR S RS 1, %R
SN A 1R SE B B FH T 4 18 s B i

EE RN

BRAH, HHE,2019 56 A TP BEHF T KENF LR
R BEE LS4, AMATEHNE R XELFHEHFR
FrNEW LG TE, L2MR T AR N .

AE%, BIER, WEAEFIF. 2006 412 A FF BAFKR
KENFWEMTHREFWHEFL. LZ2AFRAT AhS
BHHERERE. BRAERAR X B 7 & AT R
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