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1.1.

1.1

[1]

(Brotherbood (1967) Northernlights (1973) Soyuz (1978) Nordstream

(2012))

1.1

( )

- -

(LNG: Liquefied Natural Gas)

( 162 )

(LNG)

[2-53]

1.2 [2-28]

(syn-gas: synthesis gas) FT

[29-53] C1

CH

[29-41]

(H/C )

900 K

1.3 G > 0
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1.2 C1
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1.3
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1.2.

[54,55]

2

V (Electrochemical reaction [56-68])

(Plasma application [69-91])

1.5 Electrochemical reaction

(Faradaic reaction) (Non-Faradaic reaction electrochemical promotion)

SOEC (Solid oxide

electrolyzer cell)[56]

NEMCA (Non-Faradaic electrochemical modification of catalytic activity) [57-

64,67,68] EPOC (Electrochemical promotion on catalyst)[65,66]
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1.2.1. NEMCA / EPOC

NEMCA (Non-Faradic electrochemical modification of catalytic activity) [57-64] Vayenas[57]

YSZ (Y2O3 ZrO2)

Ag Pt ( V )

NEMCA

1.1

1.2

O2 + 4e- 2- ( 1.1)

O2- -
ads + e- ( 1.2)

/ NEMCA /

NEMCA

30000 ( : Faradic efficiency)

= r(catalytic)/(i/2F) ( 1.3)

F i r NEMCA

NEMCA

Vayenas Ni-YSZ

50
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[59] [60]
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NEMCA

NEMCA [67,68]

NEMCA

Caravaca NEMCA

[67] NEMCA

NEMCA

[68]

NEMCA SOFC(Solid oxide fuel cell)

SOEC(Solid oxide electrolysis cell)

[56]

1.2.2.

( )

[69,70] 1700 K

CH

50

75 % CO 2 3 kW 40 MJ kg-H2
-1

[69]

[71-73]

0.2 0.4 Wh L-1 9 18 MJ kg-H2
-1 [73]

1700 K

[74-91]

( )

Kado (DC) C2

49.6 % (CH4 83.9% C2 56.2%) [74]

CH C

[76]
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423 K CO [78]

Kado

Pt/SiO2

[75] Kado

NiMgO[81]

[82] Eliasson A Zeolite[83]

(EEDF Electron

Energy Distribution Function)

[84,85]

EGR

[86] DBD -

[87,88]

Lobban

[89-90] 21 % (CH4 44.3% C2

48.3 % 5 kV(30 Hz))

[89]

[91-93] [91]

[92,93] Li/MgO BaBiO3-x OCM

C2 [92]

kV

1.2.3.

TiO2 Pt-WO3 (Pt WO3)
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La-WO3 Cu-WO3 (La,Cu)-WO3 La-WO3

[54]

[55]

(EHC)[94-96]

1.5 min 863 K

[94] Ni/Al2O3/Alloy

30 min 10 min [95] EHC
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1.1 H2 [110].

System (Reaction) Voltage or Power Temperature Efficiency Reference

Spark discharge + Catalysis (Methane dry reforming)

52 W R. T. 69.5 [CH4 conv.: %] 81

DBD + Catalysis (Methane dry reforming)

400 W 423 51.53 [CH4 conv.: %] 83

Classical NEMCA (Methane steam reforming)

0.6 V 1100 1.4 * 10-6 [H2 form.: mol s-1] 58

Classical NEMCA (Water gas shift)

2.5 V 923 6.0 * 10-8 [H2 form.: mol s-1] 60

NEMCA + H2O electrolysis (Methane steam reforming)

5 V 873 3 * 10-7 [H2 form.: mol s-1] 66

Electreforming (Methane steam reforming)

1150 V 536 41.0 [CH4 conv.: %] 99
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1.3.

1.2

1.3.1.

1.3.1.1.

1.4

CH4 + H2 2 H 0
298 = 206 kJ mol-1 ( 1.4)

[29-33] Ni

Ni

1.2

1 0 [123-

130]

Rh, Ru > Ni > Ir > Pd, Pt, Re >> Co, Fe ( 1.5)

Rh Ru Ni Ni

CeO2

[34,35] Zr CeO2 CeO2

(OSC) [36,37] [38]

[31] [32]

1.3.1.2.

1.6

CH4 + CO2 2 H 0
298 = 247 kJ mol-1 ( 1.6)

1.5

Ru Rh [42]
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[43] P. Ferreira-Aparicio Co Ni Ru Rh Ir

Pt Al2O3 SiO2 Rh/Al2O3

[44] CaO

[45,46] MgO CaO

Al2O3 [45] Ni/Al2O3 CaO

[46] MgO

[47,48]

CeXZr1-XO2

[49]
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1.2

Catalyst Ea / kJ mol-1 Ref.

Pt/ZrO2 1 0 75 [32]

Ir/ZrO2 1 0 87 [41]

Ru/ -Al2O3 1 0 91 [39]

Rh/ -Al2O3 1 0 109 [122]

Ni/MgO 1 0 102 [123]

Ni/Ce0.75Zr0.25O2 1 -0.3 - [38]

Ni/Al2O3 1 -0.3 - [38]

Pd/ZrO2 1 0 81 [124]

Pd/CeO2 - - 57±4 [125]

1.3

Catalyst Ea / kJ mol-1 Ref.

Ni/ -Al2O3 0.52 0.10 - [126]

Ni/La2O3 0.68 0.25 - [126]

Ni/MgO 0.57 0.21 - [127]

Ni/TiO2 0.44 0.30 - [128]

Rh/Al2O3 0.22 0.34 66.9 [129]

Ni/SiO2 0.8 0 40.1 [130]

Pd/SiO2 0.47 0.36 141.2 [130]
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1.3.1.3.

( 1.6) CO

H2/CO

CO + H2 2 + H2 H 0
298 = - 41.2 kJ mol-1 ( 1.7)

Fe-Cr Cu-Zn

Cu-Zn

M. Flytzani-Stephanopoulos

Au/CeO2 [110] Pt/SiO2 K

K Pt [111]

Pd-K/Co3O4 [112,113]

2

redox Langmuir-

Hinshelwood(L-H) redox Fe [119] CeO2

[110,115] Cu

[114] L-H

SiO2 Al2O3 [116]

[117,118]

CO + ( 1.8)

H2O + 2O· ( 1.9)

H2O· + + H· ( 1.10)

CO· + OH· + ( 1.11)

COOH· + 2· + H· ( 1.12)

CO2· 2 + ( 1.13)

2H· 2· + ( 1.14)

H2· 2 + ( 1.15)
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1.3.2.

1.16

( )

CH4 + 1/2O2 2H4 + H2O H 0
298 = - 140 kJ mol-1 ( 1.16)

Choudhary[7-9] Lunsford[6,18,20,21]

(CH4) H CH3

CH

( Ea = 228 kJ mol-1[4] Li/MgO 109 kJ mol-1[4] Mn/Na2WO4/SiO2

212 kJ mol-1[15] La 160 180 kJ mol-1[16] ) 973 K

CH3 (C2H6) CH3

CH3

[17]

(C2H4) C2

COX(CO + CO2) C2

C2 COX
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1.4. [98-110]

(electreforming) 1.5

NEMCA

(Current Cut-off)

mA

( ) V

V

( 1.4)

[98,99,103,105] 1.7 1.8 1.7 CeO2

Pt Pd Rh Ni

[29-41]

Rh/CeO2 Ni/CeO2

500 K 13 %

650 K 150 K

[98] 1.8 CeO2 CeXZr1-XO2

CeO2 CeXZr1-XO2

Ce:Zr 3:1 Pd/Ce0.25Zr0.75O2 550 K 40 %

750 K

200 K [99] 400

2 1 1.5

400 3.5 W

[97,98]
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1.7 CeO2 [99].
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1.8 Pd [99].
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1.5.
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2.1.

2.1.1.

900 K

Ni Pt Rh

[1-7] H/C

2.1 800 K

CH4 + H2 2 H0
298 = 206.1 kJ mol-1 ( 2.1)

( )

1 (electreforming)

[8-11] CeO2 CeXZr1-XO2 Pt Pd

Pt/Ce0.25Zr0.75O2 550 K

39.1 % [10]

(electreforming)

( )

1

1 0

[5,12,13]

Pt/CeO2

Pd/CeO2 Pt/CeXZr1-XO2

2.1.2.

2.2 [14-17]



29

CH4 + CO2 2 H0
298 = 247.2 kJ mol-1 ( 2.2)

Fischer-Tropsch (FT) C1

H2/CO 1 [14]

[8-11]

La-ZrO2 ( 2.3)

[18]( 3 )

CO2 + H2 2O H0
298 = 41.2 kJ mol-1 ( 2.3)

S.M. Stagg-Williams

[6,7] La-ZrO2
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2.2.

2.2.1.

CeO2 (JRC-CEO-1) CexZr1-xO2 (x = 0.75, 0.5,

0.25, 0) Ce(NO3)3 6H2O ZrO(NO3)2 2H2O ( )

393 K 10 h

973 K 3 h Pt Pd

Pt(NH3)4(NO3)2 Pd(OCOCH3) 973 K 12 h

Pt/CeO2-ZrO2 Pt/CeO2-Al2O3 Pt/CeO2-SiO2

355 500 m 200 mg Pt/CeO2 50

mg 100 mg

10mol%La-ZrO2

ZrO(NO3)2·2H2O La(NO3)3·6H2O ( )

353 K

673 K 2 h 1123 K 10 h

Fe Co Ni Cu Pd Pt

Fe(NO3)3·9H2O Co(NO3)2·6H2O Ni(NO3)2·6H2O Cu(NO3)2·3H2O Pd(CH3COO)2 Pt(NH3)4(NO3)2 (

) 873 K 3 h

2.2.2.

2.2.2.1.

1 (8 mm o. d.)

(2 mm o. d.)

0.5 mmol min-1 (S/C) 2

200 mg 3.0 mm 6.5 mm

1 mm

GC-FID GC-TCD(GC-14B; Shimadzu Corp.) GC-FID

Porapak Q Ru/Al2O3 GC-TCD

Molecular Sieve 5A

10

H2 yield (%) = (moles of produced hydrogen) / (input moles of methane) × 100 ( 2.4)

1.0 mA 10.0 mA 3.0 mA
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430 V 1160 V

(TDS3052B; Tektronix Inc.)

2.2.2.2.

80 mg (1 wt%

Pd/CeO2) CH4/H2O/Ar/He = 12/24/12/72 mL min-1

He Ar

CH4/H2O/Ar/He = x/24/12/84-x mL min-1 (x = 6, 12, 18) ( 2.5)

CH4/H2O/Ar/He = 12/y/12/96-y mL min-1 (y = 12, 18, 24) ( 2.6)

398 K 823 K 5.0 mA

(QGA; HIDEN ANALYTICAL)

2.2.2.3.

2.2.2.1. (6 mm o. d.) (2 mm o. d.)

100 mg CH4/CO2/Ar = 25/25/50 mL min-1

W/F 1.6 g-cat h mol-1

20 mg CH4/CO2/Ar = 50/50/100 mL min-1

823 K Ar 723 K 30 min

1023 K 30 min

423 K

3.0 mA 12.0 mA

(TDS 2001C with a voltage probe P6015A; Tektronix)

GC-FID GC-TCD(GC-14B; Shimadzu Corp.) GC-FID Porapak

Q Ru/Al2O3 GC-TCD

Molecular Sieve 5A

2.2.3.

N2 (Autosorb-1; Quantachrome Instruments)

X (RINT-2000; Rigaku Corp.) (BEL-CAT-55; BEL Japan Inc.)

BET He 573 K 2 h H2

573 K CO (10%H2/N2; 50 mL min-1)

(H2-TPR)

3 h X (XRD)
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(STEM) X RINT-UltimaIII (Rigaku Corp.) Cu-K

STEM HF-2210 (Hitachi Ltd.) 3 h

(TPO) 10%O2/N2; 100 mL min-1

CGT-700 (Shimadzu Corp.)
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2.3.

2.3.1.

1 423 K Pt/CeO2

Pt/CeXZr1-XO2 [8-11]

423 K 1wt%Pt/CeO2 1wt%Pt/Ce0.5Zr0.5O2

2.1 2.1

1wt%Pt/Ce0.5Zr0.5O2 4.0 mA

40.6 %(@ 535.1 K) 787 K

( ) Pt/Ce0.5Zr0.5O2 84.0 Pt/CeO2 38.8

NEMCA[19,20] Non-Faradaic

2.3 (WGS)

2.1 CO2/(CO+CO2)

3.0 mA 1wt%Pt/Ce0.5Zr0.5O2 (CO2/(CO+CO2) = 81.8 %))

767 K

750 K 517 K

2.2

2.2

2.2 (> 5.0 mA)

I [A]

i [A m-2] 2.7 (n [mol m-3]) (v [m sec-1])

(Q [C mol-1]) (A [m2])

I = nvQA i = nvQ ( 2.7)

(Current cut-off)
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2.3 R1

E [V m-1] = R1 [Ohm m] * i [A m-2] ( 2.8)

2.3 R2

E = R1+2 * (i + i) R1+2 = R1R2 / (R1 + R2) ( 2.9)

i = i, R1 = R2 2.9 2.8

4

(i r) 2.3

R1 E

E = R1+1 * (i + i ) R1+1 = R1R1 1 + R1 ( 2.10)

2.10 2.8

E 1i R1R1 1 + R1 i + i ) > 0 ( 2.11)

R1i > R1 i ( 2.12)

(Fe2O3

) 2.11

R2 R2

E1+2 1 R1 2 1 2 1R1 1R2 i + i1 i2 ( 2.13)

2.13 2.10 i1 > i2

(i r)) 2.2

r1 > r2 i1 > i2

2.13

2.3 i

2.3 i

I = nvQ * r2 ( 2.14)

I nvQ * 2 r ( 2.15)

I I1/2 1/2
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2.1 1wt%Pt/CeO2 1wt%Pt/Ce0.5Zr0.5O2

2.1 1wt%Pt/CeO2 1wt%Pt/Ce0.5Zr0.5O2

Catalyst Current TT.C. CH4 conv. Voltage CO2/(CO+CO2)

/ mA / K / % / V / %

Pt/CeO2 - 423.5 0.0 - -

1.0 446.9 3.3 740.6 98.8

2.0 455.1 9.6 521.5 94.5

3.0 473.8 12.3 503.5 98.0

Pt/Ce0.5Zr0.5O2 - 416.9 0.0 - -

1.0 464.7 8.0 1160.8 96.5

2.0 493.9 19.5 1152.8 89.0

3.0 517.1 31.3 984.1 81.8

;

Catalyst weight: 200 mg, Pt loading: 1.0 wt%, CH4/H2O/Ar = 12/24/18 mL min-1.

0

20

40

60

80

100

H
2

CO
CO

2

Input current / mA

0 1 2 3 4

CH
4

conv.

0

50

100

150

200

H
2

CO
CO

2

Input current / mA

0 1 2 3 4

CH
4

conv.

1 wt%Pt/CeO2 1 wt%Pt/Ce0.5Zr0.5O2
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2.2

0

0.1

0.2

0.3

0.4

0 2 4 6 8 10 12

in reaction condition

in inert condition

Current / mA

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12

Current / mA

Eq. (623 K)

Eq. (723 K)

Eq. (823 K)

Eq. (923 K)
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2.3

A

V R2

i [A m-2]

R1

[Ohm m]
R3R4R5

E [V m-1]

A

V R1

i [A m-2]

R1

[Ohm m]
R2R2R3

E [V m-1]
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2.3.2.

Pt/CeO2 Pt 2.4

Pt 1wt% Pt

[1-5]

2.4 3.0 mA ( )

0.1 0.5 wt% CO

2.4

( )

2.1
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2.4 Pt/CeO2 Pt

2.2 Pt/CeO2 Pt

Pt loading CH4 conv. Metallic surface area Dispersion Pt diameter

/ wt% / % / m2 g-cat-1 / % / nm

0.1 6.5 0.14 58.6 1.9

0.5 10.6 0.5 40.7 2.8

1.0 12.8 0.52 21.2 5.3

3.0 14.4 1.96 26.4 4.3

Methane conversion: under 3 mA current.

0

5

10

15

20

25

0 1 2 3 4

1.0 mA
2.0 mA
3.0 mA
4.0 mA

Pt loading / wt%

0.46 kV 0.50 kV

0.49 kV

0.55 kV

0.69 kV

0.50 kV

0.66 kV

0.93 kV

0.30 kV

0.46 kV

0.76 kV

0.52 kV
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2.3.3.

CeO2 CeXZr1-XO2

[9,10] Zr

Pt/CeO2 ( -Al2O3 ZrO2)

2

355 500 m

2.3

ZrO2 (Pt/CeO2 + ZrO2 Particle mixture) 50 mg

100 mg Pt/CeO2 ZrO2

(Pt/CeO2 + ZrO2 mixed by a planetary mill) 50 mg ZrO2

Al2O3 SiO2

( )

2.3

SiO2 100 mg

ZrO2 50 mg Ce0.75Zr0.25O2 100 mg Ce0.6Zr0.4O2

Zr
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2.3

Catalyst TT.C. CH4 conv. CO2/(CO+CO2) Voltage Gap

/ K / % / % / V / mm

Pt/CeO2 473.8 12.8 98.0 503.5 3.2

Pt/Ce0.75Zr0.25O2 470.0 10.2 98.1 458.2 3.9

Pt/Ce0.5Zr0.5O2 517.1 31.3 81.8 984.1 3.9

Pt/Ce0.25Zr0.75O2 526.1 39.1 69.0 943.1 3.9

Pt/CeO2 + ZrO2 (50 mg) particle mixture

474.7 11.4 96.6 473.9 4.3

Pt/CeO2 + ZrO2 (100 mg) particle mixture

482.8 14.6 92.3 662.2 5.2

Pt/CeO2 + ZrO2 (50 mg) mixed by a planetary mill

475.2 14.0 96.5 554.4 4.3

Pt/CeO2 + Al2O3 (50 mg) particle mixture

489.5 15.6 97.4 637.7 4.6

Pt/CeO2 + Al2O3 (100 mg) particle mixture

484.0 15.1 91.7 696.2 6.2

Pt/CeO2 + Al2O3 (50 mg) mixed by a planetary mill

484.3 20.4 95.7 762.9 4.5

Pt/CeO2 + SiO2 (50 mg) particle mixture

478.8 15.2 94.8 592.1 6.0

;

Catalyst weight: 200 mg, Pt loading: 1.0 wt%, furnace temperature: 423 K, feed flow rate: CH4/H2O/Ar =

12/24/18 mL min-1.
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2.3.4.

CeXZr1-XO2 XRD ( 2.5) H2-TPR

( 2.6) BET CeXZr1-XO2 XRD

CexZr1-xO2 Zr

Zr 2.6 H2-

TPR CexZr1-xO2 CeO2 ZrO2 CexZr1-

xO2 OH CeO2 ZrO2

800 K

CeO2 20.3 m2 g-1 Ce0.75Zr0.25O2 42.2 m2 g-1

Ce0.5Zr0.5O2 53.2 m2 g-1 Ce0.25Zr0.75O2 55.5 m2 g-1 ZrO2 18.8 m2 g-1 Zr
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2.5 CeXZr1-XO2 XRD : ; CeO2, ; tetragonal-ZrO2.

20 30 40 50 60 70

2 / degree

X=1

X=0.25

X=0.5

X=0.75

X=0
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2.6 CeXZr1-XO2 (H2/N2=5/45 mL min-1)

-3

-2.5

-2

-1.5

-1

-0.5

0

400 500 600 700 800 900 1000 1100

Temperature / K

CeO
2

ZrO
2

Ce
0.25

Zr
0.75

O
2

Ce
0.5

Zr
0.5

O
2

Ce
0.75

Zr
0.25

O
2
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2.3.5.

2.2.2.2. 2.7

0.25 0.25

r = k PCH4
0.23 PH2O

0.25 ( 2.16)

1 1 0

[1-5]

W/F

1 0

2.3.3.

W/F

2.16

2.17 0.32 0.79

r k PCH4
0.32 PH2O

0.79 ( 2.17)

CO CO2 2.16

4

2.3.1.

2.16 2.17 k k

2.8 55

kJ mol-1 8 kJ mol-1

0.12 kV 0.26 kV

27 kJ mol-1
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2.7

-1.6

-1.55

-1.5

-1.45

-1.4

-1.35

-1.3

-1.4 -1.3 -1.2 -1.1 -1 -0.9 -0.8

ER 473 K

SR 673 K

log (P
CH4

/ atm)

y = -1.08 + 0.32x R
2
= 0.964

y = -1.26 + 0.23x R
2
= 0.992

-1.65

-1.6

-1.55

-1.5

-1.45

-1.4

-1.35

-1.05 -1 -0.95 -0.9 -0.85 -0.8 -0.75 -0.7 -0.65

ER 473 K

SR 673 K

log (P
H2O

/ atm)

y = -0.84 + 0.79x R
2
= 0.974

y = -1.32 + 0.25x R
2
= 0.851
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2.8

-6

-5

-4

-3

-2

-1

0

1

1 1.2 1.4 1.6 1.8 2 2.2 2.4

Catalytic reaction

electreforming

1000T-1 / K-1

Ea = 7.6 kJ mol-1

Ea = 54.6 kJ mol-1

Ea = 27.4 kJ mol-1
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2.3.6.

La-ZrO2 3.0 mA

2.9 2.9

H C

Co Ni Pt

La-ZrO2 Co Ni Pt

800 K 150 K

Ni (40 %)

Co CO2 CO H2

Co

( 2.3) Co Pt

Ni H2/CO (0.68) 2.5

2.18

Energy efficiency [kJ syn-mol-1] = Input power [W] / Formation rate of CO [mol sec-1]

( 2.18)

H2/CO CO

La-ZrO2 4000 kJ syn-mol-1

440 kJ syn-mol-1

124

kJ syn-mol-1

Co Ni Pt

2.10

0.1 wt% 5.0 wt% 2.10

Co 1.0 wt% Ni 1.0 wt% Pt 0.5 wt%

0.5wt%Pt/10mol%La-ZrO2 3.0 mA 27 % Co

2.10 2.10
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2.9 La-ZrO2

2.5

Catalyst Temp. XCH4 XCO2 SCO YCO(CH4) H2/CO Voltage Power

/ K / % / % / % / % / - / kV / W

10mol%La-ZrO2

596 1.9 1.9 74.4 1.4 0.76 0.8 2.3

1wt%Fe/10mol%La-ZrO2

649 6.9 14.6 91.2 6.3 0.23 1.2 3.5

1wt%Co/10mol%La-ZrO2

565 18.9 26.9 100.0 18.9 0.68 1.3 3.9

1wt%Ni/10mol%La-ZrO2

555 22.8 24.8 100.0 22.8 0.83 1.2 3.7

1wt%Cu/10mol%La-ZrO2

626 3.9 3.6 88.5 3.5 0.99 1.3 3.9

1wt%Pd/10mol%La-ZrO2

533 6.4 9.8 100.0 6.4 0.52 0.6 1.9

1wt%Pt/10mol%La-ZrO2

580 21.0 23.6 100.0 21.0 0.80 1.4 4.1

;

Catalyst weight: 100 mg, catalyst-support: 10 mol%La-ZrO2, amount of loaded metal: 1.0 wt%, feed flow

rate: CH4/CO2/Ar = 25/25/50 mL min-1, input current: 3.0 mA.

40 20 0 20 40

Bare

Fe

Co

Ni

Cu

Pd

Pt

C
2
H

6
, C

2
H

4

CO(CH
4
)

CO(CO
2
)

H
2

Yield / %

CO
2

base CH
4

base

0

5

10

15

20

25

30

35

40

400 500 600 700 800

La-ZrO
2

Fe/La-ZrO
2

Co/La-ZrO
2

Ni/La-ZrO
2

Cu/La-ZrO
2

Pd/La-ZrO
2

Pt/La-ZrO
2

Eq.

Temperature / K
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2.10 ( ) ( )

;

Catalyst weight: 100 mg, catalyst-support: 10 mol%La-ZrO2, amount of loaded metal: 0.1 5.0 wt%, feed

flow rate: CH4/CO2/Ar = 25/25/50 mL min-1, input current: 3.0 mA.

0

5

10

15

20

25

30

0

0.5

1

1.5

2

0 2 4 6 8 10 12

Co/La-ZrO
2

Ni/La-ZrO
2

Pt/La-ZrO
2

Metal loading / mol%

Solid : Conversion (left)
Open : Voltage (right)
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2.3.7.

180 min 3.0 mA 12.0 mA

1 wt%Co/10mol%La-ZrO2 1 wt%Ni/10mol% La-ZrO2 0.5 wt%Pt/10mol%La-ZrO2

3.0 mA Co 180 min Ni

Pt 180 min

Co 10 min 1.3 kV 0.3 kV

Ni Pt

12.0 mA Co Pt

XRD STEM-EDX

2.11 180 min XRD cubic-ZrO2 (Fm-3m)

monoclinic-ZrO2 (P21/c) 2.11

Co monoclinic-ZrO2

Pt (12.0 mA)

Ni

3.0 mA 180 min

Co Pt 15 mg g-cat-1

5 mg g-cat-1 Ni 25 mg g-cat-1

Ni [38-45]

STEM-EDX

2.12 Ni Ni Co Pt
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2.11 XRD
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2.12 Ni HAADF EDX

100 nm 100 nm 100 nm

100 nm 100 nm

Zr-K O-K

La-L Ni-K
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2.3.8.

Ni/La-ZrO2

(W/F)

2.13 W/F 2

2.13

W/F 2.13 W/F

0.1 g-cat h mol-1 W/F

20 mg 50/50/100 mL min-1

2.14

60 kJ mol-1 10 kJ mol-

1
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2.13 W/F

0

2
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10
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14

16

480

500

520
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560
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Flow change
weight change
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0
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Flow change
weight change

W/F / g-cat h mol-1
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2.14 Ni/La-ZrO2

-2.5

-2

-1.5

-1

-0.5

1 1.2 1.4 1.6 1.8 2

Catalytic reaction

electreforming

1000T-1 / K-1

Ea = 9.4 kJ mol-1

Ea = 59.7 kJ mol-1
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2.4.

4

Ni/La-

ZrO2 Pt Co

50 kJ mol-1
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3.1.

[1-4]

( 3.1)

[5-13]

CO + H2 2 + H2 H0
298 = 42.1 kJ mol-1 ( 3.1)

CO2 + H2 2O H0
298 = 42.1 kJ mol-1 ( 3.2)

(H2+CO) H2/CO

3.2

[14-16] [17,18] FT [19,20]

( 3.2)[21-25]

2

La-ZrO2

La-

ZrO2

1 2 Langmuir-Hinshelwood [5,6]

redox [7] Pt/La-ZrO2

Pt/ZrO2 P.O. Graf

Langmuir-Hinshelwood [6] Langmuir-Hinshelwood

CO H2O

[5,6]
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3.2.

3.2.1.

10mol%La-ZrO2

La(NO3)3·6H2O, ZrO(NO3)2·2H2O( )

353 K

673 K 2 h 1123 K 10 h Pt Pd

Ni Fe Cu Pt(NH3)4(NO3)2 Pd(CH3COO)2

Ni(NO3)2·6H2O Fe(NO3)3·9H2O Cu(NO3)2·3H2O( ) 973 K 3 h

1.0 wt%

3.2.2.

3.2.2.1.

(6 mm o. d.) 100 mg

CO2/H2/Ar = 25/25/50 mL min-1 W/F CO2 1.6 g-cat h

mol-1 723 K Ar 30 min

(TDS 2001C with a voltage probe

P6015A; Tektronix) GC-FID GC-TCD(GC-2014;

Shimadzu Corp.) 3.0 mA

3.2.2.2.

(8 mm o. d.)

W/F

50.0 mg CO/H2O/total = 15/15/195 mL min-1

CO2/H2/total = 15/15/195 mL min-1

533 613 K 513 593 K

Ar

GC-FID GC-TCD(GC-14B; Shimadzu Corp.)
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Ar 3 cycle

(QGA; HIDEN ANALYTICAL) Ar

16.0 mA

723 K 423 K
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3.3.

3.3.1.

La ZrO2 (La-ZrO2)

3.1 3.1 Pt Pd Ni Fe Cu

1.0 wt% H2

(La-ZrO2)

Pt/La-ZrO2 3.0 mA

(CO2 40.6 %) Pt/La-ZrO2 99 %

(Ni Pd )

( )

CO2 2 0.5 3.1

100

3.2

Pt

Pd 0.01 wt% 2.0 wt% 3.3

Pt 0.1 wt% (0.07 mol%) Pd 0.5 wt% (0.6 mol%)

CO

(methanation: 3.3 3.4)

CO2 + 4H2 4 + 2H2O H0
298 = -164.9 kJ mol-1 ( 3.3)

CO + 3H2 4 + H2O H0
298 = -206.1 kJ mol-1 ( 3.4)
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3.1 La-ZrO2

;

Furnace temperature: 423 K, loading amount: 1.0 wt%, catalyst weight: 100 mg, input current: 3.0 mA, flow

rates: CO2/H2/Ar = 25%/25%/50%; total: 100 mL min-1.

0

10

20

30

40

50

60

Non Pt Pd Ni Fe Cu

Metal

94

95

96

97

98

99

100
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3.2

;

Furnace temperature: 423 K, loading amount: 1.0 wt%, catalyst weight: 100 mg, input current: 3.0 mA, flow

rates: CO2/H2/Ar = 25%/25%/50%; total: 100 mL min-1.

0

10

20

30

40

50

60

400 500 600 700 800

10mol%La-ZrO
2

Pt/10mol%La-ZrO
2

Pd/10mol%La-ZrO
2

Ni/10mol%La-ZrO
2

Fe/10mol%La-ZrO
2

Cu/10mol%La-ZrO
2

Eq. conv.

Temperature / K

Eq. conv.
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3.1 La-ZrO2

Catalyst Temp. CO2 conv. CO sel. Voltage Power

/ K / % / % / kV / W / -

10mol%La-ZrO2

659 18.5 100.0 1.6 4.8 99

1wt%Pt/10mol%La-ZrO2

648 40.6 99.2 1.6 5.6 218

1wt%Pd/10mol%La-ZrO2

723 30.6 98.4 1.2 3.5 164

1wt%Ni/10mol%La-ZrO2

616 27.7 96.4 1.6 4.9 149

1wt%Fe/10mol%La-ZrO2

646 27.1 100.0 1.4 4.1 145

1wt%Cu/10mol%La-ZrO2

666 27.0 100.0 1.6 4.9 145

;

Furnace temperature: 423 K, loading amount: 1.0 wt%, catalyst weight: 100 mg, input current: 3.0 mA, flow

rates: CO2/H2/Ar = 25%/25%/50%; total: 100 mL min-1.
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3.3 La-ZrO2

;

Furnace temperature: 423 K, catalyst weight: 100 mg, input current: 3.0 mA, flow rates: CO2/H2/Ar =

25%/25%/50%; total: 100 mL min-1.

0

10

20

30

40

0 0.5 1 1.5 2 2.5

Metal loading / mol%

0

5
95

96

97

98

99

100

Pt/La-ZrO
2

Pd/La-ZrO
2

0 0.5 1 1.5 2 2.5

Metal loading / mol%
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3.3.2.

Pt/La-ZrO2 /

/

3.2

(CO CO2)

()

30 K 3.2

3.2 553 K

3.4 CO H2O

rf = kf PCO
0.28 PH2O

0.49 ( 3.5)

[5-13] (Langmuir-Hinshelwood )

CO

H2O

rf kf PCO
0.33 PH2O

0.57 ( 3.6)

CO

CO

CO

3.5 100 kJ mol-1

50 kJ mol-1

3.6 3.7

rr = kr PCO2
0.40 PH2

0.27 ( 3.7)

rr kr PCO2
0.79 PH2

0.53 ( 3.8)

CO2

H2

75 kJ mol-1 25 kJ mol-1
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3.3

D2O

H2O D2O OH

Ea(O-D) Ea(O-H) = NA (1/2hc (O-H) 1/2hc (O-D)) ( 3.9)

(O-D) = ( (O-H) / (O-D))1/2 (O-H) ( 3.10)

k(O-D) / k(O-H) = e ( 3.11)

= hc (O-H) / 2kT (1 ( (O-H) / (O-D))1/2) ( 3.12)

3.4 D2O

H2O (rD/rH) 0.32 3.9 3.12 553

K k(O-D)/k(O-H) = rD/rH = 0.275

OH

(Langmuir-Hinshelwood ) OH

carbonate Pt

carbonate

3.3

0.32 3.9 3.12 k(O-D)/k(O-H) = rD/rH =

0.291 OH

(Langmuir-Hinshelwood ) OH OH

carbonate

CO

OH

Pt La-ZrO2

Pt
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3.2

Furnace Temp. Conv. / %

/ K Forward Reverse

533 0.86 0.57

553 2.05 1.19

573 4.89 1.86

593 9.18 3.45

613 15.23 5.28

electreforming Conv. (Temp.* / K) / % Voltage / kV

513 5.97 (544) 3.39 (542) 0.19 0.16

533 9.19 (566) 4.19 (558) 0.22 0.16

553 12.64 (586) 4.93 (580) 0.21 0.16

573 17.81 (604) 5.67 (594) 0.21 0.16

593 24.35 (621) 6.07 (606) 0.22 0.06

;

Catalyst: 1wt%Pt/10mol%La-ZrO2, weight: 50.0 mg, temperature: 513 613 K, current: 3.0 mA, feed gas

rate: CO/H2O/Ar = 15/15/165 mL min-1.
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3.4

;

Catalyst: 1wt%Pt/10mol%La-ZrO2, weight: 50.0 mg, temperature: 553 K, current: 3.0 mA, feed gas rate:

CO/H2O/total = 12-20/12-20/195 mL min-1.

-7.2

-6.8

-6.4

-6

-5.6

-1.8 -1.6 -1.4 -1.2 -1 -0.8

Catalytic reaction
Electreforming

log (P
CO

/ atm)

y = -5.34 + 0.33x R= 0.986

y = -7.02 - 0.28x R= 0.990

-7.2

-6.8

-6.4

-6

-5.6

-1.8 -1.6 -1.4 -1.2 -1 -0.8

Catalytic reaction
Electreforming

log (P
H2O

/ atm)

y = -5.61 + 0.57x R= 0.995

y = -6.18 + 0.49x R= 0.992
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3.5

;

Catalyst: 1wt%Pt/10mol%La-ZrO2, weight: 50.0 mg, temperature: 553 653 K, current: 3.0 mA, feed gas

rate: CO/H2O/Ar = 15/15/165 mL min-1.

-16

-15

-14

-13

-12

-11

-10

1.6 1.65 1.7 1.75 1.8 1.85 1.9

Catalytic reaction
Electreforming

1000T-1 / K-1

y = 6.51 - 11.85x R= 0.998

y = -0.84 - 6.12x R= 0.999
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3.6

;

Catalyst: 1wt%Pt/10mol%La-ZrO2, weight: 50.0 mg, temperature: 553 K, current: 3.0 mA, feed gas rate:

CO2/H2/total = 12-20/12-20/195 mL min-1.

-7.2

-6.8

-6.4

-6

-5.6

-1.8 -1.6 -1.4 -1.2 -1 -0.8

Catalytic reaction
Electreforming

log (P
CO2

/ atm)

y = -4.95 + 0.79x R= 0.996

y = -6.42 + 0.40x R= 0.991

-7.2

-6.8

-6.4

-6

-5.6

-1.8 -1.6 -1.4 -1.2 -1 -0.8

Catalytic reaction
Electreforming

log (P
H2

/ atm)

y = -5.22 + 0.53x R= 0.999

y = -6.57 + 0.27x R= 0.994
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3.7

;

Catalyst: 1wt%Pt/10mol%La-ZrO2, weight: 50.0 mg, temperature: 553 653 K, current: 3.0 mA, feed gas

rate: CO2/H2/Ar = 15/15/165 mL min-1.

-15

-14.5

-14

-13.5

-13

-12.5

-12

-11.5

-11

1.6 1.65 1.7 1.75 1.8 1.85 1.9

Catalytic reaction
Electreforming

1000T-1 / K-1

y = -6.23 - 2.99x R= 0.994

y = 2.39 - 9.22x R= 0.998
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3.3

F-WGS rf = kf PCO PH2O Apparent activation energy Frequency factor Isotope effect

/ - / - Ea / kJ mol-1 A / mol sec-1 rD/rH / -

Catalytic reaction -0.28 0.49 98.5 672 0.32

Electrefomring 0.33 0.57 50.9 0.433 0.32

R-WGS rr = kr PCO2 PH2 Apparent activation energy Frequency factor

/ - / - Ea / kJ mol-1 A / mol sec-1

Catalytic reaction 0.40 0.27 76.7 10.9

Electrefomring 0.79 0.53 24.9 0.00197

;

Catalyst: 1wt%Pt/10mol%La-ZrO2, weight: 50.0 mg, temperature: 553 K, current: 3.0 mA, feed gas rate

(F-WGS): CO/H2O/total = 12-20/12-20/195 mL min-1, (R-WGS): CO2/H2/total = 12-20/12-20/195 mL min-

1.
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3.3.3.

OH

OH

CO 3.8 3.8

H2O CO

H2 CO2 1:1 Langmuir-Hinshelwood

H2O CO

3.8 H2O

H2 CO CO2

H2O + VO H2 + Olat ( 3.13)

CO + Olat CO2 + VO ( 3.14)

3.13 H2O 3.14 CO

CO H2O

3.13 3.14 CO

CO2 3.9 3.9

H2 CH4 H2O CO2

CO2 CO2 H2

( 3.15)

CO2 + 4H2 CH4 + 2H2O ( 3.15)

3.9 H2

H2O CO2 CO

3.16 3.17

H2 + Olat H2O + VO ( 3.16)

CO2 + VO CO + Olat ( 3.17)

3.10 H2O 3.11 H2

3.8 3.9
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3.8 CO H2

9.2 mol CO2 18.6 mol H2

CO2 2

1 1

H2O H2

5.2 mol CO 9 mol

2 H2O 1

H2O 3.9

CO2 H2 10 mol

Pt 1 wt% Pt

5 nm 0.11 m2 1.21 mol 3.8

3.11 Pt

15 m2 g-1

La Zr O 33.7 3.8 75.0 mol 30 mol

Zr
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3.8 (CO )
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Time on stream / min

0

0.2

0.4

0.6

0.8

1 1.5 2

CO
2

(37.0 mol)

H
2

(14.7 mol)

CO inlet

9 9.5 10

H
2
O inlet

CO
2

(3.0 mol)

H
2

(5.2 mol)

17 17.5 18

CO
2
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(9.2 mol)

CO inlet
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4
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O

CO
CO

2
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2
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O inlet

CO
2
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(3.3 mol)

Time on stream / min
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3.9 (CO2 )

: , :

0

0.2

0.4

0.6

0.8

1 1.5 2

CO
2

inlet

9 9.5 10

H
2

inlet

H
2
O (12.1 mol)

CH
4

(2.3 mol)

22 22.5 23

CO
2

inlet

30 30.5 31

CH
4

H
2
O

CO
CO

2

H
2

H
2

inlet

H
2
O (10.8 mol)

CH
4

(2.5 mol)

Time on stream / min
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CO (6.3 mol)
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2
O (11.4 mol)

CO
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inlet
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inlet
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O (9.2 mol)

17 17.5 18

CO (12.4 mol)

CO
2

inlet

25 25.5 26

CH
4

H
2
O

CO
CO

2

H
2

H
2

inlet

H
2
O (10.1 mol)

Time on stream / min
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3.10 (H2O )
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3.11 (H2 )
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3.3.4.

3.12 3.12

(Langmuir-Hinshelwood ) 3.12

2 3.13

3.14

50 kJ mol-1

Pt

3.14 [9]

117 kJ mol-1 90

kJ mol-1 100 kJ mol-1

75 kJ mol-1 15 kJ mol-1

3.14

50 kJ mol-1
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3.12

Pt

Support
M MO V M O M O

Pt O

H

H

M O

H2O H2

Pt

Support
M MO O M O M O

Pt
C

O
C

O

M V

O

CO CO2

Pt

Support
M MO O M O M O

Pt O
C

O
H

H
C

O

M O

O
H

H

CO H2O CO2 H2Langmuir-Hinshelwood mechanism
(conventional reaction)

redox mechanism
(electreforming)

redox
cycle
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3.13

CO, H2O CO2, H2

e

CO + H2O CO2 + H2Intermediate

Langmuir-Hinshelwood mechanism

redox mechanism

Electric field
(current)
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3.14

CO-S, H2O-S, S

42.1

-91.2

-131.9

-14.8

-4.8

-94.3

26.6

-79.2

-30.7

9.1

CO-S, H2O, 2S

CO, H2O, 2S

CO-S, OH-S, H-S

HCOO-S, H-S, S

CO2-S, H-S, H-S

CO2-S, H2-S, S

CO2, H2-S, 2S

CO2, H2, 3S

RDS (forward)

Ea = 117.1 kJ mol-1

RDS (reverse)

Ea = 89.5 kJ mol-1

CO-S, H2O-S, S

42.1

-41.2

-81.9

-14.8

-4.8

-44.3

26.6

-29.2 -30.7

9.1

CO-S, H2O, 2S

CO, H2O, 3S

CO-S, OH-S, H-S

HCOO-S, H-S, S

CO2-S, H-S, H-S

CO2-S, H2-S, S

CO2, H2-S, 2S

CO2, H2, 3S

RDS (forward)

Ea = 67.1 kJ mol-1

RDS (reverse)

Ea = 39.5 kJ mol-1

Electrical
assistance

ca. 50 kJ mol-1
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3.4.

Pt/La-ZrO2

(Langmuir-

Hinshelwood )

50 kJ mol-1

2
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4.1.

Fe2O3

Al2O3 (Spark)

[1,2] CeO2 ZrO2

[2,3]

X

( ) [4,5]

Kröger-Vink

La2O3 2 SrO Kröger-

Vink

SrO = SrLa + OO
× +1/2VO ([VO ] = 2[SrLa ]) ( 4.1)

SrO + 1/4O2 = SrLa + 3/2 OO
× + h ([h ] = [SrLa ]) ( 4.2)

4.1 Sr La

La 1 V O

+2 () 4.1

Sr 2

4.1 4.2 ( ) (

) 2 CeO2

5 La2O3 [2]
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X X (XAFS)

X X ( )

X X

( )

2 Pd/CeO2

X (XRD)

[6,7] XRD

(XAFS) (XRD)

(IR) X

[8-13]

X

XAFS X X (20 keV )

X (2 keV )
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4.2.

4.2.1.

iso-propanol (P-6, 200 rpm, 30 min, 3 cycles; Fritsch GmbH)

iso-propanol 90 kN 30 min

1473 K 24 h Au

1173 K 10 min SEM (a) (b) 4.1 4.1

573 K 973 K Ar potentiostat

(IM6eX; Zahner-elektrik GmbH & Co. KG)

CH4/H2O/Ar = 12/24/74 mL min-1 10 mHz 3

MHz 4.2 Nyquist plot Bode

plot

( 4.3)

( 4.4)

Zk ( 3 )

Rk Ck j n (CPE)

Nyquist plot Bode plot

Nyquist plot

Bode plot
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4.1 (a) (b) SEM

4.2

R1

R2

C2, n2

R3

C3, n3

R4

C4, n4

R5

C5, n5

Bulk Grain ElectrodeOthers
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4.2.2.

4.2.2.1. X X

X (XAFS) SPring-8 BL14B2

ex-situ

1wt%Pd/CeO2

iso-propanol (P-6; FRITSCH) 300 rpm 10 min×2

iso-propanol 20 kN 30 sec

SPring-8 Pd-K Ce-K

4.3 N2

H2 SPring-8 BL14B2

BL14B2 HP (http://support.spring8.or.jp/xafs.html)

(CH4: 99.9 % 0.8 MPa) H2/N2 = 12/48

mL min-1 CH4/H2O/N2 = 1/2/62 mL min-1

( HP )

XAFS 723 K 30 min

473 K 15 min

(SR) 5.0 mA

(ER) Pd-K Ce-K

(XAFS) Athena Artemis

4.2.2.2. X

X SPring-8 BL02B2 (as made)

(3.0 mA) 30 min

XAFS iso-propanol

(0.4 mm o. d.) (50 rpm)

X

X = 0.05 nm X RIETAN-FP[7]

XRD SPring-8 2014A1655

( )
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4.3 SPring-8 XAFS in-situ

Gas inlet Gas outlet

X-ray Detector

High voltage Ground
He
or
N2

CH4 PR MF

Bubbler

H2 PR MF

He PR MF

PR MF

in-situ XAFS cell
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4.2.3.

4.2.3.1. IR

(DRIFTS; diffuse reflectance infrared fourier

transform spectroscopy) (DR-600Ai; JASCO) in-situ IR (FT-IR6100 with MCT

detector, ZnSe window; JASCO)

Kubelka-Munk 4.4 DRIFTS

(SR) (ER)

0.1 wt%Pd/CeO2 1 wt%Pd/CeO2 100 mg)

473 K Ar

773 K CH4/H2O/Ar = 1/2/62 mL min-1 473

K 673 K 473 K 4 cm-1

50 (ER) 473 K

(Ar = 62 mL min-1) 473 K

(SR) (ER)

30 min (After ER)

4 cm-1 10 50 5.0 mA

1.0 mA 6.15 mA

4.2.3.2. X X

X SPring-8

BL27SU O-K 2.2 keV X

C

Pt/CeO2 SPring-8

X O-K

(3.0 mA) 30 min

X SPring-8 2013B1673

( )



94

4.4 IR in-situ DRIFTS

He
or
Ar

CH4 PR MF

Bubbler

H2 PR MF

PR MF

PR MF

Sample

in-situ DRIFTS cell

Gas inlet

IR inlet Detector
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4.3.

4.3.1.

4.3.1.1. CeO2

2 4.1 2

CeO2 Al2O3

2.3.3. CeO2

Al2O3 (50 mg)

(100 mg)

CeO2

Al2O3

4.5 CeO2 Al2O3 CeO2

Al2O3

CeO2:Al2O3 = 2:1

CeO2:Al2O3 = 4:1 CeO2:Al2O3 = 2:1

( 4.5 )

Kröger-Vink

CH4 + Oi + 2h 2 (2[Oi ] = [h ]) ( 4.5)

CH4 + OO
×

2 + VO + 2e (2[VO ] = [e ]) ( 4.6)

4.5

(

) 4.5

4.6

4.6

Kröger-Vink

H2 2 + Oi + 2h (2[Oi ] = [h ]) ( 4.7)

H2O + VO + 2e 2 + OO (2[VO ] = [e ]) ( 4.8)

4.7 4.8



96

4.5 [Oi ] = [h ] = A5 PCO
1/3 PH2

2/3 PCH4
-1/3 ( 4.9)

4.6 [VO ] = [e ] = A6 PCO
-1/3 PH2

-2/3 PCH4
1/3 ( 4.10)

4.7 [Oi ] = [h ] = A7 PH2O
1/3 PH2

-1/3 ( 4.11)

4.8 [VO ] = [e ] = A8 PH2O
-1/3 PH2

1/3 ( 4.12)

CeO2 4.6 0

4.12

CeO2

CeXZr1-XO2 4.7

4.13

Ce0.25Zr0.75O2 > Ce0.5Zr0.5O2 > Ce0.75Zr0.25O2 CeO2 ( 4.13)

4.14 4.15

Ce0.75Zr0.25O2 > Ce0.5Zr0.5O2 > Ce0.25Zr0.75O2 CeO2 ( 4.14)

Ce0.5Zr0.5O2 > Ce0.75Zr0.25O2 > Ce0.25Zr0.75O2 CeO2 ( 4.15)

CeO2 95.5 kJ

mol-1 88.8 kJ mol-1 Ce0.75Zr0.25O2 18.3 kJ mol-1 40.5 kJ mol-1 Ce0.5Zr0.5O2 30.9 kJ mol-1 33.8

kJ mol-1 Ce0.25Zr0.75O2 57.9 kJ mol-1 76.2 kJ mol-1

( 4.13)
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4.1

Catalyst Temperature / K Conversion / % Voltage / V

Pt/CeO2 473.8 14.1 503.5

Pt/Ce0.75Zr0.25O2 470.0 10.2 458.2

Pt/Ce0.5Zr0.5O2 517.1 31.3 984.1

Pt/Ce0.25Zr0.75O2 526.0 39.1 943.1

Pt/CeO2 + Al2O3

50 mg 489.5 15.6 637.7

100 mg 484.0 15.1 696.2

50 mg (milling) 484.3 20.4 762.9

100 mg (milling) Discharge
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4.5 (CeO2 + Al2O3) ( : , :

).

-4

-3

-2

-1

0

1.1 1.2 1.3 1.4 1.5

CeO
2

CeO
2

+ Al
2
O

3
(4:1)

CeO
2

+ Al
2
O

3
(2:1)

1000/T / K-1

-4

-3

-2

-1

0

1.1 1.2 1.3 1.4 1.5

CeO
2

CeO
2

+ Al
2
O

3
(4:1)

CeO
2

+ Al
2
O

3
(2:1)

1000/T / K-1
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4.6 CeO2 CH4 H2O

-4.4

-4.2

-4

-3.8

-3.6

-2 -1.5 -1 -0.5

CH
4

H
2
O

log (P
CH4 or H2O

/ atm)

y = -4.16 - 0.18x R= 0.988

y = -4.26 + 0.02x R= 0.353
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4.7 (Ce-Zr-OX) ( : , :

)

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.1 1.2 1.3 1.4 1.5

CeO
2

Ce
0.75

Zr
0.25

O
2

Ce
0.5

Zr
0.5

O
2

Ce
0.25

Zr
0.75

O
2

1000/T / K-1
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-1.5
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0.5

1

1.1 1.2 1.3 1.4 1.5

CeO
2

Ce
0.75

Zr
0.25

O
2

Ce
0.5

Zr
0.5

O
2

Ce
0.25

Zr
0.75

O
2

1000/T / K-1
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4.3.1.2. La2O3

Sr-La2O3 Sr

5 La2O3

SrO La 1/200

Kröger-Vink SrO

La + OO
× +1/2VO ([VO ] = 2[SrLa ]) ( 4.16)

SrO + 1/4O2 La + 3/2 OO
× + h ([h ] = [SrLa ]) ( 4.17)

SrO

Sr/La Sr-La2O3 4.8

Kröger-Vink SrO CeO2 +

Al2O3 773 K log >

5
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4.8 Sr-La2O3

-8

-7

-6

-5

-4

-3

-2

1 1.2 1.4 1.6 1.8 2

1/20
1/200
1/500

1/2000
La

2
O

3

1000/T / K-1
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4.3.2.

X (XRD) X (XAFS)

4.3.2.1. X

2 Pt/CeO2 XRD

SPring-8 BL02B2 = 0.05 nm X

XRD 4.9 CeO2 Fluorite (Fm-3m)

4.10

a = 5.41067 ang.

a = 5.41329 ang. CeO2 (Fm-3m)

a = 5.411 ang.

(

) = 0.1793 deg. = 0.1614 deg.

XAFS in-situ



104

4.9 Pt/CeO2 XRD
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4.10 Pt/CeO2

CeO2 (Fm-3m)
a = b = c = 5.41067
Rwp = 4.913, S = 4.7553

CeO2 (Fm-3m)
a = b = c = 5.41329
Rwp = 5.218, S = 5.0405
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4.3.2.1. X

4.3.2.1.1. XAFS

in-situ X (XAFS)

in-situ Pd foil

PdO Pd-K XANES EXAFS 4.11 4.12 CeO2

Ce-K 4.13 N2 4.11

4.13 XANES Pd Ce

EXAFS XANES

4.3.2.1.2. Pd-K XAFS

Pd/CeO2 Pd-K

4.14 4.14 as made Pd/CeO2 Pd

PdO Pd metal 533 K

Pd metal

in-situ

4.15 4.15 XANES Pd metal PdO

EXAFS Pd-Pd

Pd-O

Pd

XANES EXAFS Pd-O

Pd-Pd Pd

Pd metal 2

4.3.2.1.3. Ce-K XAFS

Pd/CeO2 Ce-K in-situ XANES EXAFS

4.16 XANES CeO2

EXAFS

Ce-K

4.15 Pd-Pd
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4.3.1.1.
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4.11 Pd ( ) in-situ XAFS ( : XANES, :

EXAFS)

0

0.2

0.4

0.6

0.8

1

1.2
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24300 24350 24400 24450 24500

Pd0

0

0.1
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0.3

0.4

0.5

0 1 2 3 4 5 6 7 8

413 K
473 K
533 K
593 K
653 K
713 K
723 K

R / ang.

Pd-Pd
(2.6 ang.)
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4.12 PdO( ) in-situ XAFS ( : XANES, :

EXAFS)

0

0.2

0.4

0.6

0.8

1

1.2

24200 24300 24400 24500 24600

473 K

533 K

593 K

653 K

713 K
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Energy / eV

0.8
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24300 24350 24400 24450 24500

Pd2+

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 1 2 3 4 5 6

473 K

533 K

593 K

653 K

713 K

723 K

R / ang.

Pd-O
(1.5 ang.)
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4.13 CeO2( ) in-situ XAFS ( : XANES, :

EXAFS)

0

0.2

0.4

0.6

0.8

1

1.2

40200 40350 40500 40650 40800
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373 K
423 K
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523 K
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Energy / eV
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40400 40425 40450 40475 40500

Ce4+

0

1
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3
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5

6

7

8

0 1 2 3 4 5 6

323 K
373 K
423 K
473 K
523 K
573 K

R / ang.

Ce-Ce
(1.7 ang.)

Ce-O
(3.4 ang.)
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4.14 Pd/CeO2 in-situ XAFS ( : XANES, : EXAFS)

0

0.05

0.1

0.15

0.2

0.25

0.3

0 1 2 3 4 5 6

Pd foil
PdO
413 K
473 K
533 K
593 K
653 K
713 K
723 K

R / ang.

Pd-Pd
(2.6 ang.)

Pd-O
(1.5 ang.)

0

0.2

0.4
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0.8

1

1.2

24200 24300 24400 24500 24600

Pd foil
PdO
413 K
473 K
533 K
593 K
653 K
713 K
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Energy / eV

0.8
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0.9
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1
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24300 24350 24400 24450 24500
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Pd0
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4.15 Pd/CeO2 in-situ XAFS ( : XANES, : EXAFS)

0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5 6

SR 5 min
SR 10 min
SR 15 min
ER 5 min
ER 10 min
Pd foil
PdO

R / ang.

Pd-Pd
(2.6 ang.)

Pd-O
(1.5 ang.)

0

0.2

0.4

0.6

0.8

1

1.2

24200 24300 24400 24500 24600

SR 5 min

SR 10 min

SR 15 min

ER 5 min

ER 10 min

Pd foil

PdO

Energy / eV

0.8

0.85

0.9
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1
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24300 24350 24400 24450 24500

Pd2+
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4.16 Pd/CeO2 in-situ XAFS ( : XANES, : EXAFS)

0

0.2

0.4

0.6

0.8

1

1.2

40200 40350 40500 40650 40800

inert
SR 5 min
SR 10 min
ER 5 min
ER 10 min
after

Energy / eV

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

40400 40425 40450 40475 40500

Ce4+

0

1

2

3

4

5

0 1 2 3 4 5 6

inert
SR 5 min
SR 10 min
ER 5 min
ER 10 min
after

R / ang.

Ce-O
(1.7 ang.)

Ce-Ce
(3.4 ang.)
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4.3.3.

4.3.3.1. Pd/CeO2 IR

IR 4.2

4.17 473 K 673 K

4.2

Pd Pd-H Pd-CO

XAFS Pd Pd-H

Pd-CO

IR

2

H

Carbonate H Unidentate Carbonate

4.18

Pd

Pd Pd IR 4.19

CeO2 0.1 wt%Pd

1 wt%Pd

Pd

4.20 IR 4.20

1.0 mA

IR Pd H CO

2
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4.3.3.2. X

SPring-8 BL27SU O-K X

4.21 O-K

IR

Carbonate H
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4.2 IR

No. adsorbed species Wavenumber Reference

H2O species

1 Gas H2O 3745, 3740 [8]

2 Bidentate OH 3650 [8]

3 Unidentate OH 3710 [8]

4 Physorption H2O 3400 [9]

5 OH bending 1594 [10]

6 OD stretching 2678, 2587 [10]

7 OD bending 1172, 1021 [10]

CH4 species

8 CH stretching 2850-2960 [10]

9 CH bending 1340-1465 [10]

CO2 species

10 C=O stretching 2349 [10]

Formate species

11 Bidentate 2845(CH), 1548(OCO), 1358(OCO) [11]

12 Bridge 2933(CH), 1569(OCO), 1358(CH) [11]

Carbonate species

13 Unidentate 1460(OCO), 1370(OCO), 1044(CO) [11]

14 Bidentate 1570(C=O), 1286(OCO), 1028(OCO) [11]

15 Hydrogen 1608, 1393, 1042 [13]

Carboxylate species

16 1510(OCO), 1310(OCO) [11]

17 Liner Pd2+-CO 2149, 2145, 2140 [12]
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4.17 Pd/CeO2 IR

5001000150020002500300035004000

Wavenumber / cm-1

1 2 4 8 10 17 5 15

13

9

ER (473 K)

SR (673 K)
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4.18 Pd/CeO2 IR

5001000150020002500300035004000

Wavenumber / cm-1

SR (473 K)

EF (5 min)

EF (0 sec)

EF (7 sec)

EF (14 sec)

EF (21 sec)

EF (28 sec

1 2 4 8 10 17 5 13 9
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4.19 Pd/CeO2 IR Pd

5001000150020002500300035004000

Wavenumber / cm-1

1 2 4 8 10 17 5 13 9

CeO2

0.1 wt%Pd

1.0 wt%Pd



120

4.20 Pd/CeO2 IR

5001000150020002500300035004000

Wavenumber / cm-1

1 2 4 8 10 17 5 13 9

SR

ER (1.0 mA)

ER (5.0 mA)

ER (3.0 mA)
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4.21 Pt/CeO2 O-K X

0

20000

40000

60000

80000

100000

120000

140000

520 525 530 535 540 545 550

before reaction
after reaction

Energy / eV

O-K edge
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4.4.

773 K log = 5

XAFS



123

[1] S. Kado, K. Urasaki, Y. Sekine, K. Fujimoto, T. Nozaki, K. Okazaki, Fuel, 82 (2003) 2291.

[2] K. Oshima, K. Tanaka, T. Yabe, Y. Tanaka, Y. Sekine, Int. J. Plasma Environ. Sci. Technol., 6 (2012) 266.

[3] K. Oshima, T. Shinagawa, Y. Sekine, J. Jpn. Petrol. Inst., 56 (2013) 11.

[4] , , (2008).

[5] , , , (2001)

[6] , , X , (2009)

[7] F. Izumi, K. Momma, Solid State Phenom., 130 (2007) 15.

[8] C. Li, Q. Xin, X.X. Guo, Catal. Lett., 12 (1992) 297.

[9] G. Jacobs, L. Williams, U. Graham, G.A. Thomas, D.E. Sparks, B.H. Davis, Appl. Catal. A: Gen., 252 (2003)

107.

[10] ( ), ,

[11] T. Shido, Y. Iwasaki, J. Catal., 136 (1992) 493.

[12] R. Cracium, W. Daniell, H. Knozinger, Appl. Catal. A: Gen., 230 (2002) 153.

[13] L.G. Appel, J.G. Eon, M. Schemal, Catal. Lett., 56 (1998) 199.



124

5.1.

(Oxidative coupling of methane; OCM: 5.1)[1-7]

C2 ( )

CH4 + 1/2O2 2H4 + H2O H0
298 = -140.1 kJ mol-1 ( 5.1)

1

(CH4) CH (CH3 )

CH 973 K

[1] C2 (C2H6, C2H4, C2H2)

COX(CO + CO2) C2

C2 COX

[8-11]

Kado [8,9] (LEP)

C2

LEP

C2 C2

(C2H2)

C CH

[12,13]

C2 (C2H6 + C2H4) La2O3

[2]

La2O3 SrO Sr-La2O3 (Sr/La = 1/50

1/20) OCM [3-5] Borchert

La2O3 SrO [6] SrO
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(CO2-OCM: 5.2) [14,15]

CH4 + CO2 2H4 + H2O + CO H0
298 = 142.1 kJ mol-1 ( 5.2)

C2 (C2H4 + C2H6)

CO2-OCM CO-O

(> 1100 K)

CO2-OCM (DR: 3)

(H2 + CO)

CH4 + CO2 2 + 2CO H0
298 = 247.3 kJ mol-1 ( 5.3)

C2

C2
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5.2.

5.2.1.

La2O3 SrO La2O3 (Sr-La2O3)

ZrO2 (M-ZrO2, M=Ca, Sr, Ba, La, Pr) ( )

Sr-La2O3 M-La2O3 (La La(NO3)3·6H2O

Zr ZrO(NO3)2·2H2O Ca Ca(NO3)2 Sr Sr(NO3)2 Ba Ba(NO3)2 Pr Pr(NO3)3·6H2O)

353 K 18

h

673 K 2 h 1123 K 10 h Sr-La2O3

Sr/La 1/20 1/50 1/200 1/500 1/2000 1/5000 ZrO2 La 0 1

5 10 15 30 50 mol%

5.2.2.

5.2.2.1.

(6, 8, 10 mm o. d.)

(2 mm o. d.)

200 mg CH4/O2/Ar = 25/5/100 mL min-1 W/F 1.3

3.2 g-cat h mol-1

GC-FID GC-TCD(Shimadzu Corp.) GC-FID

Porapak N(GL Sciences Inc.) CH4 CO CO2 C2H2 C2H4 C2H6

Ru/Al2O3 GC-TCD Molecular sieve

5A(GL Sciences Inc.) H2 O2

95 %

CH4/O2/Ar = 25/5/100 25/5/200 mL min-1 W/F

0.02 0.5 g-cat h mol-1 948 1273 K

(Current Cut-off)

0.9 kV 3.2 kV
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5.2.2.2.

5.2.2.1. 200 mg

CH4/CO2/Ar = 25/25/50 mL min-1 CH4 W/F 3.2 g-cat h-1

5.4 5.7

CH4 conv. = sum of formation rate (CO*, C2H4 and C2H6) / inlet CH4 rate × 100 ( 5.4)

CO2 conv. = formation rate (CO - CO*) / inlet CO2 rate × 100 ( 5.5)

Yield = formation rate / inlet CH4 rate × 100 ( 5.6)

OCM selectivity = sum of C2 yield (C2H4 and C2H6) / sum of yield (CO*, C2H4 and C2H6) × 100

( 5.7)

CO* CH4 CO 5.8 Asami

[13]

CO* = formation rate (H2 + CO C2H6 2 * C2H4) / 4 ( 5.8)

5.2.3.

XRD N2 BET

(Temperature programmed oxidation: TPO)

XRD (RINT-2000; Rigaku Corp. 40 kV, 20 mA, Cu-K with Ni filter)

Sr-La2O3 La2O3 SrO La2O3

N2 BET (AUTOSORB-1;

Quantachrome Instruments) Sr-La2O3 (Sr/La = 1/20 1/50 1/200 1/500 1/2000

1/5000 0) 0.55 2.46 3.44 1.09 0.85 1.18 2.33 m2 g-1

(CGT-700; Shimadzu Corp.)

(TPO: 10%O2/N2; 100 mL min-1)

10 mg g-cat-1 4
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5.3.

5.3.1.

[2-7]

5.1 CeO2 Gd2O3

(spark)

[8,9] CO C2H2

CeO2

CO2

Fe2O3 CeO2 Fe2O3 (Ce3+/Ce4+ Fe2+/Fe3+)

La2O3 [2-4]

La2O3

La2O3 (5 mol%M-La2O3: M = Mg, Ca, Sr, Ba, Y, Zr)

5.1 2 Ca-La2O3 Sr-

La2O3 Ba-La2O3 Sr-La2O3 C2 (49.0 %)

CeO2

Mg-La2O3 Y-La2O3 Zr-La2O3 Mg

2 (La: 1.03 ang., Mg: 0.72 ang.,

Ca: 1.00 ang., Sr: 1.18 ang., Ba: 1.35 ang.) La2O3

3 Y(0.90 ang.)

4 Zr(0.72

ang.) Mg La2O3

Sr-La2O3 SrO
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5.1

Catalyst Voltage CH4 conv. O2 conv. Selectivity / % Molar ratio / -

/ kV / % /% C2 CO CO2 C2H2 C2H4/C2H6

Blank discharge 13.7 23.8 5.9 37.4 0.5 56.1 1.8

La2O3 discharge 4.9 17.2 10.8 54.7 23.1 11.4 0.69

CeO2 0.7 10.1 97.4 0.0 0.9 99.1 0.0 -

Nd2O3 discharge - - - - - - -

Sm2O3 discharge - - - - - - -

Eu2O3 discharge - - - - - - -

Gd2O3 0.8 10.3 46.5 39.2 28.3 31.7 0.8 0.53

Dy2O3 discharge - - - - - - -

Y2O3 discharge - - - - - - -

Fe2O3 0.5 4.1 42.9 0.0 0.3 99.7 0.0 -

Mg-La2O3 discharge - - - - - -

Ca-La2O3 1.1 10.4 60.6 43.2 19.7 35.5 0.4 0.52

Sr-La2O3 0.9 9.8 59.1 48.9 11.9 39.2 0.0 0.34

Ba-La2O3 0.9 6.6 34.0 34.1 26.7 35.7 3.5 0.51

Y-La2O3 discharge - - - - - - -

Zr-La2O3 discharge - - - - - - -

* C2 selectivity = C2H4 selectivity + C2H6 selectivity

;

Furnace temperature: 423 K, W/F: 3.2 g-cat h mol-1, input current: 3.0 mA, feed flow rate: CH4/O2/Ar =

25/5/100 mL min-1.
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5.3.2. Sr/La

La2O3 SrO La2O3

SrO La2O3

Sr/La Sr-La2O3

5.2 5.1 Sr/La 1/200 Sr-La2O3

Sr/La 1/500

Sr-La2O3 Sr

5.2 5.1 Sr/La = 1/200 Sr/La = 1/20 Sr-La2O3

C2H2 C2(C2H4 + C2H6)

Sr/La = 1/2000 Sr-La2O3 C2H2

CO

5.2 W/F

( : 1003 K) C2

C2H4/C2H6

(1273 K) 5.2

C2H4/C2H6

5.2

C2H2 C2

2.8 kV

0.9 kV

SrO Sr

La2O3 773 K (Ar)

Sr-La2O3 5.3 5.3 5.1

773 K log > 5

Sr-La2O3

Kroger-Vink ()
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SrO = SrLa + OO
× +1/2VO ([VO ] = 2[SrLa ]) ( 5.9)

SrO + 1/4O2 = SrLa + 3/2 OO
× + h ([h ] = [SrLa ]) ( 5.10)

Sr-La2O3 ( )

Sr-La2O3

5.3.1. CeO2 Fe2O3

( )

SrO La2O3 P

( )

5.3.1. Mg-La2O3 Y-La2O3 La2O3

M-La2O3 (M/La = 1/20, M = Sr, Ca, Mg, Y)

5.4 Mg-La2O3 Y-La2O3 M-La2O3

973 K La2O3

MgO La2O3 Y2O3

5.5 La2O3

SrO

( ) P

( log > 5) ( )
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5.2 Sr-La2O3 Sr/La [17].

Catalyst DC supply Furnace CH4 conv. Selectivity / % Molar ratio / -

Temp. / K / % C2 CO CO2 C2H2 C2H4/C2H6

La2O3
1 with DC 423 6.4 16.1 43.9 34.3 5.8 0.5

discharge

Sr-La2O3 with DC 423 6.7 12.0 43.9 35.2 8.8 0.5

(Sr/La=1/2000)1 discharge

Sr-La2O3 without DC 1023 7.5 58.7 21.5 19.9 0.0 0.3

(Sr/La=1/2000)2

Sr-La2O3 with DC 423 11.5 34.2 18.8 46.2 0.0 0.4

(Sr/La=1/200)1 EF

Sr-La2O3 with DC 423 8.9 49.0 15.7 34.9 0.0 0.5

(Sr/La=1/20)1 EF

Sr-La2O3 without DC 948 5.2 34.6 29.5 35.9 0.0 0.1

(Sr/La=1/20)3

Sr-La2O3 without DC 1003 7.2 56.2 16.2 27.7 0.0 0.2

(Sr/La=1/20)2

Sr-La2O3 without DC 1273 4.2 42.9 13.5 43.6 0.0 0.3

(Sr/La=1/20)4

Sr-La2O3 without DC 1273 7.4 45.6 15.0 39.3 0.0 0.7

(Sr/La=1/20)5

1 Reaction conditions; CH4/O2/Ar = 25/5/100 mL min-1, furnace temperature 423 K, input current 3.0 mA,

catalyst loading 200 mg, W/F = 3.2 g-cat h mol-1.

2 Conventional catalytic reaction conditions; CH4/O2/Ar = 25/5/200 mL min-1, catalyst loading 30 mg, W/F

= 0.5 g-cat h mol-1.

3 Conventional catalytic reaction conditions; CH4/O2/Ar = 25/5/100 mL min-1, catalyst loading 30 mg, W/F

= 0.5 g-cat h mol-1.

4 Conventional catalytic reaction conditions; CH4/O2/Ar = 25/5/200 mL min-1, catalyst loading 1 mg, W/F =

0.02 g-cat h mol-1.

5 Conventional catalytic reaction conditions; CH4/O2/Ar = 25/5/100 mL min-1, catalyst loading 1 mg, W/F =

0.02 g-cat h mol-1.
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5.1 Sr-La2O3 Sr/La [17].

0

5

10

15

20

0

20

40

60

80

Sr/La molar ratio / -

10
-2

10
-3 10

-10
(=La

2
O

3
)

OCM in the
electric field

C2H4/C2H6 sel.

CH4 conv.

CO2 sel.

CO sel.

C2H2 sel.

Plasma OCM
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5.2 Sr-La2O3

1 Reaction conditions; CH4/O2/Ar = 25/5/100 mL min-1, furnace temperature 423 K, input current 3.0 mA,

catalyst loading 200 mg

2-5 Conventional catalytic reaction conditions; CH4/O2/Ar = 25/5/100-200 mL min-1, catalyst loading 30

mg (2,3) 1mg (4,5), furnace temperature 1003 K (2) 948 K (3) 1273 K (4,5).

0

10

20

30

40

50

60

0 2 4 6 8 10

CH
4

conversion / %

1

1

2

3

4 5

Activated by heat

Activated by plasma

Activated by EF

Sr-La2O3, 0.9 kV

La2O3, 2.8 kV

Sr-La2O3
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5.3 Sr-La2O3 [17].

-6

-5.5

-5

-4.5

-4

10
-3

10
-2

10
-1

Sr/La molar ratio / -



136

5.4 M-La2O3 (M/La = 1/20, M = Sr, Ca, Mg, Y)
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5.5 Sr-La2O3 Sr

La2O3

CH4 C2H2

Discharge

Sr-La2O3

CH4 C2H4, C2H6

Electric field

VO

Electrical conductivity

VO VO

Sr content

Sr/La
=1/200

La2O3 Sr/La
=1/2000

Sr/La
=1/20

Sr/La
=1/500
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5.3.3.

SrO La2O3 P

Sr/La = 1/20 Sr-La2O3

( )

( )

(W/F)

(W/F)

(W/F)

W/F

C2

(Effective contact time: ETC)

GHSV(h-1) W/F(g-cat h mol-1)

(W/F)

(= ) 5.11

ECT (mm min mmol-1) = Gap distance (mm) / Feed flow rate (mmol min-1) ( 5.11)

5.6 5.6

1200 K

1200 K



139

1200 K 800 K

(CH4/O2) 5.7

C2

CO2 CO CH4/O2

10 C2 (59 %)

C2

5.3

C2

C2

( 3 W )

C2



140

5.6

[17].

0

5

10

15

0 2 4 6 8 10 12

various diameters (height const.)

various diameters (weight const.)
various W/Fs (weight const.)
various W/Fs (flow const.)

ECT / mm min mmol -1
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5.7 CH4/O2 [17]
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5.3 [17]

Current CH4 conv. O2 conv. Selectivity / % Voltage Power

/ mA / % / % C2 CO CO2 / kV / W

1 0.6 9.7 45.4 23.2 31.4 1.7 1.7

3 6.8 48.0 48.8 9.5 41.8 0.9 2.7

5 19.1 68.2 39.6 14.9 45.5 0.6 3.0

7 11.8 80.4 34.1 23.0 42.9 0.5 3.5

9 12.8 77.3 29.1 31.0 39.9 0.4 3.6

:

Sr-La2O3 (Sr/La = 1/20) catalyst, 423 K furnace temperature, W/F = 3.2 g-cat h mol-1.



143

5.3.4.

Asami

[14] CeO2 Pr6O11

CeO2 Pr6O11

M-La2O3

ZrO2

Stagg-Williams ZrO2 La2O3 (La-ZrO2)

[16]

ZrO2 OCM

31.2 %

La La-ZrO2

5.4 ZrO2

OCM (C2H4, C2H6) (10.6 %) ZrO2 La OCM

OCM 5 mol%La-ZrO2 30 %

10 mol% La2O3 OCM 30 mol% 50

mol% La2O3 La-ZrO2

La La-ZrO2 XRD 5.8

ZrO2 XRD monoclinic 5.7

30 mol% 50 mol% La2O3 La-ZrO2 pyrochlore (La2Zr2O7)

La-ZrO2 tetragonal tetragonal

La-ZrO2 5mol%La-ZrO2 XRD 1

mol%La-ZrO2 XRD monoclinic 10mol% 15

mol% La2O3 ZrO2 tetragonal

BET 5.4

tetragonal La-

ZrO2

ZrO2

10 mol%Y-ZrO2 ZrO2 tetragonal

( 0.1%) La tetragonal ZrO2

C2
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10 mol%La-ZrO2

5.5 423 K

1173 K 2 %

1200 K

5.5

10 %
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5.4 La-ZrO2 [18].

La content BET SSA Voltage Conv. / % Selectivity

/ mol% / m2 g-cat-1 / kV CH4 CO2 / %

0 0.6 2.2 7.2 11.8 10.6

1 2.9 2.0 6.5 9.7 18.4

5 9.0 2.0 3.2 4.1 31.2

10 16.8 2.1 4.6 7.0 25.5

15 16.4 2.3 5.8 7.2 21.7

;

Catalyst weight: 200 mg, input current: 3.0 mA, feed flow rate: CH4/CO2/Ar = 25/25/50 mL min-1, furnace

temperature: 423 K

5.8 La-ZrO2 XRD [18]

: tetragonal structure, : monoclinic structure.

20 30 40 50 60 70

2 / degree

: ZrO
2

(monoclinic)

: ZrO
2

(tetragonal)

50 mol%La-ZrO
2

15 mol%La-ZrO
2

10 mol%La-ZrO
2

5 mol%La-ZrO
2

1 mol%La-ZrO
2

ZrO
2
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5.5 [18]

Current Ex. Temp. Conv. / % Selectivity

/ mA / K CH4 CO2 / %

1073 0.2 0.3 51.8

No EF 1123 0.4 0.8 43.8

1173 0.9 1.7 41.8

3 423 4.7 6.0 25.3

5 423 10.8 13.6 15.0

7 423 11.0 13.8 15.4

;

Catalyst weight: 200 mg, input current: 0.0 7.0 mA, feed flow rate: CH4/CO2/Ar = 25/25/50 mL min-1,

furnace temperature: 423 1173 K
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5.4.

Sr-La2O3 (Sr/La = 1/20)

C2 5 % SrO

Sr/La 1/500

Sr 773 K log > 5

1200 K

La-ZrO2

1173 K 2 %

10 % La2O3

ZrO2 tetragonal (5 mol%La-ZrO2) OCM

(31.2 %) Y2O3

La tetragonal ZrO2
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2

CeO2 CeXZr1-XO2

3

Pt/La-ZrO2

(Langmuir-Hinshelwood

)

(Langmuir-Hinshelwood )

(redox )
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4

773 K log = 5

( )

(XRD XAFS)

(IR)

5

Sr-La2O3 (Sr/La = 1/20) C2 5 % SrO

Sr/La 1/500

La-ZrO2

1173 K 2 %

10 % La2O3 ZrO2 tetragonal

(5 mol%La-ZrO2) OCM (31.2 %)

Y2O3 La tetragonal ZrO2

( )

(XAFS)

(Langmuir-Hinshelwood )

(redox )
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20 %

EPOC



SPring-8

BL14B2 XAFS

BL27SU X

BL02B2 XRD

BL27SU BL02B2

(2013B1673 2014A1655)
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