
Ni

Catalytic activity, oxidation resistance, and structure

of perovskite-supported Ni catalysts for hydrogen

production from aromatic hydrocarbon

2015 2

Yukihiro SUGIURA



Ni

Catalytic activity, oxidation resistance, and structure

of perovskite-supported Ni catalysts for hydrogen

production from aromatic hydrocarbon

2015 2

Yukihiro SUGIURA



. . . . . . . . 1

1 . . . . . . . . 4

1.1. . . . . . . . . 4

1.2. . . . . . . . . 4

1.3. . .. . . . .. 6

1.4. .. . . . . . . .... 7

1.5. 1 . . . . . . . . 7

1.6. . . . . . . . . 8

... . . . . . . ... 9

2 Ni

. .. . . . . 12

2.1. . . . .. . . 12

2.2. . . . .. . . 14

2.2.1. . . . . . . . . 14

2.2.2. . . . . . . . . 14

2.2.3. . . . . . . . . 15

2.2.4. . . . . . . .. 15

2.2.5. FT-IR .. . . . . . 16

2.3. . . . . . . . 16

2.3.1. . ... 16

2.3.2. Ni/La0.7Sr0.3AlO3- Ni Rh . . . 17

2.3.3. Ni/La0.7Sr0.3AlO3- Sr . . . . .. 18

2.3.3.1. La MxAlO3- M = Sr, Ba, Ca . . . 18

2.3.3.2. Ni/Sr/LaAlO3 . .. . 18

2.3.3.3. H2
18O . . . . 19

2.3.4. IR . . . . 21

2.3.4.1. Ni . . .. . 21

2.3.4.2. H-D . . . . .. 21

2.3.4.3. . . . .. 22

2.3.4.4. Ni/LSAO . . .. .. 23

2.3.5. Ni/LSAO . . . . ..... 23

2.3.6. 3 . ... . 24

2.3.7.

25

2.3.8. Ni/LSAO . ... . 26



2.3.8.1. . . .. . 26

2.3.8.2. . . .. .. . .. 27

2.3.8.3. LSAO . . 28

2.4. . . . 28

2.5. . . . 30

. . . 32

3 Ni/La0.7Sr0.3AlO3- . . . . 66

3.1. . . . .... 66

3.2. . . . . . .. 67

3.2.1. . . .. 67

3.2.2. . . . . 67

3.2.3. . . .. 67

3.3. . . . 68

3.3.1. Ni/La0.7Sr0.3AlO3- Ni/LaAlO3 Ni/ -Al2O3

. 68

3.3.2. Ni/La0.7Sr0.3AlO3- Ni/ -Al2O3 in-situ XAFS .. 68

3.3.3. 2 Ni/La0.7Sr0.3AlO3-

Ni/LaAlO3 Ni/ -Al2O3 Ni . 68

3.3.4. Ni/La0.7Sr0.3AlO3- Ni/ -Al2O3 Ni . . 69

3.3.5. Ni/La0.7Sr0.3AlO3- Ni/ -Al2O3 Ni

. . .. . 70

3.4. 71

3.5. 72

74

4 Ni/La0.7Sr0.3AlO3- Pt . . . 87

4.1. . . . 87

4.2. . . . 88

4.2.1. 88

4.2.2. 88

4.2.3. 89

4.3. . .. 89

4.3.1. Ni/LSAO Pt . .. 89

4.3.2. Ni Pt . . 90

4.3.3. Pt/Ni/LSAO 91

4.4. . .. 92

4.5. . .. 94



95

5 105

5.1. 105

5.2. 107

109

110



1

2

LPG

Rh Ru Ni Ni

Ni

Ni Ni 0

Ni

Ni

Ni Ni

Ni

5 1 2 Ni/ La0.7Sr0.3AlO3-

LSAO 3

Ni/LSAO 4 Ni/LSAO Pt 5

Ni

1

2 Ni/LSAO

Ni/



2

LaAlO3 LAO LAO A

Sr LSAO

Ni/LSAO Ni/LAO Ni/ -Al2O3

H2
18O 873 K Ni/LSAO 18O

Ni/LSAO redox

Ni/LSAO

TPD

Ni/LSAO FT-IR Ni/LSAO

Ni/LSAO Ni/LAO

Ni/ -Al2O3 Ni/LSAO

Ni/LSAO LSAO

C7

n- Ni/LSAO

redox Ni/LAO

3 Ni/LSAO

Ni/ -Al2O3

Ni/LSAO Ni/LAO

LSAO LAO Ni

Ni/LSAO Ni/ -Al2O3 Ni

in-situ XAFS LSAO -Al2O3 Ni

Ni/ -Al2O3

Ni Ni/ -Al2O3 Ni

Ni/LSAO Ni

TPR XPS
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Ni/LSAO
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XPS Pt/Ni/LSAO as

made Ni Ni0 Ni/LSAO Ni
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1

1.1.

ENE FARM 2009

2014 12

2013 12

2014

4

2014 6 23

[1]

3

1.

2.

2020

3. CO2

2040

1

1.2.

LPG
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70%

PEFC Polymer Electrolyte Fuel Cell

2011 SOFC Solid Oxide Fuel Cell

PEFC SOFC 1

SOFC 700 800

PEFC 60 80

SOFC H2 CO

PEFC H2

SOFC PEFC 2

87% SOFC

1 SOFC PEFC

SOFC CO

PEFC CO

CO

CO 10ppm

LPG

400 700 SOFC PEFC

SOFC

PEFC

SOFC SOFC PEFC

SOFC [2]
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1.3.

SR Steam Reforming (1)

POx Partial Oxidation (2) ATR Autothermal Reforming

(3) 3

(4)

(5)

CnHm + nH2 nCO + (n + m/2)H2 (1)

CnHm + n/2O2 nCO + m/2H2 (2)

CnHm + (n - a/2) H2O + aO2 nCO + (n + m/2 - a/2)H2 (3)

CO + H2O CO2 + H2 (4)

CO + 3H2 CH4 + H2O (5)

SR POx

ATR SR POx

H2 CO SR ATR POx

SR

POx ATR

SOFC

[3-8]

[4,7] POx ATR

SR

[9]

Rh Ru Ni Ir Pd Pt Co Fe

Rh Ru

Ni

S/C S/C

Ni

Ru

POx ATR Ru

Rh

Ru Ru
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Rh Rh

Rh

1.4.

[1]

Ni

% Ni 1%

5 2 Ni

3 Ni

4 Ni

Pt 5

1.5. 1

1
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1 [2]

SOFC PEFC

700 800 60 80

O2- H+

H2 CO H2

H2+O2- H2O+2e-

CO+O2- CO2+2e-
H2 2H++2e-

1/2O2+2e- O2- 2H++1/2O2+2e- H2O
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2 SOFC PEFC [2]

SOFC PEFC

kW 0.7 0.7

%LHV 45 37

%LHV 42 50

LHV 87 87

70 60

L 90 200



11

a SOFC

b PEFC

1 [2]

LPG

LPG

LPG
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2

Ni

2.1.

[1]

LPG

Rh

Polychronopoulou [2 5] Rh MgO

Rh Ni Rh

Polychronopoulou Rh

Rh 0.1 wt% Rh 0.3 wt% 0.5 wt%

Rh

Rh

Asadullah [6,7] Rh Ru

Pt Pd

Ni [8 16] Co[17,18] Fe[19]

Ni

Ni

[20,21]

Ni Park [9]

15 wt% Ni/CeO2 75% ZrO2 25% Ni
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redox Zhang [10]

3.0 wt% Ni/olivine 1.0 wt% CeO2

3.0 wt% Ni/olivine Ni/olivine CeO2

CeO2 redox

Li [13, 14] Ni/mayenite

Ca12Al14O33

Mayenite O2 O2

redox redox

Ni

(ABO3) redox

[22 28] Stathopoulos [23] La0.8Sr0.2FeO

deNOx XRD XPS SrFe3+,5+O

Urasaki [24] Ni

Ni/LaAlO3 Ni/ -Al2O3

LaAlO3 Ni CHx

A B

[29 33]

Nguyen [29] LaAlO3 Sr A

La0.9Sr0.1AlO Ni

Eq. (1) Eq. (2) WGS water gas shift

C7H8+ 7H2O 7CO + 11H2 H0
298 = 869.8 kJ mol-1 (1)

CO + H2O CO2 + H2 H0
298 = -41.2 kJ mol-1 (2)

Ni Rh

H2
18O

TPD temperature programmed desorption

H-D in situ FT-IR

Ni/LSAO
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2.2.

2.2.1.

La2O3

/ / 1/3/3

353 K 16

673 K 2 1123 K 10

-Al2O3 -Al2O3 JRC-ALO-8 1573 K 3

La2O3 Al2O3 Ni Rh

1073 K 1 Ni/Sr/LaAlO3

Sr

Sr Ni

2.2.2.

250 500 m SiC 873 K

C7H8:H2O:Ar = 3:42:55 mL min 1 SATP GHSV 12,000 h 1 W/F

= 3.4 g h mol 1

H2:Ar = 5:45 mL min 1 SATP 1073 K 0.5

GC-TCD GC-FID

C7H8 conversion (%) = 100
7

6

87

6624

feedHC

rrrr HCCOCHCO (3)

r : formation rate of each product

Selectivity to product (%) = 100
6

6624 HCCOCHCO rrrr

producteachofrateFormation
(4)

Hydrogen yield (%) = 100
18 87

2

feedHC

rH (5)

C7

n-
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2.2.3.

873 K H2
18O

Q-mass, HPR20 Hiden Analytical Ltd.

25 mg

(1) 1

C7H8:10%H2
18O and 90%H2

16O or 30%H2
18O and 70%H2

16O:Ar:He = 3:42:10:145 mL min-1

SATP 30 min

(2) He

Ar:He = 10:190 SCCM 2 h

(3) 2

C7H8:H2O:Ar:He = 3:42:10:145 mL min-1 SATP

Ar 18O

m/z = 20 H2
18O 30 C18O 46 CO18O 48 C18O2

3 temperature programmed oxidation TPO

CO CO2 O2/N2= 10/90 mL

min 1 SATP 10 K min 1

2.2.4.

XRD RINT-2000 BET

77 K Autosorb-1 Quantachrome Instruments Ni

CO BEL-CAT-55 STEM HF-2210

H2 1073 K 30

Ni XAFS Ni K-edge XAFS

SPring-8 BL14B2 P-6 Fritsch GmbH

7 mm 10%H2:90%Ar

200 mL min 1 SATP 1073 K 30 min XAFS

REX2000

LSAO LAO XPS 1800 MC ULVAC-PHI Inc.

O1s Mg K

C1s 284.8 eV
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2.2.5. FT-IR

Fourier transform

infrared spectrometer FT-IR FT/IR-610 Fig. 1

20 mm 10%H2:90%N2 50 mL min 1

SATP 1073 K 30 min N2 323 K

10 min N2 30 min

IR

2 mL min 1 Ar IR 373 473 573

673 773 873 K 10 min N2

323 K IR Fig. 1 procedure A

IR Ar 3% Fig. 1 procedure C

2.3.

2.3.1.

Ni/LaAlO3 Ni/LaFeO3 Ni/BaTiO3 Ni/SrTiO3

Ni/SrCeO3

W/F = 13.5 g h mol 1 S/C = 3.0 = 873 K Ni

10 wt% Table 1

Ni/LaAlO3 81% 60% LaAlO3

Ni/LaAlO3 Ni/La2O3 Ni/ -Al2O3 W/F = 3.4 g h mol 1 S/C =

2.0 = 873 K Ni = 5 wt%

Table 2 3 Ni/LaAlO3

25.8% 27.6% Ni/La2O3 5.3%

2 Ni/La2O3 2

LaAlO3 -Al2O3 La2O3

180 min Ni/LaAlO3 Ni/La2O3 Ni/ -Al2O3

Table 2 Ni/LaAlO3 800 mg g cat 1 3

Ni/ -Al2O3 431 mg g cat 1 Ni/La2O3 6 mg g cat 1 Ni/LaAlO3
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La3+ Ni/LaAlO3

Ni

Ni [24]

A B

[22, 29]

Ni/La SrxAlO3- LSAO

Fig. 2 Table 2 Sr

x = 0.1 0.3 0.5 58.5% 58.2% 52.3% Ni/LaAlO3 Ni/ -Al2O3

(25.8% 6.3%) Ni/LSAO x = 0.1 0.3 10

min 180 min Ni/LSAO x = 0.1

0.3 40% BET -Al2O3 3.6 m2 g 1 LaAlO3

5.4 m2 g 1 LSAO x = 0.3 6.0 m2 g 1 Ni Ni/ -Al2O3 14.6 nm

Ni/LaAlO3 22.5 nm Ni/LSAO 8.8 nm Ni

Ni La0.7Sr0.3AlO3-

Sr 180 min Table 2 235 mg g cat 1

x = 0.1) 57 mg g cat 1 x = 0.3 52 mg g cat 1 x = 0.5 La SrxAlO3-

XRD Fig. 3 x = 0.5 x = 0.1 0.3

x = 0.1

x = 0.3 2 = 30° SrLaAlO4 x = 0.5

La2O3 SrLaAlO4 SrAl2O4 La(OH)3

La0.7Sr0.3AlO3-

Ni/La0.7Sr0.3AlO3-

Ni

2.3.2. Ni/La0.7Sr0.3AlO3- Ni Rh

Ni/La0.7Sr0.3AlO3-

Ni Ni Ni

1 wt% 5 wt% 10 wt% 15 wt% Ni/La0.7Sr0.3AlO3-

Fig. 4 Table 3 5 wt%

58.2% > 10 wt% 57.2% > 15 wt% 42.0% > 1 wt% 17.8% Ni 5 wt%

10 wt% Ni

5 wt% 48.4% Ni 10 wt% 44.1%

Ni 5 wt% 57 mg g cat 1 Ni 10 wt% 450 mg g cat 1

5 wt%

Ni/La0.7Sr0.3AlO3-
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5 wt% Ni/La0.7Sr0.3AlO3- Rh Rh/ -Al2O3

Rh/LaAlO3 Rh/La0.7Sr0.3AlO3- Rh 1 wt%

Table 4 Ni/La0.7Sr0.3AlO3- Rh

Rh CH4 C6H6 Ni/La0.7Sr0.3AlO3-

Rh

Duprez [34] Rh

Rh

Rh/La0.7Sr0.3AlO3- Rh/LaAlO3

Rh LaAlO3 La Sr

Ni/La0.7Sr0.3AlO3-

2.3.3. Ni/La0.7Sr0.3AlO3- Sr

2.3.3.1. La MxAlO3- M = Sr Ba Ca

Ni/La0.7Sr0.3AlO3- Ni Rh

Ni/LaAlO3 Ni/La0.7Sr0.3AlO3-

Sr

Ni/La MxO3-

M = Sr Ba Ca Table 5 Ba

Ca x = 0.1

Ba Ca La 0.1 Ni/La0.7Sr0.3AlO3-

Ni/La0.9Ba0.1AlO3- 57.2% 56.4%

Ni/La0.9Ca0.1AlO3- 42.5% CH4 C6H6 Ni/La0.9Ba0.1AlO3-

Ni/La0.9Ca0.1AlO3- Ni/La0.7Sr0.3AlO3-

Ni/La0.9Ba0.1AlO3- Ni/La0.7Sr0.3AlO3-

LaAlO3 La Sr Ba Ca

2.3.3.2. Ni/Sr/LaAlO3

LaAlO3 La Sr Sr 0.13

wt% 1.3 wt% Ni/Sr/LaAlO3

La0.7Sr0.3AlO3- Sr La0.7Sr0.3AlO3-

Sr 1/10 1/100 Sr Ni/Sr/LaAlO3

Sr 0.13 wt% 1.3 wt%

Ni/Sr/LaAlO3 Fig. 5 Table 6 Sr 2

Ni/0.13 wt%Sr/LaAlO3 27.0% Ni/1.3 wt%Sr/LaAlO3 24.4%
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Ni/LaAlO3 25.8% 3

Ni/0.13 wt%Sr/LaAlO3 26.1% Ni/1.3 wt%/LaAlO3 24.6%

Ni/LaAlO3 27.6% Ni/LaAlO3 Sr

Ni/0.13 wt%Sr/LaAlO3 Ni/1.3 wt%Sr/LaAlO3 Table

6 617 mg g cat 1 260 mg g cat 1

Ni/LaAlO3 800 mg g cat 1 Sr

Sr

[35] n- [36]

n-

Zhuang CeO2

Sr Ni/Sr/LaAlO3 Ni/LaAlO3

Sr Ni CHx

Sr Sr Ni/LaAlO3

Sr Ni/La0.7Sr0.3AlO3- (57 mg g cat 1)

Sr Sr Ni/LaAlO3

2.3.3.3. H2
18O

LaAlO3 Sr

Sr

[23]

Ni/La0.7Sr0.3AlO3- Ni/1.3 wt%Sr/LaAlO3 Ni/LaAlO3 873 K H2
18O

operation 1

C7H8:10%H2
18O and 90%H2

16O:Ar:He = 3:42:10:145 mL min 1 SATP 30 min
18O

He 2
18O

18O operation 2 C7H8:H2O:Ar:He =

3:42:10:145 mL min 1 SATP operation 2
18O Q-Mass

Fig. 6 18O (H2
18O C18O CO18O C18O2) 873 K

Ni/La0.7Sr0.3AlO3-
18O 25 mg 36 mol

25 mg Ni/La0.7Sr0.3AlO3- 346 mol BET
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BET 10 mol

3 4 Ni/LaAlO3

18O LaAlO3

Sr Ni/Sr/LaAlO3

CO18O Sr

C18O H2
18O

Sr Ni/La0.7Sr0.3AlO3-

La Sr La0.7Sr0.3AlO3-

CO18O C18O

C18O2

CO18O C18O2

Eqs. (6) (7)

C7H8 + 7 18Ocat 7 C18O + 4 H2 (6)

C18O + H2O CO18O + H2 (7)

CO18O Eq. (7)

Eq. (8)

CO2 + 18Ocat CO18O + Ocat (8)

Ni/La0.7Sr0.3AlO3- H2
18O

operation 1 CO2:H2O:Ar:He = 6:42:10:142 mL min 1

3%CO2 873 K

Fig. 7 CO18O H2
18O

H2
18O 10 mol Fig. 6

CO18O 15 mol Fig. 6 24 mol

Fig. 5 CO18O

C18O CO18O

C18O

Ni/La0.7Sr0.3AlO3- S/C 0.5 C7H8:30%H2
18O and

70%H2
16O:Ar:He = 3:42:10:145 mL min 1 [37] C18O

S/C = 2.0 CO18O S/C = 2.0

S/C = 0.5 C18O2 S/C
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C18O CO18O

2.3.4. IR

2.3.4.1. Ni

Ni/LSAO in situ FT-IR

Ni

IR Fig. 8

2 Ar-H Ar

C-H 2885 3070 cm 1 region 1

C=C 1500 1600 cm 1 region 2

323 K 873 K Ni/LSAO

Fig. 9 323 373 473 K

323 373 473 K 1410 1475 1556 1598 cm 1

1598 cm 1 [38 40]

573 K 1400 1475 cm 1

573 K 1400 cm 1 474 K 1410 cm 1

H-D 573 K

Ni/LSAO

673 K Ni/LSAO

C7H8 (g) C7H8 (ad) Intermediate CO or CO2 (ad) CO or CO2 (g) (9)

Ni/ -Al2O3 Ni/LAO

Fig. 10 Ni/ -Al2O3

1600 cm 1 Ni/LSAO Ni/LAO

673 K Ni/LSAO Ni/LAO 673 K

Ni/LAO

2.3.4.2. H-D

Ni/LSAO 323 K

D2 H-D

D2 473 K Fig. 11 1405
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cm 1 1393 cm 1 1570 cm 1 1555 cm 1

C-H

1495 cm 1 C-C

[41 44]

D2 H2 473 K Fig. 12

H-D

D2 873 K Fig. 13

C-H 1397 cm 1

[38 41] H COO

1478 cm 1 C-C 573 K

SSITKA-operando

in situ IR

H-D

2.3.4.3.

in situ FT-IR Ni LSAO LAO -Al2O3

Ni LSAO

LAO Fig. 14 Ni/LSAO LSAO 673

K LSAO

673 873 K

Ni/LSAO Ni LSAO

CO CO2 LAO

573 K 673 K

Ni/LAO 673 K

LSAO LAO

La3+ Sr2+ Al3+

H-O

Davydov [40] TiO2

XPS LSAO LAO

2 O1s Fig. 15 2

Oad

Olat [44]
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LSAO Olat LSAO

LAO

2.3.4.4. Ni/LSAO

323 K Ni/LSAO 573 K 673 K

873 K FT-IR

2 323 K

2 2 2

Ni/LSAO

Fig. 16

1 2

573 K 673 K

673 K

Ni/LSAO

[45] 873

K

Ni/LSAO 873 K

LSAO

[45]

873 K Ni LSAO Fig. 17

Ni/LSAO

Ni CO CO2

2.3.5. Ni/ LSAO

Ni/LSAO IR

n-

Fig. 18 IR 1600 cm 1

1600 cm 1

Ni/LSAO
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Ni/LSAO

n- IR n-

IR 323 K 1465 1400 cm 1

573 K

Ni/LSAO C2

n-

IR 323 K 1600 1550 1403

cm 1 1600 cm 1 C=C

1550 1403 cm 1 OCO

[40,41] 1600 1550 cm 1 673 K

673 K 1470 1403 cm 1

873 K 1470 cm 1 C-C

C=O 1720 cm 1

573 K

673 K

IR

2.3.6. 3

Ni/LSAO Ni/LAO Ni/ -Al2O3

n- C7 180

Table 7 Ni/LSAO

Ni/LAO Ni/ -Al2O3

BET

CO Ni STEM Ni

Table 8 LSAO Ni

LAO -Al2O3 Ni

LSAO Ni

LAO -Al2O3 Ni

LSAO Ni LSAO Ni
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La3+ Sr2+

Ni/LSAO

[20,46]

Ni/LAO Ni/ -Al2O3

C C

2.3.7.

3 n-

Ni/LSAO Ni/LAO n-

Fig. 19

800 1000 K [45] Ni/LSAO 803 K

Ni/LAO 936 K

Langmuir Hinshelwood L H

redox [45]

L H

redox

[47]

Ni/LSAO

833 K 819 K 803 K

Ni/LSAO

Ni/LAO Ni/LSAO

940 K

61.6 kJ mol-1 52.9 kJ mol-1
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48.0 kJ mol-1 121 kJ mol-1

H2
18O Ni/LSAO

Ni/LAO SSITKA H2
18O C18O

C16O18O C18O2
18O Fig. 20 Ni/LSAO

Fig. 21 Ni/LAO 18O

Fig. 20 Ni/LSAO

873 K
18O C16O18O C18O

redox Ni/LSAO

748 K 18O

redox L-H

Fig. 21 Ni/LAO

973 K 18O 973 K
18O 823

K 18O Ni/LAO

Ni/LAO 973 K 823 K
18O

Ni/LAO

61.6 52.9 kJ mol-1 48.0 kJ mol-1

2.3.8. Ni/LSAO

2.3.8.1.

3 Ar Ar

Ni

Ni/LSAO Ni/LSAO Ni/LAO

Ni/ -Al2O3 n-

in situ IR
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IR Fig. 22 Ni/LSAO Fig. 23 Ni/LAO Fig. 25

Ni/ -Al2O3 Ni/LSAO n- TPD Fig. 22 3 1573

1466 1406 cm-1 1466 cm-1 C C 1406 cm-1

COO TPD 3

1516 1469 1396 cm-1 TPD 2 1478

1400 cm-1 1470 cm-1 1400 cm-1

Ni/LAO n- TPD Fig. 23 1556 1587 cm-1 1348

cm-1 1564 cm-1 1347 cm-1 n-

1594 cm-1 1546 cm-1

1401 cm-1

IR Ni/LSAO Fig. 22

373 K 773 K

873 K

Ni/LAO Fig. 23 n- 573 K

773 K Ni/ -Al2O3 Fig. 24

2.3.8.2.

LSAO

LSAO n-

in situ TPD-IR

n- n- 2,2-

LSAO in situ TPD-IR
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Figure. 1. Scheme for IR observation, (A) temperature programmed desorption (TPD) of toluene,

(B) H-D exchange for adsorbate, (C) surface reaction between toluene and steam.[48]
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Table 1

Catalytic activities of various Ni/perovskite catalysts for steam reforming of toluene: W/F = 13.5 g h

mol-1, S/C = 3.0, reaction temperature: 873 K, and Ni loading: 10 wt%.[37]

Catalyst Conversion / % H2 yield / %

Ni/LaAlO3 81 60

Ni/LaFeO3 55 51

Ni/BaTiO3 41 41

Ni/SrTiO3 65 52

Ni/SrCeO3 66 54
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Table 2

Catalytic activities of Ni/La1-xSrxAlO3- catalysts for steam reforming of toluene and the amounts of

carbon deposition on these catalysts after the reaction for 180 min: W/F = 3.4 g h mol-1, S/C = 2.0,

reaction temperature: 873 K, and Ni loading: 5 wt%.[37]

Catalyst Conversion / %

Selectivity / %

H2 yield /%

Amount of carbon

deposition

/ mg g-cat-1
CO CH4 CO2 C6H6

Ni/LaAlO3 25.8 33.8 0.9 62.9 2.4 27.6 800

Ni/La0.9Sr0.1AlO3- 58.5 31.9 8.5 58.8 0.8 49.5 235

Ni/La0.7Sr0.3AlO3- 58.2 33.3 3.3 62.3 1.1 48.4 57

Ni/La0.5Sr0.5AlO3- 52.3 32.7 3.6 63.2 0.5 46.7 52

Ni/ -Al2O3 6.3 44.6 0 54.5 0.9 5.6 431

Ni/La2O3 14.0 35.7 0 59.0 5.3 14.0 6
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Figure 2. Toluene conversions on Ni/La1-xSrxAlO3- catalysts: Ni/LaAlO3, Ni/La0.9Sr0.1AlO3- ,

Ni/La0.7Sr0.3AlO3- , Ni/La0.5Sr0.5AlO3- and Ni/ -Al2O3 as a control; W/F = 3.4 g h mol-1,

S/C = 2.0, reaction temperature: 873 K, and Ni loading: 5 wt%.[37]
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Figure 3. XRD patterns for Ni/La1-xSrxAlO3- catalysts; LaAlO3, SrLaAlO4 (x = 0, 0.1, 0.3):

La2O3, SrLaAlO4, SrAl2O4, La(OH)3 (x = 0.5). [37]
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Figure 4. Toluene conversion on Ni/La0.7Sr0.3AlO3- catalysts with different Ni loadings: 1 wt%,

5 wt%, 10 wt%, and 15 wt%; W/F = 3.4 g h mol-1, S/C = 2.0, and reaction temperature:

873 K. [37]
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Table 3

Catalytic activities of Ni/La0.7Sr0.3AlO3- catalysts with different Ni loadings for steam reforming of

toluene and the amounts of carbon deposition on these catalysts after the reaction for 180 min: W/F

= 3.4 g h mol-1, S/C = 2.0, and reaction temperature: 873 K. [37]

Ni loading Conversion / %

Selectivity / %

H2 yield /%

Amount of carbon

deposition

/ mg g-cat-1
CO CH4 CO2 C6H6

1 wt% 17.8 37.7 0 60.2 2.1 16.2 5

5 wt% 58.2 33.3 3.3 62.3 1.1 48.4 57

10 wt% 57.2 31.4 6.1 60.9 1.6 44.1 450

15 wt% 42.0 33.1 7.5 58.3 1.1 47.1 1000
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Table 4 Catalytic activities of Ni/La0.7Sr0.3AlO3- catalyst and Rh supported catalysts for steam

reform of toluene: W/F = 3.4 g h mol-1, S/C = 2.0, reaction temperature: 873 K, Ni loading: 5 wt%,

and Rh loading: 1 wt%.[37]

Catalyst Conversion / %
Selectivity / %

H2 yield /%
CO CH4 CO2 C6H6

Ni/ -Al2O3 29.7 40.7 0.6 57.3 1.4 30.9

Ni/LaAlO3 25.8 33.8 0.9 62.9 2.4 27.6

Ni/La0.7Sr0.3AlO3- 58.2 33.3 3.3 62.3 1.1 48.4

Rh/ -Al2O3 46.7 46.9 12.9 37.3 2.9 40.7

Rh/LaAlO3 47.0 37.9 1.6 57.6 2.9 44.8

Rh/La0.7Sr0.3AlO3- 31.8 26.9 3.0 68.1 2.0 32.4
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Table 5

Catalytic activities of Ni/La1-xMxAlO3- (M = Sr, Ba or Ca) for steam reforming of toluene and the

amounts of carbon deposition on these catalysts after the reaction for 180 min: W/F = 3.4 g h mol-1,

S/C = 2.0, reaction temperature: 873 K, and Ni loading: 10 wt%.[37]

Catalyst Conversion / %

Selectivity / %

H2 yield /%

Amount of carbon

deposition

/ mg g-cat-1
CO CH4 CO2 C6H6

Ni/La0.7Sr0.3AlO3- 57.2 31.4 6.1 60.9 1.6 44.1 450

Ni/La0.9Ba0.1AlO3- 56.4 32.4 4.0 63.5 0.1 53.2 693

Ni/La0.9Ca0.1AlO3- 42.5 28.4 3.3 68.0 0.3 42.3 n.a.



41

Figure 5. Toluene conversion on Ni/La0.7Sr0.3AlO3- , Ni/1.3 wt%Sr/LaAlO3, Ni/0.13

wt%Sr/LaAlO3, and Ni/LaAlO3 catalysts; W/F = 3.4 g h mol-1, S/C = 2.0, reaction temperature:

873 K, and Ni loading: 5 wt%.[37]
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Table 6

Comparison of catalytic activities among bare Ni/LaAlO3 catalyst, Sr-doped catalysts, and

Sr-supported catalysts for steam reforming of toluene and the amounts of carbon deposition after

reaction for 180 min: W/F = 3.4 g h mol-1, S/C = 2.0, temperature: 873 K, and Ni loading: 5

wt%.[37]

Catalyst
Conversion

/ %

Selectivity / %
H2

yield

/%

Amount of

carbon

deposition

/ mg g-cat-1

CO CH4 CO2 C6H6

Ni/LaAlO3 25.8 33.8 0.9 62.9 2.4 27.6 800

Ni/La0.7Sr0.3AlO3- 58.2 33.3 3.3 62.3 1.1 48.4 57

Ni/0.13 wt%Sr/LaAlO3 27.0 29.9 1.1 67.2 1.8 26.1 617

Ni/1.3 wt%Sr/LaAlO3 24.4 27.8 0.8 70.5 0.9 24.6 260
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Figure 6. Formation of 18O products on (a) Ni/La0.7Sr0.3AlO3- , (b) Ni/Sr/LaAlO3, and (c) Ni/LaAlO3

at 873 K. [37]
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Figure 7. Formation of 18O products over Ni/La0.7Sr0.3AlO3- catalyst in CO2/H2O/Ar/He =

6/42/10/142 mL min-1 feed at 873 K. [37]

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
Time on stream / sec

CO18O

H2
18O



45

Figure 8. IR spectrum of toluene in the gas phase. [48]
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Figure 9. IR spectra during temperature programmed desorption of toluene over Ni/La0.7Sr0.3AlO3-

and enlarged figures for at 323 K, 373 K and 473 K. [48]
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Figure 10. IR spectra during temperature programmed desorption of toluene over (A) Ni/ -Al
2
O

3

and (B) Ni/LaAlO3. [48]
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Figure 11. IR spectra after D2 introduction to adsorbed species at 473 K on Ni/La0.7Sr0.3AlO3- .[48]
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Figure 13. IR spectra after D2 introduction to adsorbed species at 873 K on Ni/La0.7Sr0.3AlO3- .[48]
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Figure 14. IR spectra during temperature programmed desorption of toluene over (A)

La0.7Sr0.3AlO3- and (B) LaAlO3. [48]
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Figure 15. XPS O1s spectra for La0.7Sr0.3AlO3- and LaAlO3. [48]
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Figure 16. IR spectra after H2O introduction to adsorbed species at each temperature on Ni/

La0.7Sr0.3AlO3- .[48]
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Figure 17. IR spectra after H2O introduction to adsorbed species at 873 K on La0.7Sr0.3AlO3- .[48]
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Figure 18. IR spectra during temperature programmed desorption of (A) benzene, (B) benzaldehyde,

(C) n-heptane, (D) ethylene on Ni/ La0.7Sr0.3AlO3- .[48]
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Table 7

Catalytic activities of Ni/La0.7Sr0.3AlO3- , Ni/LaAlO3 and Ni/ -Al2O3 for steam reforming of three

reactants, and the amounts of carbon deposition on these catalysts after the reaction for 180 min:

W/F = 3.4 g h mol 1, S/C = 2.0, reaction temperature: 873 K, and Ni loading: 5 wt%.[49]

Catalyst Selectivity

CO

Amount of carbon
Deposition /mg g cat-1

Heptane 1

Methyl
cyclohexane

324

Toluene

713

Ni/La0.7Sr0.3AlO3-

6

489

455

37

Reactant

CH4 CO2

Ni/LaAlO3

Ni/ -Al2O3

Ni/La0.7Sr0.3AlO3-

Ni/LaAlO3

Ni/ -Al2O3

Ni/La0.7Sr0.3AlO3-

Ni/LaAlO3

Ni/ -Al2O3

Initial
conversion

278

43

77.8

50.8

25.5

76.6

63.9

18.1

73.0

35.9

9.1

43.9 5.3 50.8

36.4 2.9 60.6

29.0 0.83 70.2

40.8 7.7 51.5

36.5 7.7 55.7

34.5 0.39 65.1

40.8 7.4 50.8

42.1 0.17 57.7

76.3 0.0 23.7
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Table 8

BET specific surface area of supports, dispersion and particle size of supported Ni. [49]

Support / catalyst BET surface area / m2 g-1 Ni dispersion /% Ni mean particle size / nm

La0.7Sr0.3AlO3-

(LSAO)
13.4 - -

Ni/LSAO 5.8 9

LaAlO3

(LAO)
6.3 -

Ni/LAO 3.0 22

-Al2O3 3.6 -

Ni/ -Al2O3 - 2.4 15

-

-

-

-
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Figure 19. Arrhenius plot for n-heptane steam reforming over (a) Ni/La0.7Sr0.3AlO3- and (b)

Ni/LaAlO3, for methylcyclohexane (MCH) steam reforming over (c) Ni/La0.7Sr0.3AlO3- and (d)

Ni/LaAlO3, and for toluene steam reforming over (e) Ni/La0.7Sr0.3AlO3- and (f) Ni/LaAlO3. [49]
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Figure 20. Formation of 18O products over Ni/La0.7Sr0.3AlO3- during steam reforming (SR) steady

state isotope transient kinetic analyses (SSITKA) on various reactants: S/C = 2.0. [49]
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Figure 21. Formation of 18O products over Ni/LaAlO3 during steam reforming (SR) steady state

isotope transient kinetic analyses (SSITKA) on various reactants: S/C = 2.0. [49]
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Figure 22. IR spectra during temperature programmed desorption of various reactants over

Ni/La0.7Sr0.3AlO3- . [49]

11001200130014001500160017001800

Wave number /cm
-1

873 K

773 K
673 K
573 K
473 K
373 K

1466 1406

1573

Heptane desorption
on Ni/La0.7Sr0.3AlO3-

11001200130014001500160017001800

Wave number /cm
-1

873 K

773 K

673 K
573 K
473 K
373 K

13961469

1516

MCH desorption
on Ni/La0.7Sr0.3AlO3-

11001200130014001500160017001800

Wave number /cm
-1

873 K

773 K

673 K

573 K
473 K
373 K

14001478

Toluene desorption
on Ni/La0.7Sr0.3AlO3-



62

Figure 23. IR spectra during temperature programmed desorption of n-heptane and MCH over

Ni/LaAlO3. [49]
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Figure 24. IR spectra during temperature programmed desorption of n-heptane and MCH over

Ni/ -Al2O3. [49]
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Figure 25. IR spectra during temperature programmed desorption of various reactants over bare

La0.7Sr0.3AlO3- . [49]
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Figure 26. IR spectra during temperature programmed desorption of toluene. [49]
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3
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3.2.

3.2.1.

LaAlO3 La0.7Sr0.3AlO3-

1:3:3

673 K 2 h 1123 K 10 h -Al2O3 -Al2O3 JRC-ALO-8

1573 K 3 h 5 wt%Ni Ni(NO3)2·6H2O

-Al2O3 Ni

393 K 1073 K 1 h

3.2.2.

250 500 m

SiC

H2:Ar = 5:45 mL min-1 SATP 1073 K 0.5 h

C7H8:H2O:Ar = 3:42:55 mL min-1 SATP S/C = 2 W/F = 3.4 g h mol-1 873 K

0.1 MPa thermal conductivity detector TCD GC-8A

ame ionization detector FID GC-8A

C7H8 conversion (%) = 100
7

6

87

6624

feedHC

rrrr HCCOCHCO (1)

r: formation rate of each product

Air/Ar = 23.8/26.2 mL min-1 SATP 873 K 30 min Ar

2

3.2.3.

Ni K-edge XAFS SPring-8 BL14B2 8

GeV 100 mA Ni Ni TEM HF-2210 Hitachi Ltd.

Ni TPR 1073 K

TPR thermogravimetry TG

TG-50A XPS X Mg K
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1800MC Ulvac-PhiInc. binding energies BE

C1s 284.8 eV

3.3.

3.3.1. Ni/La0.7Sr0.3AlO3- Ni/LaAlO3 Ni/ -Al2O3
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Ni/La0.7Sr0.3AlO3- Ni/LaAlO3 Ni/ -Al2O3 2

Ni Ni/La0.7Sr0.3AlO3- Ni/LaAlO3

Ni/ -Al2O3 Fig. 4 Ni/La0.7Sr0.3AlO3-

2 Ni/ -Al2O3 2

Ni/La0.7Sr0.3AlO3- Ni/LaAlO3

Ni/ -Al2O3 TEM Ni Figs. 5 7 Table 1

TEM Fig.8 TEM 141 264

Ni/La0.7Sr0.3AlO3- Ni 4.1 nm 7.1

nm 2 6.3 nm Ni/La0.7Sr0.3AlO3- Ni

Ni/LaAlO3 Ni 159 165

15.2 nm 19.1 nm 2 56.1 nm Ni/ -Al2O3 Ni

215 428 8.1 nm 17.4 nm 2

41.1 nm Ni/LaAlO3 Ni/ -Al2O3 Ni

Ni/La0.7Sr0.3AlO3- Ni/LaAlO3 Ni/ -Al2O3

Ni Ni/La0.7Sr0.3AlO3- Ni

3.3.4. Ni/La0.7Sr0.3AlO3- Ni/ -Al2O3 Ni
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Ni/La0.7Sr0.3AlO3- Ni

Ni TPR Ni/La0.7Sr0.3AlO3-

Ni/ -Al2O3 TPR Fig. 9 Table 2 Ni/La0.7Sr0.3AlO3-

TPR Ni 700 K 1000 K

Ni 2 TPR

Ni 650 K Ni/La0.7Sr0.3AlO3- Ni

Ni/ -Al2O3 TPR
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TPR Ni/La0.7Sr0.3AlO3- Ni Ni/ -Al2O3 Ni
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La Sr Ni
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Ni La0.7Sr0.3AlO3-

Ni/LaFeO3 LaFe0.7Ni0.3O3 Ni LaFeO3

La Ca [10-12] Ni/ -Al2O3

Ni Ni/La0.7Sr0.3AlO3- -Al2O3 NiO

Ni La0.7Sr0.3AlO3- Ni

LaAlO3 La0.7Sr0.3AlO3- XPS [13]

[Olat]/([La]+[Sr]+[Al]) [14]

La0.7Sr0.3AlO3- [Sr]/([La]+[Sr]) 0.54 0.30

0.74 0.15 La0.7Sr0.3AlO3- Sr

2

La0.7Sr0.3AlO3- 30.25% LaAlO3 13.59%

La0.7Sr0.3AlO3- La Sr Al Olat
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Ni Ni

Ni

Ni Fig. 10
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3.4.
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Figure 1. Effect of oxidative treatment for catalytic activities on Ni/La0.7Sr0.3AlO3- ( ),Ni/LaAlO3

( ), and Ni/ -Al2O3 ( ). Reaction conditions: W/F=3.4 g h mol-1, S/C=2.0, reaction temperature:

873 K, oxidative treatment: O2/Ar, 5/45 mL min-1; temperature: 873 K. [15]
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Figure 2. Effect of pre-reduction for catalytic activities on Ni/La0.7Sr0.3AlO3- with pre-reduction ( ),

without pre-reduction ( ). Reaction conditions: W/F, 3.4 g h mol-1; S/C, 2.0; reaction temperature,

873 K. [15]
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Figure 3. in-situ XANES spectra of Ni K-edge for (left) Ni/La0.7Sr0.3AlO3- and (right) Ni/ -Al2O3.
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Figure 4. Effect of oxidation-reduction for catalytic activities on Ni/La0.7Sr0.3AlO3- ( ), Ni/LaAlO3

( ), and Ni/ -Al2O3 ( ). Reaction conditions: W/F, 3.7 g h mol-1; S/C, 2.0; reaction temperature,

873 K. Oxidation conditions: O2/Ar, 5/45 mL min-1; temperature, 873 K. Reduction conditions:

H2/Ar, 5/45 mL min-1; temperature, 873 K. [15]
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Figure 5. Particle size distribution of Ni/La0.7Sr0.3AlO3- (A) after pre-reduction at 1073K, (B) after

oxidation at 873K, (C) after oxidation reduction at 873K. [15]
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Figure 6. Particle size distribution of Ni/ -Al2O3 (A) after pre-reduction at 1073K, (B) after

oxidation at 873K, (C) after oxidation reduction at 873K. [15]
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Figure 7. Particle size distribution of Ni/LaAlO3 (A) after pre-reduction at 1073K, (B) after

oxidation at 873K, (C) after oxidation reduction at 873K. [15]
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Table 1. Mean particle size of Ni over Ni/La0.7Sr0.3AlO3- , Ni/LaAlO3, and Ni/ -Al2O3. [15]

Catalyst
Particle size of Ni / nm

After first reduction After oxidation After second reduction

Ni/La0.7Sr0.3AlO3- 4.1 7.1 6.3

Ni/LaAlO3 15.2 19.1 56.1

Ni/ -Al2O3 8.1 17.4 41.1
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Ni/ -Al2O3

After reduction After 2nd reduction

Ni/La0.7Sr0.3Al3-

After reduction After 2nd reduction

Figure 8. TEM photographs for Ni/ -Al2O3 and Ni/La0.7Sr0.3AlO3- after 1st reduction and 2nd

reduction. [15]
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Figure 9. Temperature programmed reduction using TG for (A) Ni/La0.7Sr0.3AlO3- (a) after

calcination at 1073 K, (b) after oxidation at 873 K, (B) Ni/ -Al2O3 (a) after calcination at 1073 K,

(b) after oxidation at 873 K. [15]
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Table 2. Reduction temperature over Ni/La0.7Sr0.3AlO3- and Ni/ -Al2O3 catalysts by TPR

experiment. [15]

For as-made catalyst After a reduction and oxidation

treatment

Ni/La0.7Sr0.3AlO3-

Two steps reduction

1st reduction at 700 K

2nd reduction at 1000 K

Single step

reduction at 650 K

Ni/ -Al2O3

Single step

reduction at 660 K

Single step

reduction at 610 K
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Figure 10. Assumed mechanism of relationship between the oxidative state of Ni and reactivity on

Ni/La0.7Sr0.3AlO3-

After calcination

After pre-reduction

LSAO

La La La La

O O O O

Ni

Steam reforming reaction does not
proceed because Ni is not reduced under
reaction atmosphere owing to the strong
bond between Ni and surface oxygen of
LSAO.

The bond between Ni and surface
oxygen of LSAO weakens owing to
decreasing the number of surface
oxygen of LSAO during pre-reduction.
Steam reforming reaction proceeds
because Ni is reduced under reaction
atmosphere owing to the weak bond
between Ni and surface oxygen of LSAO.

Ni

LSAO

La La La La

O O

Ni Ni
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Figure 11. X-ray photoelectron spectra of Ni 2p1/2 for (a) after calcination at 1073 K and (b) after

oxidation at 873 K. Catalyst: (A) Ni/La0.7Sr0.3AlO3- and (B) Ni/ -Al2O3. [15]
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4

Ni/La0.7Sr0.3AlO3-

Pt

4.1.

2 3 Ni/La0.7Sr0.3AlO3- Ni/LSAO

Ni/LSAO Pt

Ni Ni

Ni

Ni

3 Ni/LSAO

Pt Ni/LSAO

Eq. (1) Eq. (2)

C7H8+ 7H2O 7CO + 11H2 H0
298 = 869.8 kJ mol-1 (1)

CO + H2O CO2 + H2 H0
298 = -41.2 kJ mol-1 (2)

Ni Pt

[1 8]

NiO Ni Mukainakano

[7] EXAFS -Al2O3 Pd Ni

Pd

CNPd-Ni/(CNPd-Pd + CNPd-Ni) Tomishige [9]

-Al2O3 Pt Ni

Ni
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2

Pt

Ni Ni

Pt Pt Ni

Pt

Nishikawa [10] Ni/CeO2/Al2O3 Pt

Pt Ni Ni

Ni/ Pt

Ni Ni Pt H2-TPR STEM-EDX EXAFS

XPS

4.2.

4.2.1.

La0.7Sr0.3AlO3- LSAO 5

wt%Ni/LSAO Ni(NO3)2·6H2O Pt

2 Ni/LSAO Pt(C5H7O2)2

Pt/Ni/LSAO Pt Pt(C5H7O2)2 H2[PtCl6]

Pt Ni [4 7]

Pt 1073 K 1 h Pt 0.85 wt%

0.85 wt%Pt/LSAO LSAO Pt(C5H7O2)2

4.2.2.

873 K

250 500 m SiC C7H8:H2O:Ar

= 3%:42%:55% 100 mL min 1 GHSV 12,000 h 1

H2:Ar = 10%:90% 50 mL

min 1 1073 K 0.5 h GC-TCD GC-FID

C7H8 conversion (%) = 100
7

6

87

6624

feedHC

rrrr HCCOCHCO (3)

r: formation rate of each product

3 h temperature programmed oxidation
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TPO CO CO2 O2:N2= 10%:90%

100 mL min 1 10 K min 1

4.2.3.

Pt/Ni/LSAO as made SPring-8 BL14B2

Pt L3-edge ex situ XAFS as made 1073 K 1 h

1073 K 0.5 h

873 K 0.5 h

X

Si (1 1 1) k3-weighted EXAFS

3 12 Å k

Pt Pt-Pt Na2Pt(OH)6 Pt-O

REX2000

Pt Ni Pt-Ni FEFF8

N i XAFS Ni K-edge

XANES

Ni H2-TPR 10% 10 K

min 1 1073 K thermogravimetry TG

TG-50A H2-TPR

1073 K 30 min

50 s

Ni Pt XPS 1800 MC ULVAC-PHI Inc. Ni 2p1/2

Ni/LSAO as made Pt/Ni/LSAO as made Ni/LSAO

Pt 4d5/2 Pt/Ni/LSAO as made Pt/LSAO as made Pt/LSAO

Mg K

C1s 284.8 eV

as made Pt/Ni/LSAO STEM HF-2210

4.3.

4.3.1. Ni/LSAO Pt

2 Ni/LSAO

Ni/LAO Ni/ -Al2O3 Ni/LSAO
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Ni Ni0

Ni/LSAO 2

Table 1 Cs 240

mg g-cat-1 Pt

10 mg g-cat-1 Pt Ni

[10] 2 Pt

Ni/LSAO Pt 2

Pt 0.85 wt% Pt/Ni 0.05 Ni/LSAO Pt/Ni/LSAO

Fig. 1

Pt/Ni/LSAO

Ni/LSAO

Pt NiO Ni0

Ni Ni2+ Ni0 2

Ni/LSAO 57 mg g-cat-1 Pt/Ni/LSAO

10 mg g-cat-1 Pt/Ni/LSAO 8 mg g-cat-1 Pt Ni/LSAO

4.3.2. Ni Pt

Pt/Ni/LSAO H2-TPR XPS

XANES Ni

Ni/LSAO Pt/Ni/LSAO H2-TPR H2-TPR Fig. 2

Ni/LSAO 2 700 K 1000 K

LSAO Ni

LSAO Ni

Ni/LSAO 1073 K

873 K

Pt/Ni/LSAO 2 620 K 700 K Pt

Ni

Pt/Ni/LSAO CO H2 Ni

873 K

mmol g-cat 1 Pt/Ni/LSAO

0.694 0.84 Ni/LSAO 0.751 0.852 NiO Ni0

H2-TPR Ni 70 90%

Pt/Ni/LSAO Ni Pt XPS Ni 2p1/2

Pt 4d5/2 C1s 284.8 eV Ni/LSAO
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as made Pt/Ni/LSAO as made Ni/LSAO Ni 2p1/2 Fig. 3

Ni/LSAO as made Pt/Ni/LSAO as made Ni 2p1/2 876.78

eV 873.02 eV Pt Ni 2p1/2

Pt/Ni/LSAO as made Ni/LSAO 873.90 eV

Pt Ni Ni0 Pt/LSAO as made

Pt/Ni/LSAO as made Pt/LSAO Pt 4d5/2 Fig. 4 Pt/LSAO as made

Pt/LSAO Pt 4d5/2 315.92 eV 315.14 eV

Pt/Ni/LSAO as made 316.53 eV Pt/LSAO as made

Pt/Ni/LSAO Ni Pt

Pt/Ni/LSAO XPS Pt Ni

Ni Ni0

Pt/Ni/LSAO Ni XANES Pt/Ni/LSAO as

made XANES Fig. 5

Ni0 NiO as made

XPS XPS Pt/Ni/LSAO Ni

XANES XPS

Ni

Ni0 Ni0:NiO = 74.1:25.9

Ni Ni0:NiO =

26.3:73.7

Pt Ni Ni

Ni

Ni

4.3.3. Pt/Ni/LSAO

Pt/Ni/LSAO STEM-EDX EXAFS

Pt/Ni/LSAO STEM-EDX as made

STEM Ni Pt EDX Fig. 6 as made STEM

Pt EDX Pt Ni

STEM

Pt EDX Pt Ni

Pt Ni

Pt Ni Pt/Ni/LSAO EXAFS as

made Pt/Ni/LSAO Pt L3-edge
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Pt L3-edge Fig. 7

Table 2 Pt-Pt Pt Pt-O

Na2Pt(OH)6 as made Pt-O

Pt-O Pt-Pt

Pt Pt-Pt 2.66 Å

Pt Pt-Pt 2.77 Å Pt/Ni/LSAO Pt Pt

Pt-Ni

Pt-Ni FEFF8

Pt-Ni 2.56 Å 2.53 Å

Ni-Ni 2.49 Å

Pt Ni Pt Ni Pt

Ni Pt-Pt Pt-Ni

Pt/Ni 0.05 [11] 0.52 Pt-Pt 4.12

Pt-Ni 7.88 2.2 Pt-Pt 8.08 Pt-Ni 3.68

Pt Ni Ni

Pt Pt Ni Ni

Pt/Ni

[12 14] Pt Ni Ni K-edge EXAFS

Pt/Ni Ni K-edge

Pt-Ni

4.4.

Ni/LSAO Pt Pt/Ni/LSAO

Ni/LSAO

Pt

H2-TPR Pt Ni XPS

Pt/Ni/LSAO as made Ni Ni0 Ni/LSAO

Ni Pt/Ni/LSAO as made Pt Pt/LSAO

as made Pt Ni

Ni XANES

Pt/Ni/LSAO Ni as made

Ni

STEM-EDX EXAFS Pt/Ni/LSAO Pt Ni

Pt-Ni

H2-TPR XPS XANES STEM-EDX EXAFS
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as made Pt Ni Ni

Ni

Ni Pt-Ni Fig. 8 Pt-Ni Ni

Ni Ni-Ni
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Table 1

Catalytic activities of second matal/5 wt%Ni/La0.7Sr0.3AlO3-d catalysts for steam reforming of

toluene and the amounts of carbon deposition on these catalysts after the reaction for 180 min: W/F

= 3.4 g h mol-1, S/C = 2.0, and reaction temperature: 873 K.

Second
metal

Supported amount
/ 10-4 mol g-cat-1

Conversion / %

10 min 175 min
Amount of carbon

deposition* / mg g-cat-1

Mn
Fe
Co
Cu
Zn
Ga

Mg
Sn
Cs
Bi

Pd
Pt
Au

1.7
1.7
1.7
1.7
1.7
1.7

0.041
0.37
0.17
0.31

0.43
0.44
0.41

52
15
47
23
50
53

40
36
70

0

43
57
66

31
11
35
24
36
31

31
17
53

-

26
41
46

138
23
83

133
235

78

78
12

240
-

97
10

126
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Figure 1. Toluene conversions on Ni/LSAO (left) and Pt/Ni/LSAO (right) with/without pre-reduction.
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Figure 2. Temperature programmed reduction using TG for (A) Ni/LSAO, (B) Pt/Ni/LSAO after

calcination at 1073 K. [15]
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Temperature / K

(B)
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Figure 3. XPS spectra for Ni 2p1/2 on Ni/LSAO (as made), Pt/Ni/LSAO (as made) and Ni/LSAO

(after reduction). [15]
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Figure 4. XPS spectra for Pt 4d5/2 on Pt/Ni/LSAO (as made), Pt/LSAO (as made) and Pt/LSAO

(after reduction). [15]
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Figure 5. ex-situ XANES spectra of Ni K-edge for Pt/Ni/LSAO (as made), Pt/Ni/LSAO (after

reaction without reduction), and Pt/Ni/LSAO (after reduction). [15]
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Figure 6. STEM images of Pt/Ni/LSAO (as made, after reaction without reduction, and after

reduction) and EDX mappings for Pt and Ni. [15]
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Ni Pt

as made
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Figure 7. EXAFS spectra for Pt L3-edge after Fourier transformation on Pt/Ni/LSAO after each

treatment. [15]
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Table 2

Curve fitting parameters for EXAFS spectra on Pt/Ni/LSAO after each treatment. [15]

Catalyst Shell CN R / Å dE / eV DW / Å Rf / %

Pt/Ni/LSAO as made Pt-O 6.76 2.07 -0.051 0.065 0.28

Pt/Ni/LSAO after reduction Pt-Pt 7.19 2.69 -1.12 0.079 1.47

Pt-Ni 3.98 2.52 4.42 0.088

Pt/Ni/LSAO after reaction

without reduction

Pt-Pt 4.97 2.66 -7.73 0.084 0.21

Pt-Ni 5.43 2.54 6.21 0.095

Pt foil Pt-Pt 12 2.77

Na2Pt(OH)6 Pt-O 6 2.06

Ni foil Ni-Ni 12 2.49
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Figure 8. Structure change of Pt/Ni/LSAO during toluene steam reforming reaction
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5

5.1.

1 2014 6

2 Ni/La0.7Sr0.3AlO3- Ni/LSAO

Ni/

LaAlO3 LAO

LAO A Sr LSAO

Ni/LSAO Ni/LAO

Ni/ -Al2O3 H2
18O 873 K

Ni/LSAO 18O Ni/LSAO

redox

Ni/LSAO

TPD Ni/LSAO FT-IR

Ni/LSAO Ni/LSAO

Ni/LAO Ni/ -Al2O3

Ni/LSAO

Ni/LSAO

LSAO

C7 n-

Ni/LSAO redox

Ni/LAO

3 Ni/LSAO
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