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Table 1 Summary of methane activation on carbonaceous catalysts

Surfacearea Reduction Initial reaction rate Carbon yield
Catalyst . ) . Ref.
/(m” - g) temperature ( °C ) /(mmol/(g * min) ) /(g gn)
CG Norit 1 300 900 7.1 0.7
Fluka 05120 788 900 1.48 0.49
XC72 223 900 0.53 2.74
BP1300 251 900 2.04 1.45 [14]
BP2000 495 900 0.78 6.13
BP1100 1337 900 1.29 0.78
AC 1152 1 100 0. 83" 0.37
CB-bp 1285 1 100 1.51° 0.71
CB-v 196 1 100 1.15* 0.56
MWNT-1 65 1 100 0.98" 0.49 [15]
MWNT-2 - 1 100 0.95* 0.48
CMK-3 1323 1 100 2.92° 1.31
CMK-5 1 940 1 100 5.61° 2.57
Cochin Carbon 1478 800 0.24 0.33
GAIL Carbon 1023 800 0.25 0.27
Hyderabad Carbon 1 096 800 0.20 0.23 [16]
Carbon Black 117 800 0.08 0.09
1P Carbon 870 800 0.23 0.19
CG Norit/50 - 850 0.49 0.60
CG Norit/100 - 850 0.69 0.66 [17]
Fluka 05120/50 788 850 0.37 0.69
CNT 161 850 0.10 0.33
AC-mic 1983 850 0.37 0.38
AC-mes 2019 850 0.62 0.49 [18]
OMC 2 154 850 0.43 0.86
CG 1 100 850 0.29 0.45
GAC 1 300 850 0.16 0.40
SUPRA 925 850 0.17 0.35
SC800 52 850 0.14 0.05 [19]
SCA600 161 850 0.14 0.05
SCA750 360 850 0.23 0.10

» 9

a. the average reaction rate( mmol/(g * min) ).

not mentioned in the original paper.
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Table 2 Summary of reported methane activation on metal catalysts

Reduction Stability and activity Max. CH, Max. H,
Catalyst W/ (g) condition maintained conversion produced Ref.
T,(°C)/t,(h) T,/(C) t,/(h) /% /%

Ni 0.04 500/0. 5 650 130 35 [49

Ni 0.04 500/1 500 37 9 - [50

Fe 2 - 900 >75 98 - [51

Ni-Cu 1 - 900 5 96 - [52
Fe-Cu 0.75 - 600 5 51 - [53
Ni-Cu-Al 0.05 550/3 800 2.75 - 75 [77
Ni/Ce-MCM-41 0.05 550/2 580 >23 75 - [54
Ni-Cu-Zn/MCM-22 1 550/5 800 >50 85 - [35
Ni/Si0, 0.15 450/2 600 >10 22 - [21
Ni/Si0, 0.03 650/1 650 4 42 - [55
Ni/TiO, 0.3 550/3 700 8 - 73 [56
Ni/Al, 0, - 550/~ 700 3 - 73 [57

]
]
]
]
]
]
]
]
]
]
]
]
Ni/La, 0, 0.53 600/2 600 5 75 - [58]
Fe/Al O, - 550/~ 800 3 - 91 [57]
Fe/Al, O, 0.02 0=750/1.25 900 6 68 - [59]
Fe/MgO 0.15 550,700,800/1 800 3 - 55 [60]
NiCu/Al, O, 10 550/3 750 >7 - 80 [61]
Ni-Ca/Si0, 0.05 - 580 3 39 - [62]
Ni-K/Si0, 0.05 - 580 3 40 - [62]
Ni-Ce/SiO, 0.05 - 580 3 90 - [62]
Ni/Ce0, 0.05 700/2 750 3 54 61 [63]
Ni/Zr0, 0.05 700/2 750 3 77 82 [63]
Ni/Ce-Zr0, 0.05 700/2 750 3 97 115 [63]
]

Ni-Fe/Si0, 0.03 650/1 650 >4 46 - [55
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Table 2 Summary of reported methane activation on metal catalysts

Reduction Stability and activity Max. CH, Max. H,
Catalyst W/ (g) condition maintained conversion produced Ref.
T,(C)/t,(h) T,/(°C) t,/(h) /% /%

Ni-Cu/Si0, 1 550/5 750 45 88 86 [64]
Ni-Cu-TiO, 0.3 550/3 700 8 - 80 [56]
Ni-Cu/MgO - 550/ 700 3 - 79 [57]
Ni/MgAl, 0, 0.1  550/1,3;700/1,3 700 5 37 - [65]
Ni-Cu/La, 0, 0.53 600/2 900 >26 97 - [58]
Ni/ Ce-SiO, 0.2 - 600 2 50 - [66]
Fe-Mo/MgO - 550/~ 800 3 - 92 [57]
FeMo/MgO 0.15  550,700,800/1 950 3 - 96 [60]
FeMo/ Al O, 0.15  550,700,800/1 800 3 - 88 [60]
Co/Ce-TiO, 0.2 - 500 2 5 - [66]
Co/AlL0,/Si0, - - 700 30 90 - [67]
C00-Mo0/Al, 0, 0.4 - 700 2 78.9 - [68]
Pt-Ni/MgAl O, 0.1 700/1 700 4 45 - [69]
Mg0/Si0, - 500/2 900 200 - 45 [70]
K/Mg0/Si0, - 500/2 900 200 - 77 [70]
Ni/K/Mg0/Si0, - 500/2 900 200 - 61 [70]

LaNiO, 0.05 700/1 700 4 81 - [71]

LaNiO, - 600/1 800 5 91 - [72]
NiO/La, O, - 600/1 800 5 93 - [72]
Pd-Ni/SBA-15 1 500/1 700 7 50 59 [73]
Ni-Co/ SBA-15 3 500/1.5 700 5 - 56 [38]
Ni-Fe/SBA-15 3 500/1.5 700 5 - 51 [38]
Co-Fe/ SBA-15 3 500/1.5 700 5 - 50 [38]
Ce-Fe/Al,0, 0.3 500,950/1.5 700 3 - 65.6 [74]
Co-Fe/AlL 0, 0.3 500,950/1.5 700 3 - 62.9 [74]

W= catalyst mass (g), T, =reduction temperature (°C ), t, =reduction time(h) ;

T, =reaction temperature( °C ) , t, =reaction time; ”-” not mentioned in the original paper.
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Fig. 2 The atomic structure of graphene with three different point defects:(a) a mono-vacancy defect, (b) a di-vacancy defect,

(¢) a Stone-Wales defect
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Fig. 5 TEM images of the open tip carbon nanotubes deposited over (a-c) 50% Ni/SBA-15 and
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AR AR A R A S BR DU AR, (e il Pl A A
AT I A A5 L &5 4 R Pk R I Y (C+0,— CO,)
K- T A KRR
H AT BR R i E A LT 3 Fi: (C + xH,0 — CO,+ xH,)




490 7 A (1

430 &

E R N A AR
(C+CO,— 2CO) (4)
B 3 AN A AT FUR A, 3 R B L
RO, BRERRE, (HRTE R IR AR i R
RO A L T R SR A0 v B e 21 4% 5 3
IKFER LR R AR B, HERAES; @
CO, EBBUR S /LA R CO, BB H4H
HeE. Adello 28 (i HIE 923 K 3 7K 280 R B
PRI Ni/SIO, JEAT T 10 $ETHAE S0, 45 R Wi
PERITLE RE 22 R BR T BORRR , D3B 43 B AR B AT 8%
TEAEMAL L, (EL AL R M R K. i
DA BRI T 10 T AR S B i, eI A 1Y)
Jith.

4 TRz

Aot 24 i il & H AT AL TS = S B, 1
RIMACK T, B R By i R o, ol Ak iy
23 HIEAR 2 [ R

B, R U R N, Tk B2 T
53 155 A0 FHBE 2 A 22 28 5 s g i BE (700 ~ 900
C ), PRI i i ST el A R, i 23
I RE TR AT AERE w26 77 A, G AR BE R Y e
Tl Al 2% 1 0 A A0 R R AR L ) i DR 3K — [m) A, 40 i)
Ni-/Si0, 1 Ce 4 Ni-Ce0,/Si0, , GEFE 580 °C
TR B E H A6 e LRIk B 90% |, FEAIG
SN B B RIS R T e f R T

HWR, OV 23 A B i Bl , AN A A 53
PEREARE 2GR FE RN A%, ORIREIL T
TR, PSRRI, A SRR AR R A )
PSRl =K A N S o o A =9 [ A
3£ (1 LR R (P 2 78 45 S AT 27 . b 4
B B A4 a8 Ak R v, e AR A ) B NI R
TEHLTE 30% LA DT A 28040 il v 45 i BE 1) A 5
AEARRRAE A, 7E R il T 38 25 <RI AT 58 B A AR 770 A9
SrFFAs. PR AT DA Aok 4 o e A5 v A 2H 53 B ok
P ARk i A7 AR AL

Tl A 7 A g SRR R IR T R KSR
WA, Kbl Res & A KRamiby, @it — 3751
Sy e alifl, S ARG R B R AT 45 B 4l EE 99% 1y
Bt , A AATERCR A LA, SEBR Tolk A= 7 o i
B EIRK, SRR S LML
R L, SRR e KGR Wb R ] A
g F R FH S5 A 3k 1Y NI SRR AL R A B 1 HL, S AL

ey sy, L, BefRpus o ae i AL in 2
— PR IRTT IS, ANBR TR R

TESE R 2 WFFE O BT A B SN A A5 AR S BELAE
RS, AR TV B PR 2 9 B 21 HAth Ty v 4 ) 22
Tl EAEFHEASE L FE R B R, AT
FER TR B2 — 8 KA .

5 &

IEAL R e 280 il e A = o B, foe A S
IR AAF I T7 %, A= 1 1, Okl B 4%
FHT R RORT 40 AL TS50 FRoAT 2538 T Bk o 4
TR 5 o AL 700 7 P e v L SR o) S0 S L )
FLikIE, PIRHEALRIARA & OL R A PERE, (HJ2 d AR
A% ARJRRE. B HRTE 280G TR Z 0T
R, (HRAIRA RS FREF R R TARH Aok

(1) BRI W Pl A S ad i v 22 7= A 4%
MBS BR, UNBRAAKAE, FRES 2 REM £1 88 A
JZ, JCRETIRIIRAT , Hoh A Se e B AT (B )
PR, KT AN AR B IR AR 2y 45, 4
R AIE A T30k AT A HGE , B LI 42 il 77
BRIESL, A Z BN it 28 00 @l = 03 i itk — 2
ST

(2) OSBRI ST, H RS T RO AL 1
FARZ, WIHH SO HLEEZS HE AL 7R O 58 AR
PARK A8 S B, (HIEAE S L IR Gk
B, B T HE AT R A 5 A ) PR R i
fezeh s, SLASHAIA PP, Rimsk 45, Al &
TAT 5 11 7038 T 4P AT DT i s B A e ) e A5 1
Je— AT IINE. B R AR R AT 1 Y
JE R 4 s i P2 g, BhGR), T HLE. Beoh e
JEIRIA AR A7« )8 -5 B A A AR T 2%
HEALTR IS PEAT AR RO, 45595 ) 62 R A AR A
M2 S R AR AR T AT R gl PR3 o, AT 5
BB Jm LT A 5 A TE OB AR B, o
AR AR T R] AR SR RS, S o, (2
Jet e FEUA AR, PIrl G na R S5 EikZ
] AR A AR E L

(3) Tl AR . H T SO 7 S A 5 0 =
MR, TAVECR & — ZR AL, AT
KRS, A B A AR 57 6 25075 18 22 J7 1T Y [7]
R, AR Tl A 7 FP AR AR 2 P e 28 ol L b Ak
INAIlILPS



%5 M

X BEAE . BRI SR AR P AL R Y e U S

491

SE Lk

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

a. Zhang Zhi (3¢ %), Tang Tao( JH& ¥% ), Lu Guang-da
(BtiY6ik) ,et al. Research progress of hydrogen produc-
tion by catalytic decomposition of methane ( FF JffE 11 24
fip il AP IEHEE) [T]. Chem Res Appl (AL W 5T
H5MA), 2007, 19(1): 1-9.

b. Qian Zhen(%% %), Zhao Wen-ping(#X CF) , Geng
Yu-xia( Bk Ef%), et al. Advance in research on the
mechanism of methanol conversion to hydrocarbons ( Ff fifZ
Ml NI SE ) [J]. J Mol Catal ( China)
(4 FAELL) , 2015, 29(6) : 593-600.

c. Tan Wei(iR %), Wang Yu-qi( EE ), Wang Jin-
yan( £4:#4), et al. Promoting effect of potassium on
the performance of iron/cocoanut-char catalyst in direct
synthesis of ammonia from methane and nitrogen at atmos-
pheric pressure (K fig it (] Fe/ Bl 52 2 fH AL 77 %) H e
S A RE RSN ) [J]. J Mol Catal( China)
(7 TEfL) , 2015, 29(6) : 513-524.

d. Yan Yao-zong ( &M 5%), Guo Jin-wei ( FFiHEF ),
Chen Ya-zhong ([EW. "), et al. La,_,Ca MnO,,; Per-
ovskite catalysts preparation and their catalytic perform-
ance for methane combustion( La,_,Ca MnO,, ; #5%k ™
T S H B LR Be PR RERIESE) [J]. J Mol
Catal( China) (43 F1iE1k) , 2015, 29(1) . 82-89.
Marba'n G, Valde's-Soli’s T. Towards the hydrogen e-
conomy [ J]. Int J Hydrog Energy, 2007, 32 (12);
1625-1637.

Abbas H F, Wan Daud W M A. Influence of reactor ma-
terial and activated carbon on the thermocatalytic decom-
position of methane for hydrogen production [ J]. Appl
Catal A: Gen, 2010, 388(1/2) : 232-239.

Shaobin W. Application of solid ash based catalysts in
heterogeneous catalysis[ J]. Environ Sci Technol, 2008,
42(19) . 7055-7063.

Nowotny J, Sorrell C C, Sheppard L R, et al. Solar-hy-
drogen ; environmentally safe fuel for the future[ J]. Int J
Hydrog Energy, 2005, 30(5) . 521-544.

Jana P, de la Pefia O’ Shea, Coronado J M, et al. Mild
temperature hydrogen production by methane decomposi-
tion over cobalt catalysts prepared with different precipi-
tating agents[ J ]. Int J Hydrog Energy, 2012, 37(8) .
7034-7041.

Abbas H F, Daud Wan W M A. Hydrogen production by
methane decomposition
Energy, 2010, 35(3) . 1160-1190.

Serrano D P, Botas J A, Patricia Pizarro, et al. Hydro-

a review [ J]. Int J Hydrogen

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

gen production through catalytic methane decomposition
promoted by pure silica materials[ J]. Int J Hydrog Ener-
gy, 2015, 40(15) . 5237-5243.

Yongdan Li , Douxing Li, Gaowei Wang. Methane de-
composition to CO_-free hydrogen and nano-carbon mate-
rial on group 8-10 base metal catalysts;: A review[]J].
Catal Today, 2011, 162(1) . 1-48.

Rodr’ guez-Reinoso F. The role of carbon materials in
heterogeneous catalysis [ J ]. Carbon, 1998, 36 (3):
159-175.

Krzy Zynski S, Koztowski M. Activated carbons as cata-
lysts for hydrogen production via methane decomposition
[J]. Int J Hydrog Energy, 2008, 33(21) ; 6172-6177.
Kima M H, Leea E K, Juna J H, et al. Hydrogen pro-
duction by catalytic decomposition of methane over acti-
vated carbons; kinetic study[ J]. Int J Hydrog Energy,
2004, 29(2) . 183-193.

Jin Li-jun(#;37.%5) , Wang Jiao-fei ( 42K ) ,Zheng Yu
(FBF) ,et al. Research progress of hydrogen production
by catalytic decomposition of methane over carbon cata-
Lysts (B AEAL Y g 2% il PSSt ) [T ). Chem In-
dus Engineer Pro(fL. T#EJE), 2014, 33(12); 3124-
3132.

Suelves I, Pinilla J L, Lazaro M J, et al. Carbonaceous
materials as catalysts for decomposition of methane| J ].
Chem Eng J, 2008, 140(1/3) . 432-438.

Serrano D P, Botas J] A, Fierro J L G, et al. Hydrogen
production by methane decomposition; Origin of the cata-
Iytic activity of carbon materials [ J|. Fuel, 2010, 89
(6): 1241-1248.

Ashok J, Kumar S N, Venugopal A, et al. CO, free hy-
drogen by methane decomposition over activated carbons
[J]. Catal Commun, 2008, 9(1): 164—169.

Suelves I, Lazaro M J, Moliner R, et al. Hydrogen pro-
duction by methane decarbonization: Carbonaceous cata-
lysts[ J]. Int J Hydrog Energy, 2007, 32(15): 3320—
3326.

Wang H Y, Lua A C. Hydrogen production by thermo-
catalytic methane decomposition [ J]. Heat Transf Eng,
2013, 34(11/12) . 896-903.

Moliner R, Suelves I, Lazaro M ], et al. Thermocataly-
tic decomposition of methane over activated carbons: in-
fluence of textural properties and surface chemistry[ J].
Int J Hydrog Energy, 2005, 30(3) : 293-300.

Jin L, Si H, Zhang J, et al. Preparation of activated car-
bon supported Fe-Al,O, catalyst and its application for

hydrogen production by catalytic methane decomposition



492 4 S R | S (4 30 &
[J]. Int J Hydrog Energy, 2013, 38(25): 1-8. [33] Suelves I, Lazaro M J, Moliner R, et al. Characteriza-
[21] Cunha A F, Orfao J J M, Figueiredo J L. Methane de- tion of NiAl and NiCuAl catalysts prepared by different
composition on Ni-Cu alloyed Raney-type catalysts[J]. methods for hydrogen production by thermo catalytic de-
Int J Hydrog Energy, 2009, 34(11) . 4763-4772. composition of methane [ J]. Catal Today, 2006, 116
[22] Venugopal A, Naveen K S, Ashok J, et al. Hydrogen (3) . 271-280.
production by catalytic decomposition of methane over [34] Chambers A, Nemes T, Rodriguez N M, et al. Catalytic
Ni/SiO,[J]. Imt J Hydrog Energy, 2007, 32 (12). behavior of graphite nanofiber supported nickel particles.
1782-1788. 1. Comparison with other support media [ J]. J Phys
[23] Cunha A F, Orfio J J M, Figueiredo J L. Methane de- Chem B, 1998, 102(12) . 2251-2258.
composition on Ni-Cu alloyed Raney-type catalysts[]]. [35] Li Y, Li D, Wang G. Methane decomposition to CO,-
Int J Hydrog Energy, 2009, 34(11) . 4763-4772. free hydrogen and nanocarbon material on group 8-10
[24] Salmones J, Wang J A, Valenzuela M A, et al. Pore ge- base metal catalysts: a review[ J]. Catal Today, 2011,
ometry influence on the deactivation behavior of Ni-based 162(1) . 1-48.
catalysts for simultaneous production of hydrogen and [36] Shen Y, Lua A C. Sol-gel synthesis of titanium oxide
nanocarbon[ J]. Catal Today, 2009, 148 (1/2) . 134- supported nickel catalysts for hydrogen and carbon pro-
139. duction by methane decomposition [ J]. J Pow Sour,
[25] Pinilla J L, Suelves I, Lazaro M J, et al. Parametric 2015, 280, 467-475.
study of the decomposition of methane using a NiCu/ [37] Takenaka S, Ogihara H, Yamanaka I, et al. Decomposi-
AL O, catalyst in a fluidized bed reactor [ J]. Int J tion of methane over supported-Ni catalysts; effects of the
Hydrog Energy, 2010, 35(18) : 9801-9809. supports on the catalytic lifetime[ J]. Appl Catal A- Gen,
[26] Chen D, Christensen K O, Ochoa-Fernandez E Z, et al. 2001, 217(1/2) : 101-110.
Synthesis of carbon nanofibers: effects of Ni crystal size [38] Pudukudy M, Yaakob Z, Akmal Z S. Direct decomposi-
during methane decomposition[ J]. J Catal, 2005, 229 tion of methane over SBA-15 supported Ni, Co and Fe
(1) 82-96. based bimetallic catalysts[ J]. Appl Surf Sci, 2015, 330
[27] Zhang W, Ge Q, Xu H. Influences of precipitate rinsing 418-430.
solvents on Ni catalyst for methane decomposition to CO, - [39] Ishihara T, Miyashita Y, Iseda H, et al. Decomposition
free hydrogen[J]. J Phys Chem A, 2009, 114 (11): of methane over Ni/Si0O, catalysts with membrane reactor
3818-3823. for the production of hydrogen[J]. Chem Lett, 1995,
[28] Yong Li, Baocai Zhang, Xiaowei Xie, et al. Novel Ni 1995. 93-94.
catalysts for methane decomposition to hydrogen and car- [40] Otsuka K, Kobayashi S, Takenaka S. Decomposition and
bon nanofibers[ J|. J Catal, 2006, 238(2) . 412-424. regeneration of methane in the absence and the presence
[29] Saraswat S K, Pant K K. Ni-Cu-Zn/MCM-22 catalysts of a hydrogen-absorbing alloy CaNiy [ J]. Appl Catal A
for simultaneous production of hydrogen and multiwall Gen, 2000, 190(1/2) : 261-268.
carbon nanotubes via thermo-catalytic decomposition of [41] Pudukudy M, Yaakob Z. Methane decomposition over
methane[ J |. Int J Hydrog Energy, 2011, 36 (21) . Ni, Co and Fe based monometallic catalysts supported on
13352-13360. sol gel derived SiO, microflakes[ J]. Chem Eng J, 2015,
[30] Hornés A, Bera P, Fernandez-Garcia M, et al. Catalytic 262 1009-1021.
and redox properties of bimetallic Cu-Ni systems com- [42] Takenaka S, Shigeta Y, Tanabe E, et al. Methane de-
bined with CeO, or Gd-doped CeO, for methane oxidation composition into hydrogen and carbon nanofibers over
and decomposition [ J]. Appl Catal B:; Environ, 2012, supported Pd-Ni catalysts[ J]. J Catal, 2003,220(2) :
111/112; 96-105. 468-477.
[31] Lua A C, Wang H Y. Decomposition of methane over [43] Bayat N, Rezaei M, Meshkani F. Hydrogen and carbon
unsupported porous nickel and alloy catalyst [ J]. Appl nanofibers synthesis by methane decomposition over Ni-
Catal B: Environ, 2013, 132/133. 469-478. Pd/Al, 0, catalyst[ J]. Int J Hydrog Energy, 2016, 41
[32] Shah N, Panjala D, Huffman G P. Hydrogen production (12): 5494-5503.

by catalytic decomposition of methane [ J]. Energy Fu-
els, 2001, 15(6) : 1528-1534.

[44]

Konieczny A, Mondal K, Wiltowski T, et al. Catalyst

development for thermocatalytic decomposition of methane



X BEAE . BRI SR AR P AL R Y e U S

493

[45]

[46]

[47]

(48]

[49]

[50]

[51]

(52]

[53]

[54]

[55]

[56]

[57]

to hydrogen|[ J].
264-272.

Int J Hydrog Energy, 2008, 33(1) .

Lua A C, Wang H Y. Decomposition of methane over
unsupported porous nickel and alloy catalyst [ J]. Appl
Catal B Environ, 2013, 132/133 . 469-478.

Bayat N, Rezaei M, Meshkani F, et al. Methane decom-
position over Ni-Fe/Al,O, catalysts for production of
CO,-free hydrogen and carbon nanofiber [ J ]. Int J
Hydrog Energy, 2015, 41(3) : 1574-1584.

Ibrahim A A, Fakeeha A H, Al-Fatesh A S, et al.
Methane decomposition over iron catalyst for hydrogen
production[ J ]. Int J Hydrog Energy, 2015, 40(24) .
7593-7600.

Anjaneyulu C, Naresh G, Kumar V V, et al. Influence
of rare earth (La, Pr, Nd, Gd, and Sm) Metals on the
methane decomposition activity of Ni-Al catalysts [ J].
ACS Sust Chem Eng, 2015, 3(7) . 1298-1305.

Zhang W, Ge Q, Xu H, Influences of reaction conditions
on methane decomposition over non-supported Ni catalyst
[J1. J Nat Gas Chem, 2011, 20(4) . 339-344.

Zhang W, Ge Q, Xu H. Influences of reaction conditions
on methane decomposition over non-supported Ni catalyst
[J]. J Phys Chem A, 2009, 114(4) . 3818-3823.
Konieczny A, Mondal K, Wiltowski T, et al. Catalyst
development for thermocatalytic decomposition of methane
to hydrogen[ J]. Int J Hydrog Energy, 2008, 33(1):
264-272.

Cunha A F, Orfio J ] M, Figueiredo J L. Methane de-
composition on Ni-Cu alloyed Raney-type catalysts[J].
Int J Hydrog Energy, 2009, 34(11) . 4763-4772.
Cunha A ¥, Orfao J ] M, Figueiredo J L. Methane de-
composition on Fe-Cu Raney-type catalysts[ J]. Fuel Pro
Technol, 2009, 90(10) . 1234-1240.

Guevara J C, Wang J A, Chen L F, et al. Ni/Ce-MCM-
41 mesostructured catalysts for simultaneous production of
hydrogen and nanocarbon via methane decomposition
[J]. Int J Hydrog Energy, 2010, 35(8) : 3509-3521.
Wang W, Wang H, Yang Y, et al. Ni-SiO, and Ni-Fe-
Si0, catalysts for methane decomposition to prepare hy-
drogen and carbon filaments[ J]. Int J Hydrog Energy,
2012, 37(11) : 9058-9066.

Lazaro M J, Echegoyen Y, Alegre C, ei al. TiO, as tex-
tural promoter on high loaded Ni catalysts for methane de-
composition[ J]. Int J Hydrog Energy, 2008, 33(13) .
3320-3329.

Pinilla J L, Utrilla R, Lazaro M J, et al. Ni and Fe

based catalysts for hydrogen and carbon nanofilament pro-

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

duction by catalytic decomposition of methane in a rotary
bed reactor [ J ]. Fuel Pro Technol, 2011, 92(8):
1480-1488.

Figueiredo J L, Orfio J J M, Cunha A F. Hydrogen
production via methane decomposition on Raney-type
catalysts[ J ]. Imt J Hydrog Energy, 2010, 35(18):
9795-9800.

Torres D, de Llobet S, Pinilla J L, et al. Hydrogen pro-
duction by catalytic decomposition of methane using a Fe-
based catalyst in a fluidized bed reactor[ J]. J Nat Gas
Chem, 2012, 21(4) . 367-373.

Pinilla J L, Utrilla R, Kamn R K, et al. High tempera-
ture iron-based catalysts for hydrogen and nanostructured
carbon production by methane decomposition[ J]. Int J
Hydrog Energy, 2011, 36(13) . 7832-7843.

Pinilla J L, Suelves I, Lazaro M J, et al. Parametric
study of the decomposition of methane using a NiCu/
Al O, catalyst in a fluidized bed reactor [ J]. Int J
Hydrog Energy, 2010, 35(18) : 9801-9809.

Zapata B, Valenzuela M A, Palacios J, et al. Effect of
Ca, Ce or K oxide addition on the activity of Ni/SiO, ca-
talysts for the methane decomposition reaction[ J]. Int J
Hydrog Energy, 2010, 35(21) : 12091-12097.
Hyun-Seog R, Ki-Won J, Wen-Sheng D, et al. Highly
active and stable Ni/Ce-ZrO, catalyst for H, production
from methane[ J]. J Mol Catal A-Chem, 2002, 181(1/
2): 137-142.

Saraswat S K, Pant K K. Synthesis of hydrogen and car-
bon nanotubes over copper promoted Ni/SiO, catalyst by
thermocatalytic decomposition of methane[ J]. J Nat Gas
Sci Eng, 2013, 13 52-59.

Nuernberg G D B, Foletto E L, Campos C E M, et al.
Direct decomposition of methane over Ni catalyst suppor-
ted in magnesium aluminate [ J]. J Pow Sour, 2012,
208 . 409-414.

Tapia-Parada K, Valverde-Aguilar G, Mantilla A. Syn-
thesis and characterization of Ni/Ce-Si0, and Co/Ce-
TiO, catalysts for methane decomposition [ J]. Fuel,
2013, 110 70-75.

Italiano G, Delia A, Espro C, et al. Methane decompo-
sition over Co thin layer supported catalysts to produce
hydrogen for fuel cell[ J]. Int J Hydrog Energy, 2010,
35(20) : 11568-11575.

Lee K-Y, Yeoh W-M, Chai S-P, et al. Catalytic decom-
position of methane to carbon nanotubes and hydrogen:
the effect of metal loading on the activity of CoO-MoO/

Al O, catalyst [ J]. Full Nanotub Carbon Nanostruct,



494 5 F 530 4%
2012, 21(2) . 158-170. [82] Moliner R, Suelves I, Lazaro M J, et al. Thermocatalyt-
[69] Nuernberg G D B, Fajardo H V, Foletto E L, et al. ic decomposition of methane over activated carbons: In-
Methane conversion to hydrogen and nanotubes on Pt/Ni fluence of textural properties and surface chemistry|[ J].
catalysts supported over spinel MgAl,0,[J]. Catal To- Int J Hydrog Energy, 2005, 30(3) : 293-300.
day, 2011, 176 (1) ; 465-469. [83] RyuBH, Lee SY, Lee D H, et al. Catalytic characte-
[70] Hussain T, Igbal M, Anal J. Pyrolysis of methane by ristics of various rubber-reinforcing carbon blacks in de-
catalytic properties exhibited by ceramics[J]. Appl Py- composition of methane for hydrogen production [ J].
rolysis, 2011, 90(2) : 106-111. Catal Today, 2007, 123(1/4) : 303-309.
[71] Gallego G S, Barrault J, Batiot-Dupeyrat C, et al. Pro- [84] Besenbacher F, Chorkendorff I, Clausen B S, et al. De-
duction of hydrogen and MWCNTs by methane decompo- sign of a surface alloy catalyst for steam reforming[ R ].
sition over catalysts originated from LaNiO; perovskite Science , 1998, 279(5358) : 1913-1915.
[J]. Catal Today, 2010, 149(3/4) ; 365-371. [85] Liu HY, Zhang R G, Yan R X, et al. CH, dissociation
[72] Maneerung T, Hidajat K, Kawi S. LaNiO; perovskite on NiCo (111) surface: A first-principles study[ J], Ap-
catalyst precursor for rapid decomposition of methane ; in- pl Surf Sci, 2011, 257(21) : 8955-8964.
fluence of temperature and presence of H, in feed stream (86] LiuHY, Zhang R G, Yan R X, et al. Insight into CH,
[1]. Catal Today, 2011, 171(1) . 24-35. dissociation on NiCu catalyst; A first-principles study
[73] Pudukudy M, Yaakob Z, Akmal Z S. Direct decomposi- LI, Appl Surf Sci, 2012, 258(20) : 8177-8184.
tion of methane over Pd promoted Ni/SBA-1S catalysts [87] Nikolla E, Schwank J, Linic S. Comparative study of the
(3], Appl Surf Sci, 2015, 353 127-136 kinetics of methane steam reforming on supported Ni and
[74] Al-Fatesh A S, Amin A, Ibrahim A A, et al. Effect of SE/NI all(;y czjttalysts; Theclmp;lctzool;;hezf;);ma;tlon ;i()Nl
Ce and Co addition to Fe/Al, O, for catalytic methane de- alloy on chemistry[J]. J Catal, ’ (2):
227.
composition[ J|. Catal, 2016, 6(3) ; 40-55.
88] Kai Li, Zhongjun Zhou, Ying W t al. A theoretical
[75] Suelves I, Pinilla J L, Lazaro M J, et al. Effects of re- [88] ‘tdld l,f C:Ing]dll.{l‘ .O]:.s ng N.;I;g(’ 1@1 1“) i eor[e;c]d
action conditions on hydrogen production and carbon SHae + Gissocialion on srace '
. . . Surf Sci, 2013, 612 63-68.
nanofiber properties generated by methane decomposition
. . . . [89] Sun Jin( ) i#). Research of carbon hydrogen bond in
in a fixed bed reactor using a NiCuAl catalyst[ 1] J Pow methane activated by palladium atom with DFT methods
Sour, 2009, 192(1) . 35-42. e e
, . . ( DFT :00F 5 48 It 5 1 375 1 F o ke S0 B 79 52 oz AL
[76] Muradov N, Smith F, T-Raissi A. Catalytic activity of B) [ 1. Guangdong Chem Indus (/% T.) 2014 41
. ZIN ’ ’
carbons for methane decomposition reaction [ J ]. Catal (12) : 249-250.
Today, 2005, 102/103: 225-233. [90] Piao L' Y, Chen J L, Li Y D, Carbon nanotubes via
[77] Muradov N. Catalysis of methane decomposition over ele- . i . I e
methane decomposition on an alumina supported cobalt
mental carbon[ J]. Catal Commun, 2001, 2(3/4) : 89— aerogel catalyst[ 1. Chin Partic, 2003, 1(6): 266 -
o4. 270.
[78] Muradov N. Hydrogen via methane decomposition; An [91] Pudukudy M, Yaakob Z, Shamsul Z, et al. Decomposi-
application for decarbonization of fossil fuel [J]. Int J tion of methane over Pd promoted Ni/SBA-15 catalysts
[79] Muradov N, Smith F, T-Raissi A. Catalytic activity of [92] Rita A, Jeffrey F E, Hans-Conrad zur L, et al. Hydro-
carbons for methane decomposition reaction [ J]. Catal gen production via the direct cracking of methane over
Today, 2005, 102/103; 225-233. Ni/Si0, ; Catalyst deactivation and regeneration[ J]. Ap-
[80] Lee EK, LeeSY, Han G Y, et al. Catalytic decompo- pl Catal A- Gen, 2000, 192(2) : 227-234.

[81]

sition of methane over carbon blacks for CO,-free hydro-
gen production[ J]. Carbon, 2004, 42(12/13) ; 2641 -
2648.

Kim M H, Lee E K, Jun J H, et al. Hydrogen produc-
tion by catalytic decomposition of methane over activated
carbon; kinetic study[ J]. Int J Hydrog Energy, 2004,
29(2) . 187-193.

(93]

Xu Shao-jun( #/04%) . Mater Degree Thesis of China U-
niversity of Petroleum ( A [E £ Jij K24 38 3¢) [D].
2014.



%5 M X BEAE . BRI SR AR P AL R Y e U S 495

Research of Hydrogen Production by Thermocatalytic Decomposition of
Methane on Carbonaceous and Metal Catalysts

LIU Pan, LU Ji-chang, CHEN Ding-kai, LIU Feng, LIU Jiang-ping, YU Jie,
CHEN Ke-zhen, LUO Yong-ming
( Kunming University of Science and Technology, Kunming 650500, China)

Abstract ; Thermocatalytic decomposition of methane is a promising method for hydrogen production due to the high
yield towards hydrogen and no pollution produced. To date, the research and developments on thermocatalytic de-
composition of methane mainly have been focusing on the preparation of the catalysts with high performance and sta-
bility. This article has covered the recent developments of the carbonaceous and metal catalysts for thermocatalytic
decomposition of methane, and discussed the relationship among the catalyst activities and the supporters, active
phase, promoters of catalyst. The review summarized the reaction mechanism and the regeneration method of used
catalyst yet, and have a perspective about its development trend.

Key words: methane; catalysis; hydrogen production; carbonaceous catalysts; metal catalysts
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