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Research Progress of Ni-based Composite Catalystsfor Methane Dry Reforming

ZHANG Peng, ZHANG Qing, LIU Jing, GAO Lian

(School of Material Science and Engineer, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Methane Dry Reforming (DRM) catalysis converts the two greenhouse gases, CO, and CH, into syngas,
which can be further utilized for liquid fuels production through Fischer-Tropsch synthesis. The DRM reaction is
therefore of significance for both energy and environments. The key issue to promote industrialization of DRM reac-
tion is to develop suitable catalysts. Nickel based composite catalysts have received extensive attention due to their
outstanding catalytic activities comparable to those of precious metals and their bargain price. However, nickel based
catalysts usually undergo severe deactivation due to the coke deposition and metal sintering during long-term reaction
at high temperature, which seriously limit their industrial applications and development of the engineering of DRM.
Many researches have been carried out to address this issue. In this review, the recent research progress in the activity,
coke resistance, and sintering resistance of Ni-based composite catalysts are introduced from the aspect of catalyst
components, structures, preparation methods, and simulations. The research trends of DRM catalysts are also predicted
based on the recent research progress in single-atomic catalysis and the in-situ characterization techniques for catalysis.
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Tablel Main chemical reactions during methane dry reforming process !>

Reaction Reaction equation AG AH,o5/(kJ-mol ™) Limit temperature/K
DRM CH,+CO,—2H,+2CO 61770-67.32T 247.3 913
RWGS CO,+H,—CO+H,0 —8545+7.84T 41.0 1093
Boudouard reaction 2CO—-CO,+C -39810+40.87T -171.0 973
Methane cracking CH,—C+2H, 2190-26.45T 75.0 830




ER

w M, S WU AUE BRIE S A A ARG B TT i R 933

W
S

N
=)

W
(=)
T

[\]
(=]
T

CO+H,=C+H,0O

Equilibrium constant

—_
S
T

CO,+H,=CO+H,0

0 1
500 600 700 800 900
Temperature / ‘C

BT TS R R e 5 SR BB IR B A A 2
Fig. 1 Equilibrium constants of reactions as a function of tem-
perature during DRM!#!

Bt JR AN A PR HLA RS B B g ), SEBR Tk
AR AT R, R TN A B R AR R
MRS SR AWE AR T R R E R RS
4B T EAREES 1B JRIK) Cu Al VI K Fe Co F1 Ni.
13 HEEAFIREKXE

TE1 2 AR v e B AE A b, R R AL 7R I L
it & m A SR LS A, e R
fEFE, IHRAREE, 22 T2 2 4R A
st B RIAE L, LR AR IR &
B AR T AT A B 2% ) AR ) [A] i S B 2R . i
PSR B R AL ) R TS ) R R R A DL R A
(DA

HE A 71) 28 T AR A2 3 Rl R A L 70 R T ) e B
BLFER, FbE TS B R N 1 R CHy 1 COp 3N
TR, I TE] v iR R 2 H T o R A — 4
e Ttk 3B A S5 1) s 8L T T RS RRULE 4 Jed R 3R T (1) ik
B0 BB (0 Al 2K T AR T 3 R 4 N T S T
REW. WAKE . B L oRmER),
T 5E TR AR Co,  FHW PR E 452 J8 35 14 0 PR Bl
SRR, BA s R M EYE, 78 100°C ghaT LA
WA bR, SR Ak H 3 o S AL R Btk BE A R, [
W5 J0 58 TR A AH EE s 23 M AR IR, AR
b H:C LU MBI T TR S KA
J& T Re (RN 25 A T AL T BR IR Fh, A=A
AL TS PO 5 2, 7 B Ak NN R TR
DA AEZ N Ny AR W S O 5 & (A )8 AT R i S |
1o ) BB il FEE A RE ST B o DR MK A N 22 4R Tk [
FEJ& TSRV PR AR TR Bl o 3 A3 DAY B3 1) ik
W 2 BELAG e A 771) 2 1DV 1A AL RURH S R A A7 2% fl,
B FEMEAL T A BR, 3 BUME A RE BN B L A 5
é %i£[9,20,24] s

R AR SR THD TR B ) P — P R J e T T ok Je
¥ CO, + C — 2CO # CO, AMIH BR, R AL FFIFR

T FE 2 ER R e S84 A /8 — S8 A R 1 5 0 9 ok
IR 27 8] BT i e 2 B3, A LA R TR I
AR BE B I B S R A A B2 O, o A B ) AL
RV P m AL R T R e Re . DFFCER A, Va4
JlE T A A1 751 28k A 2 T ) v 2 I e % PRAIC L AT SR R
~F, 2 T A PR B AR 20T FREA R AN,
RAEEREEHS RS KT —@IEF RSB (=9 nm)
B BT A BE ALY, DR I i MO (A R A L
LIRS« HEALT B AR ) 4% 77 S 22 DR 2 i
A TR 3 Tk 4 R 1 0 BSOE AU R ST AT R A, AT LA
A AR BRI R S & A, T B e HURR R T A
B Al AN TG () B 7R 49 i A 7 3R T BT RE AR
R CO, Wb, (ERETTRBRDFP AT B, MR
TEBRIE R S HEAT () 57 B A 14 mi ke A 75 R AR e
Q)G T o bedh

fEAL T & BTG PR 0 78 il T el RAE 2
I8 AL FE VR T R R R . SRR TE B
NRST & 8 R B A BOR R T RE, PRI #% 1
/N ERLAEAE B R B R A B R H RE s, 24
AL TATE i T A B R] s LI, 4 SR 2 75 2 4
FETH I FF BT /N SRR S ROR R, S EUEAL
TEPELEL 2 O L T R BRAIG o S B 3% AT A i R R,
T 5 BI0ME A TG 1 T B 22 0, X — LR B i
T Iess . ML T PR 7 e 45 1 £ EE R R
& 4 JE R 5 B R (8] AR ELAE g, R 5 4
5525 1] (1) 4 fk o P 4 e &5 10 A 807 50 R 4B,
& J 20 50 A M AR R 2 T 1) 8 34 52 B Ab 7R B A
FAITRI £, e I o R 8 225 1) (R T DA PR ) e &

BT RPN R AN, SRR SR N K
I IR) S B, 3 25 R S AE AN RT3 e (1) s R (an
A RS PR ZE O i S A, IX LG ) J T AT T
BRI S bR Tk A = g S . R B A
e B P AR P R vy iR e T T R R AL TR, HHE )
R o T/ B 8 B 1) TR I2 AT, EEARRNIX — 40
S RIRE FE AR o

2 RESSLWELAFIEERIREMSE

RS

Bt R AR I A 7R 3 A P BB AR A 2 7 e
el PN A 1D 2E e e ol R 2 7 N > Y
S5k BOFRIERIN. & ROT AN DFT BTHR AR, &
Tl R DU A PR AN AR E VR AR B AL 7 o
21 =RE-HHHEEERN

$E 5 <z JR — B AR A TLAE I 70 mT AR I 2 s 1R Ak



934 T AL A R R

33 %

R EARR e M. EFFEIER R TN, B n
AR A 2 [ (1 5ieAH ELAE F 77 0T AR AR e 1)/ )R~
Ni L5, $27 Ni &8 fiE R AR, Amigft s £
AL R, SRR A, RN RE
GRS P RSF R FIR AR 9 nm WA &k
A RRRRCL TR A /N IR Tk 23 RS R s o B T LA
A RN BR 2T 2 (0 T A% A AR K o TR I 184 5 4 B — A Ak
FEAEF 7, BR&INi 48 S0 7E = T 5 A {4k
FEA R A= K, B ) IR 1R AR P8 485 1 AN i
PR PERE

ICEEEE SR, VR AT 6 B & 0 P s ik
CERII A NI A ALY AE R OR A (0 45 Bk B 45 1
ABO;P L B 55K ABO, M A,BOLP P 4R
Mth AB,Aly O 52 THIE A0, B=Ni)k 5
B AT 58 4 JB AR B F 27/ RSF Ni 4K 5
Fi. Ni JGCRAIXEA P AR R854, BT &
8 455 A0 %ot M K SR P A6 KR A% (1 BRI L, 7R3
JEA A R 6 ok [ AR G 9 S I i i 15 31 R SR
oIS ) HANER RS & B30 Ni SJB R, i
TARIEEAL I BB A AU B P E O, AR
HPUEE NiAI-LDHs #1145 7 B £ 548 D EREE
(P AR Ni/p-ALOs, BHFFE T T 9K A4 HB Jos i B2 % T
G B - EAEF 1R . SRS R OR A 1Y
TPR(E 2)45 R B IR, 400°CHBBEHIRE S AE — AN
F 450~500°C FHT 0 R %, VA8 T 58k ik
A 558l AE FH 5 NiO #0F4; 600 F11 800°C # ke 5 A+ il
] TPR fh 28 I8 1746 A7 T 800°C Bt 3L 1) v i s J5 g,
fEok BT 5 kA A R A L i A A 2R A A
NiALO4, {HTE 600 C B KIFF il o v 0 5 e 8 B
JEH T - 800 C MBGE (FE i 72 I8 SR S 15 31 7 43 A ¥
SR/ RST N GOKIURE ;AR B 5% 1 1 AN B ot v W

0 ONiO—-Ni
/ o \ ®NiAi,0,—Ni+ALO;
N\

o |(@400C,5h :
g
S | (b) 600°C,5h °
5 ‘.
” . /° X

(c)800°C,2h - e N

1 (c) 800¢ 3 . ;

(d) 800°C, 5h

200 400 600 800

Temperature / C

B2 A FBGR IR B AT BORE T 18] (1] NiO-p-AL 05 Ff i AP
THRAE JF (TPR) ff £ 121

Fig. 2 Temperature programmed reduction (TPR) curves of
NiO-y-Al,0O; calcined at different temperatures for different
durations?"!

SR 7 RiAE>50 nm FBURIATVE 2 /N LI, 9
WEERPAES BT AREIR .. HR A
DHT IR AL IR I T B AR, B
ik 50 h A A e gl BUE BRI S =R, R
TAREI ARG E . HAh, BB — K RERIE T
RERRERA 7 s S5 M AT IR AR, 38 55 43 31 2 % 5
& JE AR AR BLAE FH 77 A B SR TH AR (1) Ni/Si0, 250
BR % 2 A R AP

B, Li Z5BUR L T Lay0,CO5 99K Fl La, 05
A U5 T o 4 1 NI R AL PR R, 45 SRR
La,0,CO; i fk L1 Ni BRI B/, & @i PR m
FE, AMUAE 500~700°C i v [ F B H e A e
g, HAE 700°C T a2 dfEL 50 h 5 H e Al —
AR AR R FR AR E o AL B 50 h 5 HIFE i
FRAESE R EIR, A Lay0,CO5 B B 4K A4 1 5if
T Ni 1 La,O5 (AH AR 73, A8 7 hedh; &
A HU N JURL BRI T AR I FR 2, (RIS 0] T R 8
I 55 16 4 70 1 A %) A 21 AR B R B o
22 WEEhEMN

TERR IR R SR & B B ) — Rl & s
R AL M RE 0 RO IER . TR R A
J& T AZAE <l [ REONE, IO\ 28— 4 i 21 43 25 33 1k
R AT AT 250 A B 2808 1) 20, s il A 4 e
B J1%, AT LAAS B L 4 A 1R B O R I e L TS
PEL SRR E VE . it Wu 1A T DFT #4
UEBIZE Ni FEHEALFIF I Co BERSIEE CH, HVEIEAL
B CH,7E Ni BHEZEE CH+ + — CH; +H
SEHL), TWAE Co Al Ni-Co 1 @ id CH4+0"—
CH; +HO 5/, X — BG4 AT Co HISEAME.

TR P n/b & Ru. Rh. Pt fl Pd %%
T4 R RE S A R R e AR IR A R A R,
Chen %HHE Ni0_03Mgo.970 /»’?MZIKV\]%%'JBD)\//"%
(17 Pt Pd A1 Rh, % 54 Ja {10 70 R4 I i AL
FIITEREHEAT T 0T At EE o NigosMgooyO [ VAR 72
BARIRFE T (773 K)PBi2rHT Ni )8 4 Ak 2%
T, DN SR 4 S 7= A5 A W [F) 280 e 88 A 808 v N T
RV, TR E AR s YA AR . B A%
G4 ARSI, WA &8 Re MR T
F e 5, AL, T B Zubenko ZEB7R5E T —Fh
Re-Ni &4 H1 8 BUME AT LNRF, A8 % i dt—
2 i2f Ni il Re &8 #h15 24 31| LaFeO; £54KH 4514
H1, Ni-Re &85 7= FIHE IR I H 0L 75 10 10 E
MR e, BAEESMELL 70 h JFUEH R AU
o IX A2 T Re MB350 1 Ni 9K BORL 3% 1,
I EL3E 3k A A v A2 K A5 2 1A R B & 4
JE-BAAAEAEF 1, A RORE] T BRITEL 4Kk



ER

w M, S WU AUE BRIE S A A ARG B TT i R 935

RV EH Re MYIMLE Sl T 28 R SABTK
(AR 0

A BRI 4 e R A ) TR AR A RS b & B
& )&, EARSTETHEATIM A7 AR, Rt — 2
W AR RN B 2% T Cuy Co. Fe &5 H:Ah
I 4R DU BRAR Tk A Rl As o A i A P23 5 K
P4 7 B RIA Cu/Ni HLAE 1) Cu-Ni/ Si0, 2 2
SERIMEAGA, BFAT T TR I X AN (R e B i
JEN b R i R (B 3). 5 2B I A 5
Ni/SiO, #HEE, /D& Cu 4% (CuNiy/SiO) % Ak M e
TR KM, i Cu $B4=(CuNi/SiO,) R 1l 2§31
EALTEME R, MIEEM Cu JGE (CuNiy/Si0,) MY
RedE mfEALTE 1, Rt mE kM. & Cu ot
ORI AR AT BESK T Cu JR 7 1R = 4R,
HFM H HAE oqiee= 69.5 kI/mol A% T J5 13K 1
H B A o= 80 kI/mol, Ak Cu J& 7754 J5 it 72
SR IR T () SR T A B, 19 Ni R 22 R T BT o L
B, SEEAEME T 4. Zhang U LT
1% 7 — &% Ni-Me(Me=Co. Fe. Cu 5 Mn)X
SR, FEXTECRE T T A R T R E B
e . FIHAD Ni-Me 244 #H Eb, Ni-Co X & J@ fE{L 73R
ALt g IR ) e A TR P RS S 1, T DR LA PR TR
SERPL . R HI4E 8 B . BORI &R R A
5FR 452 AR — A AH EL A FH g B AN [ 248 2R [ A4 1) T B
2.3 fELFIEIF

X T R S R AR AR, A AR S T ()
PR T BRI BB . Horiuchi 51K,
BRIt 4 R SR A RE S B SR X CO, MR PR BE JT, A Rk
L (I PE R T (O4q); Oug BEMSHEIT CH, oq+0.0—
CO+H, RN MBI 1E CHyag /£ Ni &JEEEF O F

80
r 3
70 <
I i s
X 60 f ]
R .
g 40 r "
330 % * = IMNV/SIO,
jus) 20 - e Hierarchical CuNi/SiO,
ISl 1 = 4-Hierarchical Ni/SiO,
0F = v Hierarchical CuNi,/SiO;
I e < Hierarchic'clll CuNiy/SiO,
0 1 1 1 I n 1

500 550 600 650 700 750
Temperature / ‘C

B3 EA A Cu/Ni HAR ) Cu-Ni/SiO, fiE AL S % HEAE IM
N/SIO, TE7R R T I Y T 4 e 22

Fig. 3 Methane conversion of the methane dry reforming
catalysis on the hierarchical Cu-Ni/SiO, catalysts with various
Cu/Ni ratios and the control sample IM Ni/SiO, at different
temperatures??

(RO B, AT T8 £ CH, 00 2252 B R T AR DT« B
LH T8 ik e 1 B 0 252 B 71 e v 184 4 28 K 2 1T 11
BRPEFIR B CO, HIRE T, o8 4 P O F 7 25
P, I AR 28804 o 1 A 790 P e A i 2, [0 400 ) e
A T B T AL P, R L B A AL EE K0T
CaO", MO 1y /mifi + 4 J& SE LW, La,05*),
CeO, 1254 4 JR EALMI LUK VL0551, Ga,0,557148
& B A

Xu ZPNA R E T H ARSI % T — R
HARFE Ca FEM NiO-Ca0-ALO; = 0H 1L
AW, HUAR T Ca S EXT CO, WP RE T IR
CO,-TPD Jit Fff i £& (B 4) 8.7, 7E 170~215°C F1437~
464 CHRLE X 8], Fubf g ss B A ARBEE Ca &2
$8 0T 8 o, U T A7 AR S R T R B, R BN
N Catfifin 1 R IE I ML s, 658 T CO, W B
)1, 434 50 h LG TGA HIZREIR, B¢ Ca
Jei PR AT ER B A A B ) PR IR S R R, SR ITR
i Ca JLEA B TSI A BR A . A1 1INA Ca 78
R R R HE T OWEAER . — U7, ROKFRR T
MEALTR TR 1, 4] T T I 1 32 g 1) AR A K
F—H, (23T CO, BIMLZER M AEL, Ik T
TRIE R N CO,+C—2CO HIEAT, MITTAE BT
HEALFIFB% . Pan 25558 7 Ga,O5 BT Ni/SiO,
EALFIVERE T RE MR, B4k 2 fh LR AL )5 TPO 45
R, M GaO5 B EFE = T A L2 AT
FURMERE . FT-IR £ Ga,O5 BIFIAHA BT
PEREALTIXT CO, MW B AE F1, 17 H. 58 854 W B 11
COy ¥ A B 8 S B IR 28 A, AT i 1
CO, KT TR BRI B -

— S B R IR A B T4 i 4 R 10 4 ik
FE, R R 4R - AR EAER 71, B s gk

900°C

170-215C
437-464°C

MW/L
— A (&
J\/ . —

(e
d

v ; jK\ o
—J/\\nq L N’_‘—/\i/l\ I (a
300 600 900 1200
Temperature / 'C

Intensity / (a.u.)

K4 A Ca & &K M-5NixCa(95—x)Al 7£ 600°C 1B 5
CO,-TPD £

Fig. 4 CO,-TPD profiles of the M-5NixCa(95—x)Al materials
calcined at 600°C with different Ca contents®®

(a) M-5Ni95Al; (b) M-5Ni1Ca%4Al; (c) M-5Ni2Ca93Al; (d) M-5Ni3Ca92Al;
(e) M-5Ni5Ca90Al; (f) M-5Ni8Ca87Al; (g) M-5Nil0Ca85Al



936 T AL A R R

33 %

Tk, PHAS &KL T M Re sl KRS E D), Stage-
Williams 25414 1 Pt/ZrO, . Pt/La-ZrO, £ Pt/Ce-ZrO,,
FGAE T AN TR B i R o /< 8 ) AR A
fes PiBlRtERE ARG E e, SR EIR, 4% La Al
Ce M JakEMMBFaEMa T RER S, X&hT
BN B RE R e AL B (DY J7 S A, 38K AE 5
R R I 0 & @ LT BT COy MR B 0 3
BETT AN CO, fZLMRFN Pt SSURE IR BR I AL, M
M SR AL FI R 2 . Bk, BABIFHE 24
Pt UKL AR, AT 00 4 S8 FA03% P A5 R 4 J 3%
PR TR, 31X — A [F)RE ) B i A 3 A 77 1 A
SEVER %S EME. IEH Margossian 2P
[(Ni(*~OCHO)(OCHO) (tmeda))(u*-OHa)] iff Bx 14 7£
ALO; EAK T RS NQEDnm i Ni BBk,
R JRAL X B 2R IR G 3 45 K (XANES) 25 7 VA 72
THAGTITERINLER . TR NI BB A S S 3 2
FH )R A T AR U EBIE RS TR B NIALO,, AL TS
PETE 20 h R B T 95%. MA@ IR M™ B 1
FNENT p-ALO; Fif A% 4, BAFESTE 20 h )5
TR R R T 20 40%(E 5), R Mg 5441054
ARAR R AR TT LA R PR N SR RS I 0 2T, 1
W E M . ARYE Valentini 2P 5t 45 8, V Bh7)
[FIREHBETE Ni/y-ALO; HHAR S NIALO, AR AT FTE
FREOVEF, AT Ni 48 Sk i s e s .
24 BTSN

AORAEALTAE T IR WLEE b, 5 WA #%5%(Core-
Shell)45 4 . £ #5—F5 5% Yolk—Shell) £ #4) . 9 T 4 (Janus)
g5 M F 2 2 45 14 (Hierarchical structure)& . /i fL&5#4)
1 MOF(Metal-Organic Frameworks)%h A4 H T =5 i
Fase MERL2E, 78 W e T/ B B Ak P (I T Ll A 2D
W o A% 57 43 2 3 3o B A 1 T AR K TR

x103

25 1.0

i ORate 0.5h o Rate20h m Coke

< £
22,0— 108 g%
S ] T E
4 S
'_g' 1.5F —0.6-85
< ES
510 ] qo4gE
2 0.5+ 4102~ 8
; |

4 —_—

K e =

-%-’ in. # a8 as
Catalyst - ™ YAS a0 ‘ 1-».-,0,’ AL ’ e
Dispersion 15 " 15 e M e Mg

Bl 5 AN [F) Al 750 B P < B R R B SRR 2 )

Fig. 5 Dry reforming performance and coke formed of different
catalysts®

1E & )& 9 >k kL ) BBV B B 7 1 b 52 PO, R
Stober % H] LK Si0,°7 TiO,™. ALOS™ 1 Zr0,™
S VIEACE ARl Tkt AP N T A AT
A7 IS PSR IR, RIS 1B = A,
PRI X — G R 5 32 B T Y 2 BF g eyl S0,

A VR O S e L ) A T R R e 4
FIEALF] Cu-Ni@SiO,, W7t T fAfEESN Xt & 4
YR SIORL IR A K R AR E PR RS . TEM R TE R TR
hn TEOS i, 755 Cu-Ni & 49K Bk R~ 2 A
WA S, KidR 5 4 50 nm ANEE; 78 i) 4 i FE s
B TEOS J&a 432 Sio, B RIRALZI N 12 nm [
Cu-Ni - Hg KR (E 6), X R ZH MR )Z
(RIAEAE BERE A PR R 4 Cu-Ni 49K Bk (9K K. b4k,
EXTEE T Cu-Ni@SiO, 51 41z itk AL 7] Ni/SiO,
ML RE, JE& A8 16 h AL FEERGE TR T
30%, T Cu-Ni@SiO, 67 i AP BEAT) PR R -
M CuyNip s@SiO, KB [ AL J5 1) TEM B8 AT LR
H, o S W RSN AR, RA D
RGN T &R/, RFRAE TIRBIEK,
F W Si0, 7o etk B B R B AR, R A9k
WORAZ O T il T IR, 0] 1 1 770 e 45 7 SR 119
Kl

Han 25090 2% 36 P 5 = R R L RE R X SiO,
YERERIEAT T T et FEAE R S V2 N R A7
WAE Si0, BRE M, HAADF-STEM 43 M7 2 7~ B B i
L 1) 7 S AF N UK 38 2] 3 BUAE Si0, BRER T
AT CTAB A5 71)i@ 1T Stober 74 7E Si0, BREE I
BT —EZL AN, A T RS
Ni/SiO, AL RE R (B 7). AL T o, A
£0.78 FIEALFRITE 800°C N & B [ {4k Hh vl M Vi
B, L0 Tk I TR A (0 it 7 2 7™ T N 4 Joe
SEAMBURI S, WE T A SN TS, AR
800°C FIELLA#AL 170 h R A KA, HE
HREAP A R PEES T Ni & 8 begh Fm pi s, [Fi 4
T 22 FLGE R RE AT RUARAIE S 38 S B 0 RN P A AL

e

Bl 6 didbRAEE L% CuNi@Sio, 54
TEM fig j 1

Fig. 6 TEM images of CuNi@SiO, core-shell catalysts prepared in
the typical synthesis route, a single silica shell contains one core
particle!®!)

e fRE A 771

0



ER

w M, S WU AUE BRIE S A A ARG B TT i R 937

o, O

Uniformly distributed _800¢C Sintering
Coke formation

Ni NPs on SiO,
. /))_l\\

SiO, coated NiNPs ————> No sintering
DRM No coke formation

K17 B mbuiR it fe i S e 2 A A T R R
AR
Fig.7 Silica-coated catalysts with high coke resistance for
DRM reaction'*”’

FIRE PR . T, Bian 8T R =
AR L7 2 0 98 K IR 45 R E 4L ) Ni-Mg
PSNTS@silica, 7E 750°C KB [E] 4L J5 75 R 0
BRIk e, REEN Ni-Mg PSNTS HEL T B &
PARTEILE, TEM MR B R TG R B T 90K R 45
Ky ARG . 078 SiO, Ja, M fLEbiERE S

JEARTE R £ A0 KA K P9 SRR TR B 2 AR AR,

/N T EIREERR Sh 4 M e =il N IEAR, M BEAS T
SN ERIRER; seAh, BT AL AN R
PR N, DA 4 J8 5 9K & Bk 2 18] 1 5 A HAE
71, WSS )8 e g A il AR 45 2] 1 A Wl 8
150078 25 K4 7 HH v A 1 AT v 1k

b T iZ5e a5 M A, 20 2% 45 1e AL 57 [R) A 2 IR
TR B AL TE PE AN BUAR AR It BE . 22 S R AL 7
— i L & PR T AR s ), A N AR T
Ty 5T B A, [RIBT I 0 T NI & JE 3R 1 43k
Vo 2EASTHIZH 2 FiTARAE AR S TR 2470, Ni/ALOSP',
Cu-Ni/SiO,"" & Ni/SiO M Ak 71 24 1y % 2 25 0o BR
A, X R R 4 A R A 7 2 BRI A Ak
PEAaE e, Du S&ONRGE TR EE 2 R
HT-NiMgAl F TS EREATIE 8), X—% 4l
% LR RS R T AR A LR AR, T A BT
P Ni R 1 7 BhE; AR, EARIR T 2 L2
WK B BRI RS, BRE A R ] ik TR
K Ni &@PRiEsd. Li L0 &7 — &5
Ni/ZrO, AT FEXT EE T e AT e < B 3 i L
M. HHEMIALAIFLL, B&RKIIRZ %
[ Ni/ZrO, HE A0 75 28 B H B8 v 1 i A0 v PE AR 1,
B VA R TR R ) A 22 G 5 M BT S B0 N RIORL Y
AT ECEE . NIO B 5B iR P B iy (1Y) di A LU 2 R
SRR . BEAh, 5L ZrO, 9K UKL 7 3 1 AL
FUAHEE, KENTEAR ZrO, 57 20 47 41 4077 [F R
HABE PR AR s PR AR 75 I DU AR B 1 B

8 (a)ifihe AT AI(b)id S5 F HT-NiMgAL [¥) SEM i /()
Fig. 8 SEM images of the HT-NiMgAl (a) before calcination
and (b) after reduction!®”

25 FHEFIRLE

P HA, A B AR ) % B R R R
BRI 2 B T EALO S s
P B E HERE R SRR R,
PN &x R AH EAE 7, R A5 S Ak Ak 3 T
DA 03 4 4 S 2 2 10 20 BT R SR TR B, 3T
AR AL S AU D P RO OT R LI &
B AR R I T AR . RO BB
LRI B AR . ARSI 4% . Liu 2R
Ge vk HURE 7T T 3 v TR R 5 B AR R R )
TR T7 3, For =i IR T % e A 7 1) 4
BS AR OVE G TBOH, i 55 B8 1 1R N 45 88 1 I ) He
W B RREWE 9 R, Mfilagsilh, 55
FEAL TR b, 30 Job S5 28 1 A o 6 P R A 7] 3 2
HAVFILAMmA: (HEERAEE A& R RmA K
M BUEALT; Q)RS AL B3 A 40 A, B BT
AR A0 70 v 5 R BB M (3) I A TR Ak T AR 9
VE o JEFEVEAIE T A3 s (4)A T 1A 770 ) 4% I 1]
(5)BF & 1 3 5088 AN 2 40 T DLE T I 1 45 B TR
SRR A S5 o A AT e T P S
TFARIEH % T TR E AL NVALOS . 5
UL AT 4R (1 TAEAR L, 2L R T 5 I
BRI T, 7£ 650°C F CH, AL AR T 41 20%.
Bb Ak, A5 B8 7 A vk b R 1 1 77 SR 0 L B R
BRIk RE, 84 8 URLLE K i IR) (A0 5 4 (R 5 v FE
B o

Liu 21090 o 25 55 7 fh ik B B0 b R S5 o) 4% 17
Ni/Si0, AT, AT A KA v A 46 25 1 S5 /i
IRARHEAT T 10 min (G4, BUR 7L G & R
(K I ) R A e R S o 25 25 B TR U A b T
P A7) JEL 46 B /N PR N JBORERUST v 20 B R B K
ML RN, 3 H3%A R A Ni 48 Bk b 4t o ] 5%
LR (E 10); 285 %5 & 7R AL FE 1 fE AL 7RI 7E 800°C
T CO, HEALREIE 93%, 51k 58 )71 4 L7
MR T 20%. Zhu Y% 7@



938 T AL A R R

33 %

— ] —_—
Gas inlet To vaccum pump
Catalyst located
e iy
8
vy
— s
O
High voltage
@
N —

Gas inlet To vaccum pump

T 7777 O\

{ “Discharge” \

\ 7 region 7 / /

N LI S

Microwave
generator
®
Powder injector Catalyst Substrate

|

| Plasma torch| | o :;‘.;9‘ O " af
—s < 35 50

Plasma jet

©

O FH T 1) % b A 77 £ TC P P AR 8 g s i )

Fig. 9 Schematically representatives of electrode configura-
[65]

tions of discharge phenomena applied for catalyst preparation
(a) Glow discharge; (b) Microwave plasma; (c) Plasma spraying
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Fig. 10 TEM images of Ni/SiO, catalyst samples prepared by
two methods (a, b) the conventional catalyst and (c, d) the nov-
el catalyst prepared by plasma jet[69]
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Ni(111) and Ni(211) stand for the clean nickel metal flat and stepped
surfaces respectively, and Niz;C(001) and Niz;C(111) are the flat and
stepped nickel carbide. Flat surfaces are marked in blue, while stepped
surfaces are in red. Toxic coke is the more stable and high toxicity
carbon atom which will result in the deactivation of the nickel catalyst.
The corresponding overall reaction rates are marked below the differ-
ent structures. The arrow with X means this step is not likely to occur,
while arrow without X means this step could happen
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