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Modification of Ni/MCF catalyst and its catalytic performance for
dry reforming of methane
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(Key Laboratory of Catalysis and Energy Materials Chemistry of Ministry of Education & Hubei Key Laboratory of Catalysis
and Materials Science, South-Central Minzu University, Wuhan 430074, China)

Abstract: Dry Reforming of Methane (DRM) to efficiently produce synthesis gas (H,/CO), an important chemical raw
material. Ni-based catalyst has been widely studied due to its abundant reserves, low price and certain catalytic performance,
and is a common DRM reaction catalyst with industrialization prospects. However, under the reaction conditions of high
temperature (>700 °C) and carbon-containing sources (CH, and CO,), Ni-based catalysts tend to be deactivated due to
sintering and carbon deposition. At present, the sintering and carbon deposition problems of Ni-based catalysts have not been
solved. In this work, aiming at the sintering and carbon deposition of Ni-based catalyst in the dry reforming of methane
reaction, firstly, mesoporous foam-based silicon MCF support with high specific surface area and abundant pores was
synthesized and supported with nickel catalyst. The MCF support was modified by temperature program nitridation with
alkaline additives to synthesize N-MCF support and supported with nickel catalyst. Ni dispersion is good on N-MCF and
MCEF. Ni-based catalysts with strong metal-support interaction were constructed on nitrogenous modified mesoporous silicon
foams (MCF) with MOFs as precursor using 2-methylimidazole and Ni*" to form MOFs. XRD, TEM, SEM, BET, H,-TPR,
XPS, TG and other characterization results show that The N doping modification of MCF support by high temperature
program nitriding method can improve the dispersion of active metal, reduce the particle size, enhance the metal- support
interaction force, reduce the catalyst reduction degree, enhance the metal- support electron interaction force, and increase the
content of high price state Ni’ on the catalyst surface. The catalyst precursor was modified into a three-dimensional metal-
organic framework structure by complexing 2-methylimidazole with Ni*'. After calcination by high temperature air, an
embedded massive nickel silicate species was formed on the catalyst surface. The active metals in nickel silicate species

mainly exist in the form of high price Ni’" and are highly dispersed on the catalyst surface, showing strong metal- support
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interaction force, which makes the active metals of the catalyst have good dispersion and small particle size. When the
stability test is conducted at 700 °C, the Ni/MCF-MI catalyst shows excellent DRM catalytic performance. The conversion
rates of CH, and CO, were 72% and 73% respectively, and the reaction performance was stable for 10 h. The Ni/N-MCF-MI
catalyst with N doping modified MCF support and 2-methylimidazole modified catalyst precursor showed the best DRM
catalytic performance. Under the stability test at 700 C, the conversion rates of CH, and CO, were 78% and 83%,
respectively, and the reaction performance was stable for 10 h. After the reaction, the weight loss of Ni/N-MCF-MI catalyst is
16%, the weight loss rate is the lowest, and there is no obvious sintering, agglomeration and growth of active metal
nanoparticles. N doping modified MCF support and 2-methylimidazole modified catalyst precursor can both improve the
dispersion of active metal, reduce particle size, and enhance the metal- support interaction force. The catalyst modified with

both N additive and 2-methylimidazole has the best DRM catalytic performance and certain advantages of inhibiting the

growth of carbon nanotubes and the agglomeration and sintering of Ni particles.
Key words: dry reforming of methane; 3D precurdors; MCF; nitridation
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Figure 1 XRD patterns of samples
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(a): MCF; (b): N-MCF; (c): Ni-MI/MCEF; (d): Ni-H,O/MCF; (e): the model of MCF; (f): Ni/N-MCF-MI;
(g): N/MCF-MI; (h): Ni/MCF-H,0.
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Figure 2 TEM images of supports, precursors and catalyst
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(a)—(d): Ni/MCF-H,0; (e)—(h), (n): Ni/MCF-MI; (i)—~(m), (0): Ni/N-MCF-MI.
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Figure 3 SEM-EDS images and particle size distribution of catalysts
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Table 1 Specific surface area and pore structure parameters of catalysts
Catalyst Seer/ (m2 ‘g : ) g /00 e /nm dm,gd/nm v/ (cm3 . g7l )
MCF 4431 33 9.7 8.2 1.2
N-MCF 403.1 33 9.4 7.7 1.0
Ni/MCF-H,O 379.7 33 10.0 7.8 0.9
Ni/MCF-MI 360.6 3.2 10.0 8.9 1.1
Ni/N-MCF-MI 286.1 3.1 10.1 9.3 1.0

% BET surface area; b: BJH desorption average pore width (4V/A); ‘. BJH adsorption average pore width(4V/A); d: Total adsorption
average pore width(4V/A by BET); ‘. BJH desorption cumulative volume.

2.1.5 fEFA H-TPR S 47

5 Ak 2 ALY H-TPR FAFL5 R .
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Figure 5 H,-TPR patterns of fresh catalysts
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FT 2 FEEELFIA H-TPR #4E
Table 2 H,-TPR date of fresh catalysts

Catalyst L-temp./°C M-temp./°C H-temp./C H/(L+M+H)
Ni/MCF-H,O 380 480 0.42
Ni/MCF-MI 360 530 0.47

Ni/N-MCF-MI 360 585 0.53
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2psn m%ﬁiﬁ%ﬂ:jiéé 2-H %%%E&ﬁ{%ﬂﬁﬂ Y Ni
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Figure 6 XPS patterns of reduced catalysts

x3 EREHELTIE XPS BH
Table 3  XPS parameters of reduced catalysts

Cat. Ni“ev N’ Jev N /NET N
Ni/MCE-H.0 854.9 856.7 0.49
Ni/MCE-MI 854.9 856.7 0.68

Ni/N-MCE-MI 854.9 856.7 0.76

2.2 LR
2.2.1  EAFE N

A T 3 PR DE A A T R B AR iR AT, R
N 2% 3 GHSV=36000 mL/(g-h), CH,/CO.=1, 450
700 °C, TH H T #EAT, SO H S0 X AR R 3 1T iE
Jit, #E N, (30 mL/min) <44 F LA 1.6 C/min F it 2
550 °C, #RJ5 Y] H, (30 mL/min) it Ji 3 h, & 7 24t
A6 550 5 PR VE O 45 R, BE B IR R R e, CHL M
CO, WAL R L I Hy/CO 228 T, X Je i TH

Tt AT B R S R T B b 2 B AR T 2 R
Bl Sy 2E AR Y, Hp, HL/CO (14748 Ak 2 Hy i gk
PSR N SRR . FEARRNREE T, AR5
AL G 75 P B AR 4N R . Ni/N-MCF-MI > Ni/MCF-
MI > Ni/MCF-H,0. 144t i LA Ni(NOs), 17K 7R
T2 W 45 19 Ni/MCE-H,0 #4677, Fo% 1 4 Ja ki
R Ttk e 22, 48 -3 M TR DT 55,
TE LAl o 2R #4748 N 2 45 Ni/N-MCF-
MI AL 7], Ni/N-MCF-MI ## 4k 57 I Ni &5 Lidix A
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Figure 7 Activity test of catalysts

222 EAFTREMENIK

AR 700 °C B2 E PRI 7E [ R R A% b
HEAT, ]2 25 3 GHSV=36000 mL/(g-h), CH,/CO,/

No=1:1:2, T B T #EATIE, S i 5 Xt A A6 511

100

PEAT 6 B, 7E N, (30 mL/min) <48 F LA 1.6 °C/min
FHEZ 550 °C, $RJ5 ¥ H, (30 mL/min) A J5 3 h, J5
7£ N, (30 mL/min) <48 F LA 1.6 °C/min FHEZ 700 C..
8 JEMEALF] 700 °C FasE MEPEM 45 3 .

100 1.0
(a) (b) (),
) S S SO'W o8 -
g © T >—e S
= ON _A‘—A\A_A\A—A
S oeor A —a . O 60 - 8 o6}
G oA G sy
o o - =] m
£ g ‘*s
5 40t 5 40} g o4t
> 2 ~
(=} =
o o
Q Q
20+ —=-Ni/N-MCF-MI 20 b —= Ni/N-MCF-MI 02+ —= Ni/N-MCF-MI
- Ni/MCF-MI —-e— Ni/MCF-MI -~ Ni/MCF-MI
—A- Ni/MCF-H,0 —4- Ni/MCF-H,0 —A- Ni/MCF-H,0
0 : . : . . 0 : : : : ! 0.0 . : : . .
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

TOS/h

TOS/h

B8 LI 700 ©C R MM
Figure 8  Activity test of catalysts at 700 °C: (a) CH, conversion, (b) CO; conversion, (c) H./CO

TOS/h

Ni/N-MCF-MI 7 X I 4% 4 T & 3 78%
CH, ¥ 15 7 AL 5 F1 83% CO, ¥ 1k 4k %, Ni/MCF-
MI i Ak 7 78 S By % 4 T R B 72% CH. ) b 7%
R 73% CO, W) i % A3, Ni/MCF-H,O0 f# 1k 5
TE R S5 F R 619% CH, W1 HR 55 AL R H 67%
CO, ¥] i 5tk R, Ho o Ni/N-MCF-MI, Ni/MCF-
MI 67 2 R 80 AR S i AR 1, 10 h IR A 2R
EI . R4 RAE P25 R, NYMCF-MI fi# 4657 1

o B B E T AT 5 CHL. CO, $5 LR AT 9 45 T
J5 T, — 7 T FE R R ] 2-H B K ik 2
Ni"4 G N =4k & 8 - HUAE SR S5 4, fE 2t |
2 SRR S 15 2 40 JOrE R4 R AR /N 428
YK IBURL, NiO B9 bk R SF 1 16 nm R 2 4.6 nm;
I3 — 77 THAREAR R R T E B T i A B9 HUIR 254 1) i
FRER Y Fh, REIRER D A b A TE M & B E 2 LIS M
A NI B A o o BT A R R i, BB T



55255 12

S5 1 255 Ni/MCF b0 10 e L PR e — 4R 00 0 e o 1 I 1819

588 (1) 4 J - AR A AR 7 . Ni/N-MCF-MI i £k 5
0 1 B R R 1 Y CHL.L CO, B AR, TR )
SEANR e i e IR R A I v X MCF 38 Ak it
1T N5 22 o M e 5 4 o 6 1 & R I e BOE | B
fORLAR, NiO Y ok ST HY 4.6 nm #F — 2D/ 2
4 nm; HRAE MCF A& 5| A N TR 0] DL R 4
J&-E AR EAE R T, B m A AR 5 NI AE A
F 2 1T A 40 1502, B35 i A 551 26 1 v S NETRO
i, N2t MCF 404 5 2- 1 BE K s i 1 fe 1k
90 TSR T e e 2 o A AR 2R R R AR Y
AL PERE . NI/MCF-H,O i 1k 57 78 2 B 4 1F F %
B 61% CH, ¥] i 5% Ak 2 A1 67% CO, ¥] IR % 1k
10 h AFFERRLAY 2 TE, 10 h P9 AL 7] 9 FF e A
AR B A R TG FE 5300 R 5% F 3%, B TARAE
KA AR e N, = R AR Y HL/CO 21K
T 1o M, X5 5 AL R #2547 TEM., TG £ AE
Xl A TR B AR 5 64T 43T o
23 RRMFHEAFIHFRRR D
23.1 RMNEHEAFIE TEM RIE

&1 9 J2& H e — AR Ak i T FE 88 700 °C Fot s 1 DU
IR 5 AL B TEM R AEZE R . H e — %1k
e R A 2 1 WL AR e AT TG PR RN Ay B B s 4
KAF = FP 2 A B A e, Bl ok 7 5 T PR A7 A, B
15 5 N i — 25 AE i AR R0 b B A B . DAIET 9

s X 200 nm

(@)—(d) AT LLF H, KN 5 B9 Ni/N-MCF-MI # 1k 71
AP IRAOKR A, JC B IS PE A R 9Kk T b
g5 HIR UK RIS, Nifh8R AR RF B 4550 8L,
Ni/N-MCF-MI f# £k 71 2 i J5 % 55 % A B 8 48 b,
9 (e) & 7% LI J& Ni/N-MCF-MI 4 1k 571 ki 42 4t
258 R 4.2 nm, 1£ 700 °C £ P v 26 B
5 5 f R s I M 1 9 CHL. CO, kR . IR 9
(O—G) T LA H, BV 5 A9 Ni/MCE-MI 4 1E 57 K
SRR N OKAE B, B N K i S b 5, Rk A
Sy E, A TC B BN A R R R T I RIS,
Ni kLK K, &R A 55, B 9 (o) B
7N N JE Ni/MCF-MI i Ak 77 R0 42 8 1T 45 - R
5.1 nm, 7£ 700 °C e Mk v SR B0 R AR S i FR e
A 45 CH,. CO, 1k R . B 9 (k)—(n) 7T LA
F F], K A Ni/MCF-H,0 fi Ak 57 H 30— & f Y
TR K AE AR S5 49 Bl B 90 KA IR, WT LA
Ni Jkr it A3, T PE 4 B e a4 ™ 5, &1 9 (o)
578 ] JE Ni/MCF-H,O i £k 7 60 48 45 11 45 31
12.0 nm, 7£ 700 °C £ P 3t o A7 7 B A b
WS, R R 2 W RRUE MR B KB CHL.,
CO, 5% . N &2tk MCF 804K 5 2- 1 Bk
AP ) T R A T A S 2 T A A AR ]
Jof 3o A Hh A AR TR B e G AN AR e B4, DT o 75 i
e F 8R4 9 DRM AL PERE

@] (©  Avg=421mm

i L
1 23456 78
Particle size/nm
(1) Q)]

Avg=5.1 nm

1234567809
Particle size/nm
@ (o)

Avg=12.0 nm

7
J |
| \
\

| |I

/
/ A

I3

k1
0 5 10 15 20
Particle size/nm

(a)—(d), (e): Ni/N-MCF-MI; (f)—(i), (j): Ni/ MCF-MI; (k)—(n), (0): Ni/ MCF-H,O.

Ko e AR TEM-EDS SR i
Figure 9 TEM-EDS images and particle size distribution of spent catalysts
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Figure 10 Carbon analysis of spent catalysts
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