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Density Functional Theory Study on Structure of Molybdenum Carbide and
Catalytic Mechanism for Methane Activation over ZSM-5 Zeolite
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Abstract: Density functional theory (DFT) calculation was employed to investigate the geometric and electronic structure of molybdenum
carbide loaded on ZSM-5 zeolite and the catalytic mechanism for methane C—H bond dissociation. Four active center models of the mono-
mer and dimer models were proposed, which were Mo(CH,)2/ZSM-5, Mo(CH,),CH3/ZSM-5, M02(CH,)4/ZSM-5, and Mo,(CH_)s/ZSM-5.
The monomer model was located at the Bronsted acid site of the T6 site positioned at the intersection of the channels of ZSM-5 zeolite. The
dimer model was constructed at the T6---T6 Bronsted acid sites. Mo-carbene, in the form of Mo=CH, was formed in both the monomer and
dimer models, and the optimized bond length of Mo-C was in reasonably good agreement with the corresponding experimental value. The
frontier molecular orbitals in the active center were assigned to the z orbitals of the Mo=CH; bonds in all four models. The catalytic activity
of the Mo carbide active centers was investigated. It was found that the C—H bond of methane was heterogeneously dissociated with the H"
and the H3;C™ moiety bonded on the C and Mo atoms of the Mo=CH, bond, respectively, and the = bond was broken simultaneously. The
calculated activation energy of the methane C—H bond in the four models was between 106 and 196 kJ/mol. The Moy(CH,)s/ZSM-5 model
showed the highest activity for methane C—H bond dissociation.

Key words: density functional theory; molybdenum carbide; ZSM-5 zeolite; methane; activation energy
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HA AR 6 v 7 H5 BUIE (HOMO) 1 = ) 3 fI% 25 il
(LUMO), fi 13 F1 ¢ 5 HAth 73 - 1 Ze i 2 0] (1) /L
PRI AR ME I A, Bt UICAR 22 38 e TR ' s b
A S A T T I ) 35 o T 0 ) Pk e 22— M. g e
TCA T R N Ay FE o T 2 A A 8 v B 0L 1 A
S S RARATTRE T — 48 ik 44, 1993 4, Wang
SV S OE T AE A A R, LA Mo/HZSM-5 g i
AR, TR e BB R A 5 . a7 RIS H
A R S v 1 TR T AR R A AR AR, A
V06 I T 25 Fh 42 J 05 1k 41 40 S gk ik, 45 R W1, LA
ZSM-5 43 19 by 28 1A 1) Mo S fif Ak 771 355 1 A v 2L,
EAT 50 SN PRSP ol s S I H 1] 49 R Jsg 12 AL 2
S ) AN RS iR

5 PE Mo W B 7 A A 1) £ 2ok R rh T B 1E N 4y
TIHFLIE, 54 7 9% b Bronsted B2 {7 & A2 AH HAE H,
TE 13T P Mo H i #9428 A7 S B Ak A 2 o
DY EERY, T2 A7 AR AR 22 55 . Wang 45 MO 5
AT AL A 1 1 M0, C 2 FE e 375 A [ 0. Soly-
mosi %5 P8V i X I 2% 7 B8 AE SN IR fiE AL
A BRI 2] T MoC #1Fh, Al AT 1IN A Mo,C HI RE A2 J
I ()35 1 Mo By . @ 1k D F T, AT R T
Mo,C 2 4k, HAth JE 2 9 Mo #Ff (1R AT B e 5 A7 Sl
B4 11 M0O,) FA A7 78 th 2 FH e 3 4k T 6 75 g 09, S
T 5 1910202025000 5 1) P A Ji X O 4 R s 4
P ARWFST T N5 9 Mo/HZSM-5 {4 71, 15 30 %%
F 5 Mo MR AHIE ¥ C, B0 0F T 4677 I Mo ¥R 7
KL JE A1 T MoCy %, GIE 55 T MoCy i Pk v L 47
7£ Mo—Mo 8 F1 Mo—-C #. £/ Mo fE5 34> C A,
Mo-C 2 [f] {1 25 >4 0.20~0.21 nm, Mo—Mo Bt {7 # &
1, ¥ B4 0.280~0.282 nm. Lk [22~24] 4R 18 4 [
7SI, R U TS PR Mo W) 0 3 ks J Ay
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A 5 35 A B3 2 . Wang 452 DSV 41 sz 6 45 1
W4 Y MoOy ) Bl 75 J . 5 3 101 4 B CH, 348 Jit
MoCH, % F'.
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2.1 MO0(CH,),/ZSM-5 %1 Mo(CH,),CHy/ZSM-5 #&
B By J1{AT 25 ¥ F0 B SR 4T 1%

Bl 1 % Mo(CH,),/ZSM-5 &I Mo(CH,),CHa/
ZSM-5 F R & P RO AL A S5, 2R 1 o R AL

FEETRY (1) 45 K 28, 4E MO(CH,),/ZSM-5 R v Mo Ji
T Ak 7 O5-AI6-018 M HE St ¥ 1 |, I 5P~ 42 O
JE 7 BRES LT 58 A A2, Mo JR 1 5 A CH, 3k [ A1
1%, C1-Mo-C2 i f£ -1l 55 O5-Al6-018 # It /£ ~F- 1
AT, BRI RRES . R 1 W,
Mo(CH,),/ZSM-5 B i Mo-C1 Fl Mo-C2 1 i K
¥4 0.187 2 nm. Li 2505206 Wi 5 Mo-C &K h
0.209 0 nm. Zhang 25 UF1 Ding 2525 F) F EXAFT
A5 Mo/ZSM-5 H Mo, C 4 F [t Mo—C K 43 51
2 020 A1 021 nm. i Handzlik 25 P33 75
y-Al,05(100) {4 [l Mo(O)(CH,) )l it Mo-C 4 K-

(a) (b)
1 MOo(CH,)2/ZSM-5 #1 Mo(CHy>),CH3/ZSM-5 & & ;& 14
b B IR A
Fig. 1. Optimized structure of monomer active centers of Mo(CH,),/
ZSM-5 (a) and Mo(CH,),CH3/ZSM-5 (b) models.

% 1 Mo(CHy)2/ZSM-5 F1 Mo(CH2),CH3/ZSM-5 #& & {j 1k,
I=R:OIREIE 2

Table 1 The optimal geometric parameters of Mo(CH;)./ZSM-5
and Mo(CH,),CH3/ZSM-5 models

Parameter Mo(CH,),/ZSM-5 Mo(CH,),CH3/ZSM-5
R(Mo-C1)/nm 0.1872 0.1862
R(Mo-C2)/nm 0.1872 0.1867
R(Mo-018)/nm 0.2170 0.2148
R(Mo-05)/nm 0.2178 0.2301
R(Mo-Al)/nm 0.3046 0.3116
R(C1-H1la)/nm 0.1097 0.1095
R(C1-H1b)/nm 0.1091 0.1089
R(C2-H2a)/nm 0.1097 0.1095
R(C2-H2b)/nm 0.1091 0.1090
R(Mo-C3)/nm — 0.2189
R(C3-H3a)/nm — 0.1093
R(C3-H3b)/nm — 0.1093
/C1-Mo-C2/(°) 110.62 109.94
£/C1-Mo-018/(°) 118.24 124.35
£C2-Mo-05/(°) 119.55 98.99
/05-Mo0-018/(°) 68.85 66.52
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0.19 nm. AL 45 R 5 SOk 40

Mo(CH,),CH3/ZSM-5 #% T J& 7E Mo(CH,)/
ZSM-5 B [ LAl 22— CHa. itk &5 4 v I,
PN CHL 2 T 5 Mo 5T 1R 3800 Rk 4544, R
BT CH3 3 A I 477, 5 Mo(CH,),/ZSM-5 2 5 AH B,
C1-Mo-C2 Jir £t ~F- [fi A % - O5-Al6-018 #fr Jir 71>
1147 JiT i . C3-Mo—C1 Al C3-Mo—C2 (1) 8 #f1 JLF
A4 4y ) & 93.23° Al 93.78°. Mo—C1, Mo-C2 Al
Mo-C3 ) K 43 %1 4 0.186 2, 0.186 7 A1 0.218 9 nm,
58006 — B0 X 3R WA SO v IR P R 1 Mo
SR Ay AR il

%} Mo(CH,),/ZSM-5 1 Mo(CH,),CH3/ZSM-5 #
B NBO BB REAT T 15 A3 #, £330 35 Pk o0 1) e
B O, &5 Kl 2 frow. i R, AR AN B R
Mo 55 CH, JE 38 LLAUBE 45 4, R4 8 R = 4544,
Bl Mo=CH,. 7F Mo(CH,),CH3/ZSM-5 £l 1 Mo &5
CH; 2 1] Jy ¥ . #F Mo(CH,)2/ZSM-5 #5714 1 Mo i
T Adyo.yp BUIE FAELE— AT

NBO 43 #145 i, B T C=Mo=C 777 JL 5 &5 ¥4 LA

CH
CQ\va / Hz cH\2 MOZ/CHs
_/O/ >O\ _ _/O< >O\ ,
Si Al Si Si Al Si

(a) (b)
2 Mo(CH,)2/ZSM-5 #1 Mo(CH,),CH3/ZSM-5 A §R#5 &I
RO R EE R
Fig. 2. Bonding characteristics of the monomer active centers of
Mo(CH,),/ZSM-5 (a) and Mo(CH,),CH3/ZSM-5 (b) models.

HE, 0TI E RO R TS T I o 8 1) B k. [R]
I, Al-O 4 Mo=C # ) 7" FUE 7 1E o T4 T, it
B 42 O i1 2 55 i, S Al A0 AR 5 v oo i B T
FaE VE .
2.2 MO0,y(CH,)/ZSM-5 1 Mo,(CHy)s/ZSM-5 1 £I
B JUIRT S5 9 F0 AR SR 4 1

LA T6---T6 R A7 Sk SLaith, Yo il T B AN H] C IR
THUH Mo UK G M mp i 1 45 4, 40 59 14T 45 R AR
. & NILF gt MR | ML %18, ke T
M0,(CH3)4/ZSM-5 Fll M0,(CH,)s/ZSM-5 i %4 & bt 5
A B9 M A0 g5 8. 8 3 M0oy(CH,)4/ZSM-5 Al
M0,(CH,)s/ZSM-5 Hfic A4 45 XA S 70 (1 P4k 45 44 . il
BRI, &5 K38 1 AT — A Mo—Mo 4, H.A&4 Mo 55 3
A C IR F AL

% 2 ) Mo,(CH,)4/ZSM-5 FI M0,(CHy)s/ZSM-5
TR Ak 285 K4 (1) )L AT 2250, 4E M0y(CH,)s/ZSM-5 £
A ep A Mo J5 185 AN s TR TR 5 B A~
Mo J5i - 2 [B) 38 Ik 0 P RS AR . AR Ik g5 R, AEAE
il Mo—C ‘##, Mo Jit ¥ 5 K 3iii C Jit 1 1) Mo-C # 43
50 29 0.187 OF1 0.191 5 nm, T 3% % 15 F i) Mo—C5
B4 0.206 2nm. Mo 5542 O Ji 1 [ &5 43l ok
0.2132 F10.242 1nm, 5 Al J& 71 # 2 4 0.3135 nm,
P4 Mo J5i 7 AH H 0.385 6 nm. 5 SCEk[10] 4 Mo,Os
MUK IR 65 1 S 80— B, 75 G S A B B 2 B A 1 )
Tl B 4 P HE K7 . Tominaga 25120038 1 A 4k 40 1 4k
COL FE A IR S N, e A0 B 35 P H 0V > Mo J 1
%A 3/ C i1, Mo-C 8K 5 0.19~0.20 nm, A& L
g5 W5 SCHRE A

XF T M0y(CHy)4/ZSM-5 B 454~ Mo JE 82— 4>
CH, A, P~ Mo 2 [] 43 )i it P A~ CH M 3 A1

(a)
3 M02(CH2)4/ZSM-5 F1 M02(CH,)s/ZSM-5 B {¢ $A IR E 14 i L A B G A 1K 25 4
Fig. 3. Optimal structure of dimer active center of Mo,(CH,)s/ZSM-5 (a) and Mo,(CH,)s/ZSM-5 (b) models.
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: MO/HZSM-5 4 i il A AH ¥t 12 v o0 &

2y Fo FR e i A LB IR 3 2 ok B AS AIE 9T 419

& 2 Mo0y(CH,)s/ZSM-5 F1 M0y(CH2)4/ZSM-5 181 B {1 4k
SIS

Table 2 Optimal geometric parameters of Moy(CH,)s/ZSM-5 and
Mo,(CH,)4/ZSM-5 models

Parameter Mo0,(CH,)//ZSM-5  Mo0,(CH,)s/ZSM-5
R(Mo1-C1)/nm 0.1833 0.1870
R(Mo1-C2)/nm 0.2093 0.1915
R(Mo02-C3)/nm 0.1832 0.1870
R(Mo02-C4)/nm 0.2146 0.1915
R(Mo1-C5)/nm — 0.2062
R(Mo02-C5)/nm — 0.2062
R(Mo1-0O5a)/nm 0.2309 0.2132
R(Mo01-018a)/nm 0.2156 0.2421
R(Mo02-05b)/nm 0.2309 0.2132
R(M02-018b)/nm 0.2157 0.2421
R(Mo1-Al6a)/nm 0.3113 0.3135
R(Mo2-Al6b)/nm 0.3113 0.3135
R(Mo1-Mo2)/nm 0.2917 0.3856
R(C1-Hla)/nm 0.1120 0.1091
R(C1-H1b)/nm 0.1084 0.1096
R(C2-H2a)/nm 0.1102 0.1090
R(C2-H2b)/nm 0.1094 0.1100
C1-Mol1-C2/(°) 109.69 99.93
C3-Mo2-C4/(°) 91.60 99.93
Mo1-C5-Mo2/( °) — 138.40

7 A5 8 o A7 7 P Ff Mo—C , Mo 55 i 3 CH, 1
Mo-C £ K 2 0.183 3 nm, 5 #f it CH, 1) Mo-C K
“40.209 3 nm. Mo-O ## K 43 %l 3 0.230 9 F1 0.215 6
nm, Mo-Al 2 [i] i & >4 0.311 3 nm, iX 55 SC#k[10,21,
25,418 — 3.

0 0
\/O\ / \AI/

Si s
(@)

& 4 23 Mo,(CH,)4/ZSM-5 Il Mo,(CH,)s/ZSM-5
AR S M RO 1 NBO B L. % T Moa(CH,)s/
ZSM-5 H1, BEAS Mo Ji 1 5 o 5 CH,p BLSUBEE A IZE .
PIS Mo i Fill it o B 5 — A CHy JE & #. I A
Mo J5 7549 3 O 5 il i o BN o- 45T RiE. Wit
X HLF A AT B BT, R I Mo—C R B LT R 4 7
W, AN BB TE A R R R, U
Moy(CHy)s 74 & I TE B T 3550 7 8. I b A e 4k

R A R, A FIiE O R TS E T i
(T L.

%F T M0y(CH,)4/ZSM-5 #5144 A~ Mo il it
Mo=C XU 5 A sy CH, B AHE, H 5 W/ My i W
SETE % o B LT A BOR R B R A B S ik
HAE MoyCHy)y R R B AL » 8. 5
Mo(CH4)5/ZSM-5$§’Wi‘HU Mo Jit T~ LAl it o 8 Al o-

BT REEGE S TR L R P Mo 2 i)
EEdi—FjLLﬁ}hk Mo-Mo 4 J& B, H A% R T il L5 7 4.
23 EMHROCERBENBERAIZS FHES T

R IHIH T B0 M O AL rp S Sy R AR
AT, F R A] UL, SRS of Mo JiR 1 BT A IE LA LA
Je R C L Py R A far 248 LG RUBH AR R e ) 22
X L e 43 T D 1R H A, R A B A T
B R AR s N Ao e b ) H ORI C 43 il 30t 0 Pk
.0 Mo=C fJ C Fil Mo JiL .

C{z /CHZ C\H\z /CHZ
Mo M
\o/ € /[ -
\ /O\s./\ I/O\ /
(b)

4 Mo(CH2)4J/ZSM-5F1 Mo(CH,)s/ZSM-5 #& BU 5E 4% fa i B B 52 1E R
Fig. 4. Bonding characteristics of the active centers of Mo(CH,)4/ZSM-5 (a) and Mo(CH,)s/ZSM-5 (b) models.

F 3 FEEHROCREARSREFNRRES FBE AR
Table 3 The natural atomic charges (form NPA analysis) for active centers of various models and CH, molecule

Model Charge

Mo C1l Cc2 C3 018 05 Al C H
Mo(CHy,),/ZSM-5 1.0783 —-0.7260 —-0.6640 — -1.2491 -1.2521 2.0374 — —
Mo(CH,),CH3/ZSM-5 1.0033 -0.5719 —-0.5478 —0.9581 -1.1916 —1.2553 2.0395 — —
Mo(CH,),/ZSM-5 0.9761 —-0.6098 -0.5314 — -1.2580 -1.1703 1.9660 — —
Mo(CHy,)s/ZSM-5 0.8539 —-0.7268 —0.4693 — -1.1872 -1.2263 1.9648 — —
CH, — — — — — — — —-0.9302 0.2326
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T T s LB, A SC H NBO T 56 % A g
PE A S B4 1 REAT T LT A R T e BIE O
1. B NBO T 45 3 m] WL, ) T HUAH B, LUMO 3
4 C=Mo=C L5 z* B #iE. Mo(CH,),CH3/ZSM-5 1%
R HOMO = 22 /2 (1 Mo ) 4d,.yp J5 1 538 #4 1%
oo JUg — A ok X B 0 S s
Mo(CH,),CH3/ZSM-5 # #4 [f) HOMO /& Mo=C1 [#) =
3R Mo i 4d, A1 C 1 2p, R T UE 41 % 1T
H 422> 1 1) HOMO I LUMO #Li& 43 5l C-H It o
o™ B, LHUIE B8 42 %)k 0.118 1 —0.388 a.u., 55
Mo(CH,),/ZSM-5 £ 7L [ LUMO F1 HOMO L& g i)
#4394 0.303 F1 0.342 a.u.; 5 Mo(CHy),/ZSM-5 #5
B LUMO F1 HOMO (1) %18 RE #) 2 43 7l 24 0.295 Fil
0.302 a.u.. M4 iy 2k 43 1 Sl Bl A2 SOV K AR
1 RE B B B T I P A T Bl 2 . R, 7
Mo(CH,),/ZSM-5 Fl Mo(CH,),CH3/ZSM-5 # 74 rfr | i
Ft C—H B IE A S N K K A e/ BE 43 -1 1 HOMO Al
I L LUMO 2 i)

X TR P H OB, M0o(CH,) f/ ZSM-5 A5 77
) HOMO #& 1 Mo=C2 il Mo=C4 J¥ 1 [ 3L 8 7 i
41k, 117 Mo=C1 Fll Mo=C3 [ 3 5 z* $LiE 40 i e 1
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Fig. 5. Optimized adsorption structure of CH, on the 68T cluster
model of ZSM-5 zeolite.
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Table 4 Temperature corrected energy parameters of CH, on the active center models

Model AGeo/(kd/mol) AE/(kJ/mol)

0K 500 K 700 K 900 K 0K 500 K 700 K 900 K
Mo(CH,)./ZSM-5 —-26.35 55.36 82.63 108.55 112.23 185.62 214.74 242.82
Mo(CH,),CH3/ZSM-5 7131 163.90 196.33 227.99 197.95 277.53 310.38 342.73
Mo,(CH,)4/ZSM-5 24.47 117.08 149.71 181.56 140.12 220.65 254.66 288.06
Mo,(CH,)s/ZSM-5 36.26 145.59 184.23 222.13 104.17 188.78 221.28 252.08

AGr,: Reaction energy; AE,: Activation energy.
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Fig. 6. The structure of transition states for methane C—H bond activation on the active center of various models. TS1, TS2, TS3, and TS4 are the
transition states on Mo(CH,),/ZSM-5, Mo(CH;),CH3/ZSM-5, Mo(CH,)4/ZSM-5, and Mo(CH,)s/ZSM-5 models, respectively.
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