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Fig.1 (a) MAZ Structure model loading with tri-nuclear active sites; (h) Active site structure model of trinuclear copper containing Pd, Pt,

Au or Ag; (¢) Active site structure model of trinuclear copper containing Fe, Co or Ni
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1 [ Cu,MO, ]*(M= Pd, Pt, Fe, Co, Ni, Au, Ag)
Table 1 The key structural parameters of [ Cu,MO, 1**(M= Pd, P, Fe, Co, Ni, Au, Ag)

[ Cu,PdO; ]** [ Cu,PtO, 1 [ CuAu0; 1% [ Cu,AgO, 1™
d(Al-Al)/nm 0.765 0.766 0.768 0.768
£ Cul-01-M2 /° 105.4 104.6 107.0 107.8
£ M2-03-Cu3 /° 100.7 100.9 103.7 104.4
£ Cul-02-Cu3 /° 98.8 98.1 94.1 94.9
d(Cul-01)/nm 0.178 0.181 0.180 0.178
d(Cul-02) /nm 0.181 0.182 0.182 0.182
d(M2-01) /nm 0.188 0.187 0.194 0.195
d(M2-03) /nm 0.189 0.187 0.196 0.198
d(Cu3-02) /nm 0.178 0.179 0.179 0.178
d(Cu3-03) /nm 0.180 0.182 0.181 0.179
[ CuFeO, 1> [ CuCo0, J* [ Cu,NiO, J**
d(Al-Al) /nm 0.765 0.771 0.767
£ Cul-01-Cu2 /° 108.4 109.1 109.3
£ Cu2-03-M3 /° 106.7 109.4 107.5
£ Cul-02-M3 /° 90.2 83.6 97.7
d(Cul-01)/nm 0.176 0.178 0.177
d(Cul-02) /nm 0.190 0.195 0.182
d(Cu2-01) /nm 0.181 0.179 0.180
d(Cu2-03) /nm 0.188 0.183 0.183
d(M3-02) /nm 0.168 0.167 0.170
d(M3-03) /nm 0.170 0.170 0.172

Wi 2 s, XFEe 7 AP RLRITE BUBE E, oK

WS HARE T, DL Ag o4 55 BYE PR i REAH
X (O 0.44 eV ), HUCOHE Au Z545(0.39 eV ).
i [ Cuy05 1% IEEE N 0.50 eV, @ T-WH5e i
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ARG R, R BT e R
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Fig.2 The linear relationship between proton affinity (E,,) and

formation energy (E,) of [ Cu,MO, | **
(M= Pd, Pt, Fe, Co, Ni, Au, Ag)

22
WSS A S A AR, Al T
7 P =R A R TE AL 0 R A eSS, B VESTA
ATRAL U 3 R, 8T BEANE ELE AE
AIEF ATEREE , Hd [ CuAg0, 1> BITETEE A
e B e = ( 0.32), Au BBARE5H0 5 Ag BBIRE5H 1)
TEVES A e BEAH IR HRAIG , =& Y m TR B A
% Cu PO ATE A A IERE FE(0.06 ).
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90.76 lel F10.78 lel ), BIHIE M2 2 U5 1
A Cu JEFAS B Z G L ; Hkoh [ Cu,Pro, 17 1
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Fig.3 The atomic spin density of [ Cu,MO, ] **

(The blue and yellow region represent positive and negative spin densities, respectively, and the isosurface value is 2.7 x 10’ eV/nm")

Bader HLfif 55 Pd . AuiB 24545 R A 22800, Hy
0.69 lel. Ni#& 2 454 (5] 71, i M 4 02 1Y Bader HL
far 25 R de K, 4 0.66 lel. RIS FRATXT L T =48
TG O 37 15 1Y Bader HE faf B 5 42 & S AL P 14K O 119

Bader H1, faf {8, & B0 1% 7 O 17 5 4 Bader H, ff 8, BJI
[ Cu,MO, ]**(M=Pd, Pt, Ni, Au, Ag) FITEPESR N 02, 11
[ Cu,MO; | (M=Fe, Co) FyGPESE R 01,38/ T 42 )8
AALYIARRE O 1) Bader LML, HEPH T4 O HA B+



408 2 A N - (4
SfE S
2 [ Cu,MO, ]*(M= Pd, Pt, Fe, Co, Ni, Au, Ag)
Table 2 Bader charges of [ Cu,MO; 1% (M= Pd, Pt, Fe, Co, Ni, Au, Ag) active sites
[ Cu,PdO; ™ [ Cu,PtO; ]* [ Cu,Au0; 7 [ Cu,AgO, |

Cul /lel -1.04 -1.02 -0.99 -1.00
M2 /lel -0.93 -0.99 -1.02 -1.03
Cu3 /lel -1.07 -1.05 -1.05 -1.06
01 /lel 0.67 0.69 0.73 0.71
02 /lel 0.70 0.73 0.70 0.69
03 /lel 0.66 0.67 0.70 0.69

0 /lel 0.76 0.75 0.74 0.97

[ CuFeO, ] [ CuCo0, ] [ Cu,NiO, **

Cul /lel -0.95 -0.94 -1.01
Cu2 /lel -1.06 -1.11 -1.11
M3 /lel -1.35 -1.17 -1.05

01 /lel 0.76 0.78 0.76

02 /lel 0.71 0.65 0.66

03 /lel 0.77 0.73 0.72

O /lel 0.91 1.05 0.74

23 Cu-MAZ BB 5 48 B =A% E PR AL X IZ SO Y B O e Ak 1

% F Mahyuddin %[43] 1 Grundner %[26: Xof
MAZ 1 0 = R4 - s YA AL H e i S 4k
SN HLER , DLAnTE] 4 By 7 (o 4 AL A6 21 Sz L EE A

% DN

Reactant Radical
Complex Intermediate
M 2+ Product
[ CuMoO, ] Complex

\ [ Cu,MO, ]*+N,

[ Cu,MO, ]**+N,0

.

[ Cu,MO, ]*

Pl 4 55 54 i = A - SR PEDL [ Cu, MO, 17-MAZ AL
BEHR o FAEIR S FE Y SN A
Fig.4 The reaction path of hetero-metallic tri-nuclear Cu-oxo-

MAZ catalyzed methane partial oxidation to methanol
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[E{& RC. RI Fl PC 9454y , I3 i ik v A = 15 5]
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Au, Ag) AL BEER 34 A S FARE T 2K
FESS — 25 1 FE e I B e R e, % T P AL Y T
MR A — 255 . Hd [ Cu,PtO, J*-MAZ (¥
W B} it S B M A KA, A 0119 eV, i [ Cu,AuOy 1>~
[ CuAgO, 1**-MAZ 1) W Bl 4 {8 B /&, I &
218 =033 eV. fEN XTI, A& B4R i
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Fig.5 The potential energy diagrams of [ Cu,MO; ] **-MAZ (M=
Pd, Pt, Fe, Co, Ni, Au, Ag) catalyzed methane partial

oxidation to methanol
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Fig.6 BEP relationship in methane activation catalyzed by
[ Cu,MO, ]*-MAZ (M= Pd, Pt, Fe, Co, Ni, Au, Ag)
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3 N,0 [ Cu,MO, 1**(M= Pd, Pt, Fe,
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Table 3 The reaction energies of tri-nuclear | Cu,MO; ]

(M= Pd, Pt, Fe, Co, Ni, Au, Ag) oxidation by N,O

M E, /eV
Pd 0.34
Pt 0.33
Fe -0.37
Co -0.25
Ni -0.14
Au 0.42
Ag 0.46
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Fig.7 The relationship between OSD and of hetero-metallic

tri-nuclear active energy
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Hetero-metallic Cu-MAZ Catalyzed Methane Partial Oxidation:
A DFT Study

SONG Wei-yu, YANG Min, WANG Lin-zhe
( National Key Laboratory of Heavy Oil and China University of Petroleum ( Beijing ) , Beijing, 102249, China )

Abstract: The excellent methanol yield of methane partial oxidation catalyzed by Cu-MAZ zeolite were reported in
previous experimental studies, and the structures of its active site contained di-nuclear and tri-nuclear copper based
on experimental characterization. To further enhance the activity of partial oxidation, this study uses MAZ zeolite as
the carrier system for [ Cuy(p -0), ]** structure. Active structures are doped with Pd, Pt, Fe, Co, Ni, Au and Ag to
construct [ Cu,MO, ]** hetero-metallic active sites. Through Density Functional Theory (DFT) to study the effect of
different metals in the active sites on the energy changes and reaction activity of methane partial oxidation catalyzed
by Cu-zeolite, and the geometric and electronic structural properties of active sites, reaction intermediates, transition
states and other structures are analyzed. The descriptors are further obtained based on the above results. The
calculation results give the law between catalytic reaction activity and active site properties in the catalytic system.
Proton affinity is proved to be the most reliable descriptor of Cu-MAZ catalyzed methane partial oxidation.

Key words: methane partial oxidation; copper-exchanged zeolite; MAZ zeolite; hetero metals; descriptors



