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[ PdO4; Colussi 211 % 31 PdxCenOz [EVAMR T ) Pd-O REFE mfi ALTRIHY CHa AL 1
Mayemick 520U 4R DFT 11545 B 45 CHa 7E PdyCerxO2 [V A T L K13E L BEEL PDO
KIS, Horb A& PdeCerxO2 H11K) Pd Jy+4 4t i1 Pd-CeO2 & ft, CHa 1 S ST P H U (£r)
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2.1 BRABKKEHNEER

1 74 UB3LYP/SDD+TZVP /K-F- R AL #3 2] PdCeO42/PdCe,0¢%-X(S/T)BIFE i J L1
T RARAXS e . [1i% PACeO2 fE B HAS TAF(E AS)(WUTTH). B(S)(EH). C(S)(MU7tt)3
Rk, Ce(Pd)JR FEALE HA 4(2)~ 3(2)- 3(3), Ce(Pd)-O(T1)#: K% 192~194 (182~186)
pm, i Ce-O(B2)8 KAK R4 % (254, 222, 200 pm)if, Pd-O(B2)% Kkt K:(188, 191,
226 pm), AHXT R FFERE R MK TFEI(0, 6.2, 61.6 kd/mol); [F1#% PdCeOQs27E = A& FXAF
— LI A(T), H Ce(Pd) i FECAIECH 3(2), HKHES HES BS)MHT, HREERIK
(-78.9 kdimol). H1#% PdCe,O6? 7E L H A FAAE AS)(NTTHF). B(S) (WU TTH). C(S)(AY 7T
)3 MRy, W% (Cel, Ce2, Pd)IyHLLLETHI (4, 4, 3), (4, 3, 3), (3, 3, 4),
Ce(Pd)-O(T1)## K4 190~193(185) pm, Ce(Pd)-O(H3)# K4 236(203) pm, ifi Ce-O(B2) % K
IR (217, 203, 195 pm)i, Pd-O(B2)## K AKIKIE K (203, 209, 227 pm), FHXTR(FH]
fRBE R MK KT 51(0.0, 89.5, 120.4 kl/mol). [17% PdCe0¢% 7E = HZS FHAFAE 3 Py Ry, R
A(M(STEIR). B(MPUIEHR). C(T)(EH), Hf%E+(Cel, Ce2, Pd)ETHELALE 74, 4,
3), (4, 3, 2), (3, 3, 2), Ce(Pd)-O(T1)# K% 190 (188) pm, Ce(Pd)-O(H3)# K2 226(239)
pm(5 L E AR AS)ZEREEKR), 1 Ce-O(B2)# KA K N 226, 208, 232 pm, Pd-O(B2)#
KAKIN 199, 202, 188 pm, AHXTRLHIFERE R KX H-10.0, 56.3, 57.9 ki/mol.

PRIk, BRI K2 8 Ce(Pd)-O(B2)4i R (1 1), M Ce(Pd)-O(TL)8EKALAK; B2
2 3B R JE IO AL BN A% 1) ) LA (R 380 5 4 R AR BOR AR AL, T ISR R A e 1k
PEST, BIEREN Ce(Pd)f FRAIEIR/N(HEK). Ce(Pd)-O(B2)H: K 4 i (3 ) Mz i
Thsrs (A=A HARIORE RS H A SEI I ATEAE WL AL SC R, 1 7S TeHR s #)
[ 141 1% PdCe,Oe*-A(T) HE & AH X LMK, VU o ¥4 45 /) 1) PdCe206%-B(T) A1 JC ¥4 45 14 1)
PdCe06>-C(T)RER B m, HJ5 —FH AT, =H AR R 7 [ EAC R 208 K B e R
R R B N ) S5 AR L) 20 B B 24 AT D 22 S K, TS 2 ) e U e — B S AR A

[FIy, 7k —2 BN R, RATH MultiwfnBOREFP2: i) 1 4% B 7% 1) B JiE
HEFEEEEE 2), RSO RIRIEE, HOAERTE. 45878V RESEE
ERET BB AR A, Tk S ERBSORL, A ERZ 0 MTE Pd BT K
FAHSRA O Jir b e K 1M B EE, RI=EERI% L Pd. O J57 H iefi)&
I IEAE, BDFrH r T8 Alpha B2, & Pd. O JEBkiz, Py Alpha 5L~ 208k0 .
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Fig. 1 Optimized geometric structures (bond lengths in pm), relative energies (Gibbs free energy, kJ/mol) and
atomic spin population (shown in square brackets) of PdCe04%/PdCe206%-X(S/T) clusters

PdCeO,>-A(S)/Cs PdCe0,%-B(S)/C, PdCe0,>-C(S)/Cy PdCe0,2-A(T)/C;

PdCe,0¢>-C(S)/Cyp, PdCe,0¢>-B(S)/C;

S Pt ¢

PdCe,06>-A(T)/Cs PdCe,0¢”-B(T)/Cy PdCe,0¢”-C(T)/C,
P 2 Pd 2% CeO, [A1#% PACeO#2/PdCeaOe?-X(SIT) 1] [ Jite 2 i <5 {1 i P&
Fig. 2 Spin density isosurface map of PdCeO4%/PdCe206%-X(S/T) clusters
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1P 3 BT (K175 PACeOs2-X(S)ii ik ikt C-H (I Mifig s, ATLAE H, RN
BT I 4 (add) AR X T B4 (cluster+CHa) (T RE AR 25 R K, K 2 N IEAH 5/ ) Sl
(-1.4, -3.4 kd/mol), FHIINEh %S H e ] (M AR SS s 1 HodE— DR A BRI A C-H K
(0I5 AN B 22 A= P R B 1 R I DA S R SRS AT AR AR ] . [IF% PdCeOs2-A(S) |,
Ft C-H Wb AAEAE 1 S0 5 PA-O(B2)TEH B84, THLAELA (T PIRE =) N 78.3(-59.3)
kd/mol; [4#% PdCeO4*-B(S) t, H % C-H &1L A#1E Pd-O(T1).Pd-O(B2).Ce-O(T1)#1 Ce-O(B2)
LT 4 ZFER@EE, HiGLae2(- R E) 7 38 117.9(-110.5). 134.7(-34.2). 87.9(-9.3).
95.4(57.5) ki/mol, Hi —F AR T 5 =%, HJ Ce-O(T1) 1 Ce-O(B2) fii sifE %L
HF, AH Ce-O(TL)IL s FIF=IRE AR, FT/EI ErlE— b4, Hf% PdCeOs2-C(S) L,
Hit C-H i L tH7717E Pd-O(T1). Pd-O(B2). Ce-O(T1)Ml Ce-O(B2)hi i1 4 & AE &R, Hik
fLRE 22 (FAIRER) 7 N 75.2(-137.1). 132.0(-87.7). 66.2(-28.1). 76.4(-26.9) kJ/mol,
Pd-O(B2)Fi s fE g hE 2, HA =R (PA-O(T1). Ce-O(T1)AI Ce-O(B2)fr MSi1F i
FReLAZEAK, (A Pd-O(TL)AL s IR =P RE B B (-137.1 kd/mol), HkefEIL 5
RARE A, /e Ce-O(TL)HI Ce-O(B2)NL AiAb A IR BE B A I J LA AR A1 o

2E BRI, IRARRAR S W R AEAE PACeO4>-A(S)H Pd-O(B2). PdCeO.>-B(S)f] Ce-O(T1)
Fi1 PACeO4>-C(S)f) PA-O(T1)AZ 1. 1fi PdCeO4s2-A(S)H! PACeOs2-C(S) It hE 22 HHNT A I
(78.3, 75.2 ki/mol), ‘EAIFEH — NI, MiEiLEe 2 X =R PdCeO.-B(S)(87.9
KImol) W IR & He . FITLA,  EHFRMI s R 2 %t F e C-H G RE 2277 AR I

[FI, 78 H B C-H ki i, L PdCeO.>-C(S)f Pd-O(T1)f7 & Mfl, Pd-C %, O-H
B 45K (488, 243, 206 pm; 198, 155, 96 pm), I C-H f#5eE K5 4i%E (111, 121, 107 pm).

FTbL, HRBEEALRIIE A Ce(Pd), O, H, C PUrLagif( 4a).

H#% PdCeOs>-A(T)5 PdCe0s2-B(S)—Hf, ¥ N LK. NE 3 i LLESR], Bli%
PdCe042-A(T) 5 Hike e Wi F77E Ce-O(T1) M Ce-O(B2)r 14 2 £ AE KA. INEImIfe &y
NIEfE (3.3, 4.5 kd/mol), BRI 5 [ 8] A BAE 85 . L C-H i%{bAE22(82.5, 92.5
kd/mol)-5 PdCeO4>-B(S) A% AH BiAr i _FAHZEANK(87.9, 95.4 kd/mol), {H & H =¥ ft £:(129.4,
285.8 ki/mol)iz /& T PdCe042-B(S)[A#%(-9.3, 57.5 kd/mol). #FIINA, FHEEFE PdCeO42-A(T)
7% B AT IR FE R AL o

)i, ZEASREEE C-H B, LL Ce-O(TL)NL S A, C-H #iz#ig £ (110,
145, 108 pm), H-O HBEZWi4i%H (212, 125, 96 pm). it FHMEE ML (K 4b), Rt
FEM A (bRid N PCYEAL A FE-H(FR 124 P) Al CHs.
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Fig. 3 Potential energy surface (kJ/mol, the energy of clusters+CHys is 0) and optimized geometries (bond
lengths in pm) of the product (P), product complex (PC), adduct (add) and transition state (TS) of CH4 activation at

PdCeO4#-X(S/T) clusters

P 4 B EE 2 5 = HAS R ARE A e I S O S A s
Fig. 4 A diagram of the structures of transition states of methane C-H activation at the clusters for both the
singlet (a) and the triplet (b) states

2.2.2 PdCe,O¢* Hl#E L HJ5%E C-H BTG4
1 &l 5~7 AJ %0, S TE 5% PdCe06>-X(S) ik, Hhn& i fe &1~ 1IEE (2.9~23.9

kd/mol), ¢ B FHI#% 5 e 8] A 1 AR SRR 85« % T W GeE 7% L TS AL BE 2240 7= M) e i



& B %6, C-H 7E % PdCe,06>-A(S) LG LI £77E Pd-O(B2).Ce-O(T1).Ce-O(B2). Ce-O(B2")
M Ce-OH3)z i 5 sFAEHIERAE, HIGILREL (P YIREE) 770y 63.1(-99.5), 105.7(45.0),
93.1(42.1), 93.4(48.4), 117.9(89.4) ki/mol, El Pd-O(B2)fiiktk C-H Rt/ H 5. HfE
PdCe,06>-B(S) L, Hi%E C-H iEILTELE Ce-O(T1)F1 Ce-O(B2)N7 14 2 A A%, HakibhE&
(P YIBEE) 4 A 78.5(-12.5) 1 83.3(-24.4) ki/mol, 7] LI i, Ce-O(T1)iH{LAEL L Ce-O(B2)
PLHEA, {H /& Ce-O(B)BLIN ™ IRE AR, A 5 (et et — 544k . B PdCe,06>-C(S)
b, FgE C-H iEAELE Pd-O(T1). Ce-O(T1)Fl Ce-O(B2)fii s 3 &AEM&E, H C-H gk
e 22 (P IRER) 70 7 82.1(-139.5), 100.8(9.3), 82.1(5.6) ki/mol, firLL, Pd-O(T1)f7 55 | C-H
TR 2 AP YIRE BB, AU PR e ik, 1 B e B 5 R AR IR A

H_ R BEEE T AT AL, R RERAE K AEAE PdCe062-A(S)H Pd-O(B2). PdCe,0¢>-B(S)
] Ce-O(T1)Fl PdCe,0e*-C(S)i Pd-O(TL)AL s, HH PdCe0e*-A(S)IiE 1k HE 22 fx % (63.1
ki/mol), B H EH/STTIR, ThIEABE 22 A X EUE 1) PdCe2062-B(S) 1 PdCe206%-C(S)
(78.5, 82.1 kI/mol) U AWMU seFA R AL, BRIk, Hike C-H yEfb R 22 b R 50T 57, 7570
gL B C-H B8 J758 T TU TR

BEAh, HILEHE PdCeaO6?-X(S) Lid A AR SR AR PU rh-Coin B EE . 11, 7E PdCez062-A(S)
i Pd-O(B2)f7 i |, O-H #4545 (136, 96 pm), Pd-C il C-H f e 1K J5 45446 (228/233, 235,
215 pm #1111, 133, 107 pm).

MEJEL EE KR, C-H IR E M2 . 5 PdCe06>-A(S)HH [,
PdCe,0¢>-A(T) B R IE AL H e, (KIRAFTE 5 KN ERE, HIN&YI6EE(-23.8~8.7 ki/mol)
ik T PdCex06-A(S) 1 % (2.9~23.9 kJ/mol), {HZ X} R C-H JHLEEL =R &) N
103.8~116.5 kJ/mol(43.4~78.3 kd/mol), =T PdCe,06%-A(S) A% L AN AL & LI fE EAE, RN
—EABIREA L C-H B 55 TR EAR%E. Hf% PdCe06>-B(T) I, f77E Ce-O(T1)
H1 Ce-O(B2)fr i 2 SFAEHERAT, LR BEIEI NS Y Re & (-52.7, -53.0 kd/mol). &{LAE
£2(40.8, 38.4 kKImo) A=) A WREE(-57.8, -51.4 kI/mol) A% T F 8 2 [ s A N A7 1) B

, B R AT Y)RE R (96.0, 137.0 ki/mol)im T+ PdCe,06%-B(S) % . X AIfE S BIFE M H

e

LA %, AT HAb =R, PdCe06®-B(T) % 5 Pd AHAB MR T-5A H i
AT, SRR T E AT EEU LT 0, YumuralBH R B E e EE 23 A AN R AT AR
A R T 2 [ A BAE A . FRATIE A Multiwfn T2 7@ g LOBA J7ikit 5 7 AR 1%

=



ERRFRAAS, KIEE PACe06%-B(T) L1 Pd [R5 A+1 ., 5 Pd HIARHISHA 1L
i A-1, Ce MMEARAR FALA N A3 +4 F-2, T AL LA Pd. Ce. O BT
WENEIN+2. +4. 2. Flf%E PdCe06*-B(T) Pd Al O 7L &M AL I, FHCHIEILH
Kt C-H MRE2 MM, HSCHRISH R B, B& )88 T A MBI, 8 )+ H B s L.

PdCe,062-C(T) 1% L W7 1E Ce-O(T1)M1 Ce-O(B2)fi7 sl 2 25 EHER 1%, L H beid bt i)
& YraeE(19.5, 84.9 ki/mol). JEALAEZ(167.1, 164.5 ki/mol). F=¥IE &¥RE=(69.3, 63.0
kd/mol) F1 =4 ke &:(92.5, 79.7 ki/mol)¥) = THREASME, EI PdCe06>-C(T)HI %L 3 F ke
C-H #E— DAL IRE I8

5 PdCeQ4>-X(T)Hlf%E —Ff, PdCe06*-X(T)H#%EEAL C-H I LI IE MR . Fl4n,
{E PdCe;06>-B(T) /% Ce-O(T1)fi %, H-O HZWiAiHL(225, 120, 96 pm), C-H K5
#i%9(110, 150, 108 pm). A H)oisi ey CHs MHA%E-H.

i LpTk, BATN AL L, BESPREL C-H MR R T =HAR%. ALl x
TRESPEN S, MAERBERER, FEE Rk 58 PdCe0s>-C(S) L Pd-O(T1).
PdCe;06>-A(S) I Pd-O(B2)fiL 15, ThfLAEL2 1 75.2 A% F] 63.1 kd/mol, #EALH e C-H [
B F7 B A KT B 3, AR e C-H IIRE SN : ANaEk SIUGH >R, i
H, R PIEEARIE K A AE B %R Pd-O fi7 5%, #fi, Pd-O A7 sii&Ef C-H [FEEJI5% T Ce-O
(VRS

Pd #7% CeO, RIRIFHAL I bE (40 AT R B H B R R, W% PdCeO>-C(S)IH
Ce-O(T1)AI Ce-O(B2)fiz i | C-H iHfkEe 2253 66.2, 76.4 k/mol, Bl¥mfr 2 E 7 0%
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2.3 BIfExTH T C-H W\ RIfEF b

2.3.1 RILRENE ST
F LA T RS R BRI AT L YUERE R . SCEREIR B, [HOMO-LUMO)| (the highest

occupied molecular orbital, HOMO; the lowest unoccupied molecular orbital, LUMO)#E & [&] B
{EBOR B R 20 T MRS E Phll e, 78 2% S A 1) s B A . [T7% PACeO42-A(S)
PdCe04%-B(S)-PdCe0.*-C(S)|[HOMO-LUMOJ{E 435I 2.23,2.02,1.50 eV, i PdCe04%-C(S)
BOE e, W REI SR, SR, B B G ORI, BRI R AR, e,

PdCeO>-A(T)f¥) SOMO (singly occupied molecular orbital) {/LiE B8 & (5.21 eV) & &, 5 H LR



ATERBE BB AR 50K, B S WA R AE T3, R, MR4E PdCe:06>-X(S) 1% 1
[HOMO-LUMOE I 41, Hf#% PdCe,06%-B(S)if iy 1M H., Fo s 2% [ % ) 3k P 3 i vy
—ER, 5 A RMREEES TR E

77, & 1 A&, B2 F#% PdCe0s>-X(S)H PdCe,06%-X(S) ) HOMO AE&:(2.59,
2.80, 3.70, 2.01, 2.70, 2.31eV)5H%E LUMO BEE(1.31 eV)E(H 207N 1.28, 1.49, 2.39,
0.70, 1.39, 1.00eV; Tfi#&4 A% LUMO fE&(4.82, 4.82, 5.20, 4.33, 3.93, 4.65eV)5
Fl ke HOMO fE&:(-10.78 eV)Z1{H 4354 15.60, 15.60, 1598, 15.11, 14.71, 15.43 eV,
I, FREEAHIT IR, 2% H1% HOMO 5 Hike LUMO 1 ARSI, B 5~y A% 1) HY
BECERZINRR) . FIFE, % PdCeO42-X(T) il PdCe,06?-X(T) ) SOMO fit f(5.21, 4.28, 4.22,

3.42 eV) 5 H Bt LUMO fE&(1.31 eV)HIT, HLF HI %37 A e

# 1 [##% PdCeO04*/PdCe2062-X(S/T) I CHa HIRT£EHIIE AE B (eV)
Tab. 1 The frontier orbital energies of PdCeO4?/PdCe206%-X(S/T) clusters and CHa (eV)

1% HOMO/SOMO  LUMO/SOMO  |[HOMO-LUMO
PdCe04>-A(S) 2.59 4.82 2.23
PdCe042-B(S) 2.80 4.82 2.02
PdCe042-C(S) 3.70 5.20 1.50
PdCe206>-A(S) 2.01 433 2.32
PdCe206>-B(S) 2.31 4.65 2.34
PdCe>06*-C(S) 2.70 3.93 1.23
PdCe042-A(T) 5.21 5.21 -
PdCe206>-A(T) 4.28 4.28 -
PdCe206>-B(T) 4.22 4.22 -
PdCe206>-C(T) 3.42 3.42 -

CHa -10.78 1.31 12.09

2.3.2 BT ARSHT
NT D TR C-H 7E Pd-Ce-O Bl LiSLIA TR, #r TidiES TS HhHEIE.

CHa ). 5 CHafE IR Ce(Pd)Fl O 17 siff) NBO HLfif 43 4% o
VA% PACeOa*-A(S) NI 73 it e id A i A2 b oL i i) o R 2wl s b [417%
R HaAuf 4-1.861 e, AHXS T RBIHTATHLAT (-2 €), FIFRRE 2k 408 0.139 e, T it i
A CHa T4 HiLAT 9 0.139 e, Ui B R 72 HY IR IR) CHa, 5 IR B AT ZLBIE 73 M BT {5 L
A KT ER T Im AR — 3. [FIREh, E=EARE LA ER — B TG,
SR, 5 2% A1 - H e (W) v FEL G e RS B 5 R e C-H TS AL IO HE 5 0 0 AN — SE AR ENRAS



Fo HIF 3 14N, PdCe206%-A(S)H Ce-O fir siE b Hike C-H 1) T1, B2, B2, H3 &4, TS
Hh [ 7% FE A ) ) P i 2 RS {40 31l /2 0.260, 0.255, 0.248, 0.244 e, X RiffH4E C-H i fhiE
2437179 105.7, 93.1, 93.4, 117.9 ki/mol, HLfif#H% 5 K (0.260 )/ T1 421 C-H JE{LAE
£(105.7 kJ/mol) &1 HF AR M A% 1% B1#5 10 PA-OB2)fr Ak &4, TS v I #%E- H ke [a] (1 v fif
FERLAEIR/1N0.044 €), FuFRLFIH Gt C-H 75 1Ak 22 (63.1 ka/mol) £ Lt i% A% (11 Fofh i 2 B
B2, R EHRERIEAALS Ce(Pd) 1 O XJ¥dfk C-H [52m, wILUKIN, Ce(Pd)fr i
FLAT IE (B D, 5 O A7 £ FEART SRR K, FBE C-H AL AR 228K . an[A17% PdCez062-A(S)
) Pd-O(B2)fr sifE &, H Pd A7 s i) FfRr IEAEL /N T~ HoAthog A%, i F e C-H W&k B B fg
A BTEL, BFERPE R AL SO0 e C-H BNEA A BRI R2 I, H#% O A m i) Fies 78
K, BX Ce A7 sy HLfr IE{E BRI, HUEALHBE C-H 1 RE /78R o

& 2 P1f% PACeOs2-X(SIT)IEW F L Tt id i ds TS llfE. CHa A, 5 CHafERIIY Ce(Pd)FN O fi7 s IH
NBO Hi1af 73 fii
Tab. 2 The NBO charge population analysis upon the clusters and CHs species in TS and the Ce(Pd) and O

sites interacted with CHa at the PdCeQ4>-X(S/T) clusters.

gle
1% C-H iHbikiz _ _ _
Ce/Pd (B15%) O (H17%) H#% (TS)  CHa4(TS)
PdCe0s2-A(S) I (B2, Pd) 0.401 -1.119 -1.861 -0.139
[ (T1, Ce) 2.465 -1.313 -1.739 -0.261
11 (B2, Ce) 2.465 -1.283 -1.751 -0.249
PdCe04>-B(S)
[TI(T1, Pd) 0.376 -0.932 -1.878 -0.122
IV(B2, Pd) 0.376 -1.283 -1.878 -0.122
[ (T1, Ce) 2.329 -1.308 -1.727 -0.273
11 (B2, Ce) 2.329 -1.292 -1.742 -0.258
PdCe04>-C(S)
[11(T1, Pd) 0.573 -1.059 -1.913 -0.087
IV(B2, Pd) 0.573 -1.292 -1.918 -0.082
[ (T1, Ce) 1.722 -1.053 -1.787 -0.213
PdCe04>-A(T)
11 (B2, Ce) 1.690 -1.047 -1.814 -0.186

& 3 [#% PdCe206%-X(SIT)iGAL B T I IE A TS HHf%. CHaWIFh. 5 CHaERI 1 Ce(Pd)F1 O £ 551
NBO Hifaf 43 4fi

Tab. 3 The NBO charge population analysis upon the clusters and CH4 species in TS and the Ce(Pd) and O sites



interacted with CHa4 at the clusters PdCe20s>-X(S/T)clusters.

Eil73 C-H iELi%E _ v _
Ce/Pd (H17%) O (HI#%)  HI#% (TS)  CH4(TS)
T (T, Ce) 2517 -1.264 -1.740 -0.260
11 (B2, Ce) 2517 -1.283 -1.745 -0.255
PdCe;02-A(S)  III(B2’, Ce) 2.517 -1.468 -1.752 -0.248
IV(H3, Ce) 2.517 -1.216 -1.756 -0.244
V (B2, Pd) 0.746 -1.283 -1.956 -0.044
T (TL, Ce) 2.341 -1.281 1,732 -0.268
PdCe:0c*-B(S)  1;(gp, ce) 2.341 -1.221 -1.751 -0.249
T (T1, Ce) 2.386 -1.242 -1.735 -0.265
PdCe:02-C(s)  11(B2 Ce) 2.386 -1.423 -1.745 -0.255
TT(T1, Pd) 0.628 -1.007 -1.944 0.056
T(TL, Ce) 1.659 -0.967 -1.806 -0.194
11(B2, Ce) 1.644 -1.031 -1.846 -0.154
PdCe:02-A(T)  II(B2’, Ce) 1.648 -1.094 -1.832 -0.168
IV(H3, Ce) 1.644 -1.031 -1.847 -0.1533
V (B2, Pd) 0.472 -0.961 -1.896 -0.104
1 (TL, Ce) 1.666 -0.966 -1.795 -0.205
PdCe20"-B(T) 1 g2, ce) 1.654 -0.959 -1.831 -0.169
T (T, Ce) 1.656 -1.022 -1.798 -0.202
PdCe206"-C(T) (B2, Ce) 1.560 -0.972 -1.825 -0.175

34 #

AT % PdCeO4/PACe206%-X (SIT) I £ H I HAS Hi e C-H i A AT AT 1 TH S
i SiRRY]: [eL E X HBEINSS H R RE R A R0 . PACeOs>-X(S)H PdCez06*-X(S)
BAPE=FIREELEH); T PACeOs2-X(T)MI PdCe,06%-X(T) & A77E —Fh Al =FifsE i, H
A A BREIE AL H e C-H IMRE /i R T =3, P s st R EE PdCe06%-A(S)
f¥] Pd-O(B2)fiz x%, HE C-H ¥ L REZ2 (X 63.1 kd/mol. H 25 25 [A1 3 A FR ey S 78 DY o
DAL T = 5 A A A R T U PR LR . e 5h, B A AT U B R
Pd $57% CeO, HBRVE L5t C-H IN HL-F o AR 1A Y A o
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Density Functional Theory Study on the
C—H Bond Activation of Methane by Pd
Doped CeO;

LI Qiangian, CHEN Rongfang, XIA Wensheng*, WAN Huilin
(College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, China)
Abstract: The importance of the close interaction between Pd and CeO; has been stressed for
many oxidation reactions, while the nature of the active sites in Pd-CeO, remains to be identified.
In this work, we employed the density functional theory (DFT) method to investigate the
activation of C-H of CH,4 and its mechanism at the PdCeQ4%/PdCe,0Q6*-X(S/T) clusters at the

UB3LYP/SDD+TZVP level. The results show that Pd doping enhances the ability of CeO; to



activate methane. Generally, the singlet clusters are superior to triplet clusters in activating C-H,
and the configuration has a great influence on the reaction energy barriers. On the singlet clusters,
the transition states consist of Ce(Pd), O, H, C atoms, following the four-center addition
mechanism. The optimal energy barrier is 63.1 kJ/mol, which occurs on the Pd-O(B2) of
PdCe,06%-A(S) cluster. The transition state of the triplet clusters is composed of C, O, and H
atoms, which is consistent with the hydrogen removal mechanism. What's more, the charge
population and frontier orbit analysis indicate that electrons flow from the cluster to methane
when the C-H of methane is activated on the PdCeQ4?/PdCe,0s>-X(S/T) clusters.

Keywords: Pd-CeO2; methane; density functional theory; mechanism





