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B IR /176 Fe(211) 216 R BB LB 254
(a) V_topl; (b) H_s1; (¢) H_s2 F1(d) H_s3
(€ SRR W/ SRE T SEAN R - WS T
Fig.1 Optimized structures of guaiacol molecule adsorption on
the Fe(211) surface
(a) V_topl; (h) H_s1; (¢) H_s2 and (d) H_s3
(Purple = Iron, Gray = Carbon, Red = Oxygen, White = Hydrogen)

1 AEIAREE Fe(211) RE LK MEE(E,,)
FXELEMSH
Table 1 Adsorption energies (£,,) and key structure parameters

for guaiacol adsorption on the Fe(211) surface

Structure E,./eV e O g e
V_top -0.38 0.196 -
H_sl -0.45 - 0.186
H_s2 -0.67 - 0.202
H_s3 —-0.65 - 0.215
Note: di_qupec-Average distance between oxygen atom
of guaiacol and catalyst surface; d,;, upc.-Average

distance between benzene ring of guaiacol and catalyst

surface.
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2 ks W A AT B AR 7 Fe(211) KA1 L 1 HME A PN U R I S R A6 25 (IS,
TP (TS), RS (FS) By L4 8

Fig.2 Optimized configurations of initial (IS), transition (TS) and final states (FS) associated with the direct demethoxylation pathway of

guaiacol conversion to phenol started with the most stable horizontal adsorption configuration on the Fe(211) surface

L 0.86 eV. WK 3(a) frs, MWALAIA S 573+
Ji 25 5 CH, W R CH,O0H ™ [A]1A BE 4y 6 105 i 25
7 B AH L B, CH,O0H Hh [l A i F 43 - AN 71
I A — e PSS AT . TERE S A TR, W in—
A H AR A B CHy RS T IR B . %45
BTG ILAE 22N 1.02 eV, [V AEN 0.70 eV. K455
(&R 1 v ] P it — 2 R BE P e Ao 2R
i3 (C,H,00H — C,H,0'+OH", C;H,0'+H — C,H,0H")
B R IR (S), S PEA(TS) AR AR (FS) AR
g anE 3(b) s . SRR W C, — O HiE gl iG 1L 3T
KA WiSE T R B e T 1 %) CoH0” Hh [l 4 iz

3 fehe s WA BRI B 7E Fe(211) AT 1A (a) Jid FBEFE N S0 A IS8R B LA K

TR B, L OH W Fh . SR )5, AR FMH) R
B A B OH FE HEA TN Y . H 5 CH0
R ZE S IE = R B . AR I R P A
B Cy,— OB FE 4 0.177 nm, I H 1T 25 B 2405 ) 2
H—1~479.66 cm™ [ AR ST . ABIK I i ¥R L
B2z 0 1.45 eV, LIV HEN -0.62 eV. J54ECH,0
[ A S A A I i 22 7 i) 0.82 eV I I W B 42, J2
RERINO0.11 e V. 3 EL R A AT (V_top) ELHE
L0 B N e 22 ik 1.85 eV, AHXT T 7K ST Ff g 754
TEBh 12 BB

ABIARB AL RIS 3 Ffal RERV B% A2 2 EAZ

(b) SR — P I 2 A P A ORI R IR A (1S) SIS (TS), S35 (FS) BRI 254

Fig.3 Optimized configurations of initial (IS), transition (TS) and final (FS) states associated with (a) demethoxylation of guaiacol followed

by hydrogenation to produce catechol and (b) dehydroxylation of catechol followed by hydrogenation to produced phenol started with the

most stable horizontal adsorption configuration on the Fe (211) surface

o hk P AR RO R L R T A RRE B0 R R
153 7K Y- Wl B F B BF 5 e B vz 2B 3R (CoH,OCH;-

OH" — C4H,0CH, +OH",C,H,0CH,"+H" — C,H,0-
CHy). B4, 7KF-W B i G AR B €, — OH ST
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4 dmedc e WA A B AR B 7 Fe(211) FRIHT L FLHMERE BN U AR 1A Bk S R AR 25 (IS,

RS (TS), RS (FS) M LAY
Fig.4 Optimized configurations of initial (IS), transition (TS) and final (FS) states associated with direct dehydroxylation of guaiacol

followed by hydrogenation to produce anisole started with the most stable horizontal adsorption configuration on the Fe(211) surface
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(7)CH,0CH,(g)+OH +H
(8)C,H,0CH,(g)+H,0"
9)C,H,0CH,(g)+H,0(g)

K5 Fe(211) FMHT_E @ IAB B 4205 A SR AR, 50 P 5 P S p T8 A 9y LA B s P S A Y T 7 ) RE R ]

Fig.5 Energy diagrams for guaiacol demethoxylation followed by hydrogenation to produce phenol, demethylation followed by

hydrogenation to produce catechol, and dehydroxylation followed by hydrogenation to produce anisole on the Fe(211) surface
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2.2 RIEIRERTE Fe(211)-1Pd R _E AR B ANGEIL BRR
TS T A AR 7E 5 Pd Ji - HUR T Fe
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PEAIE PR e B A S )
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M P PAEFBZE Fe(211) Kl LI, =4
[ 22 AW BRHASE 57, 25T R A B A 9y 1) 2 g oA 75
WK 6 it . RN Fe(211)-1Pd 2 1 (7 B LA
K -OH H AR XT38 4% Pd J5 7 19 057 8 25 S BOR [F]
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R &85 480 HH 114 € — HBEARE G 28 RS- T s e, 2%
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&6 BRI F1E Fe(211)-1Pd Ff_L A BE A 454
(a) V_topl; (b) V_top2; (¢)H_s1;(d) H_s2; (e) H_s3 F(f) H_s4
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Fig.6 Optimized structures of guaiacol molecule adsorption on the Fe(211)-1Pd surface
(a) V_topl; (b) V_top2; (¢) H_s1; (d) H_s2; (e) H_s3 and (f) H_s4
(Purple = Iron, Blue = Palladium, Gray = Carbon, Red = Oxygen, White = Hydrogen)

&2 AEIAREE Fe(211)-1Pd RTE YR BE(Z, )
MXBLENSH
Table 2 Adsorption energies (E,,;,) and key structure parameters

for guaiacol adsorption on the Fe(211) -1Pd surface

Structure E g /eV Aosee M g e AN
V_topl -0.21 0.198 -
V_top2 -0.34 0.201 -

H_sl -0.58 - 0.225
H_s2 -0.63 - 0.185
H_s3 -0.67 - 0215
H_s4 -0.70 - 0.176
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Pl RIS & B R4S A e 2. K24
WG BFFRESS R HT, 24 -OCH, R I B 5241 Pd Ji 1
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{14 5% B &5 A4 2 H_s4 (R 6(F) ), H:IZ B RE A -0.70 eV,
W% = T Fe(211) I (19 -0.67 eV. 2K 5 Fe(211)-1Pd

R Z G FEES 4 0.176 nm, HLTE Fe(211) FA53f1)
FEE5/N0.026 nm. 7E Fe(211) 1 4224 Pd X} Az A
AR 53 (IR B AR PESZ 371N (< 0.05 e V).
2.2.2 FAIAETE Fe(211)-1Pd R _ 4 i &0 2%
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RGEHEIE T AAIARBAE Fe(21D-1Pd 1 I 1 Jin
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22, IR T AL Y RN LR

HG, T AAIAREAE Fe (211)-1Pd R 1)
Teha B WA BI (I 6 (£), H_s4 ), WF58 T A
AW E I AL RN A . 7 Ca) 45 T A ok
W3 SN iR AR IR S (1S ), i AR (TS ) FlR & 45
(FS) Wtk 2ty . K B @ 6 AR i C,, — OCH,
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(a)

(b)

K7 BRI ARBTE Fe(211)-1Pd i b B AR RIS AR R 8 SO AS (1S) S PR (TS), Z35(FS) i (L4t
(a) 2T FR g BT B 5 (b) 26T P SR 5 P 5 1) W B 7

Fig.7 Optimized configurations of initial (IS), transition (TS) and final states (FS) associated with the direct demethoxylation of guaiacol

followed hy hydrogenation to phenol on Fe(211)-1Pd (a) based on the most stable adsorption position;

(b) based on the adsorption site of methoxy group close to Pd

nm, HE £ K211 eV, IV fig A -1.39 eV. 4 B Y
CoHLOH Hh i) 44 i &0 A B i 75 22 5 i 0.72 eV 1Y)
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I, NHET -OCH, JE A 5 38 Pd J - 19 78 A1 R 5 1%
B 2548 (1 6(e), H_s3), BFFE T A A M it F 4k 1
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1 P A (TS) AR A A (FS) Ak 45 48 a1 7(b) fr
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eVIIAES , W AEN -0.11 eV. AILIE T, AEIAE
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L R A T, XL HDO 2 M R A — R 5
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FERF ST AL BB 7E Fe (211 )-1Pd T LAY B
FEI PR S B AR I, 558 T KW B A B A
BRI B 25 ( H_s4 FITH_s3 ). LA & W ffF( H_
s4 ) -OCH, KLPASEUT Pd (9WE B 5 ( Hos4 ) TFEG
FE Fe (211 )-1Pd 17 b @A A Wy 4% A0 Ry 4828 —
() L H SR A2 90 SR IRAS (1S ), P (TS )

FERACFS) Mkt aniEl 8 (a) #18 (b) BT
N RONHLEE S 4R Fe (211) Fm FARR] . 242
IO ) U A5 e A R W B () A A Iy s, S L
1 1.60 eV, N BEH -0.71 eV. JELLmE B e
2259 1.98 eV, e 1.36 eV. 2 ATRIA BBl
1€ -OCH, LA FEIT Pd (1AW B 1 I % A= i B
TR IERE 22 K 1.55 eV, SUWAE N —0.04 eV.
ST A O — CH, ST 2407 10 (1) JE PR 2 45
47813 em™. BiJE CoH,OOH" H [ fA 2k 25 i &
TE AR IR R 1.06 eV, JZ W EEL N 1.27 eV. |F]
FE, B4 Pd B8 -OCH, B R, fid B 386 2 1 fig
2% . 5 Fe (211) #HH , Pd B 24380 T @Al K
1y HDO Jiz 7 B 38 25 B (i R 3 A 1 CHLO0H ) 1Y
fefe , LUKBEERINERES . LA R ek
e TR FE AL R L TN AU R B, X BANAE
It PR 5L LA (34 -OCH, JE AT SE I Pd A8 R
ZELMR N . R IR AR IS ), s (TS ) 1
BAE(FS) AL ZEA I 8c Fis . ITE I AY4R
KR EERE 2N 2.09 eV, RN RE N —0.75 eV.
CoH,OH" H [R] {2k 25 i &0 A Bl i 75 22 5 iR 0.74
eV [REZ: |, IV RE N —0.34 eV. 55T Fe (211 )-1Pd
T AR W R A B A e &, AR
IR P 2R M I PN U R I 1 R N B AR AR B0
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8 AR ARMTE Fe(211)-1Pd F T -4 0 HH I P 0 A AR — 8 S AT 0K — I — U Al A iR 3 S ) 25 (1S),
TP (TS), A28 (FS) B L4
(a) HE T e Ro i B AL s (b) BT HSEUBEHE 28 P AT (BT : (o) &I — 5t FR R P 02 1A
Fig.8 Optimized configurations of initial (IS), transition (TS) and final states (FS) associated with the direct demethoxylation of guaiacol
followed by hydrogenation to produce catechol and dehydroxylation of catechol to produce phenol on Fe(211)-1Pd
(a) based on the most stable adsorption position; (b) based on the adsorption site of methoxy group close to Pd; (¢) dehydroxylation of

catechol followed by hydrogenation to produce phenol

HRAE 2.1.2 15 Fe (211) R BRTFESER , & AR NLAE S5 —0.27 1 0.54 eV. 5 Fe (211) %
BIARE IR N AR A e . ik, X 1 AT RE S R A, Pd 824 3 B0 A0 A B i 5%
{XUHETF -OCH, S 553 Pd K IR @GR By J82E Ak CHLOCH, RIEARIRE22HE N T 0.26 eV, Kl
FFE T Fe (211)-1Pd Tl FHE MBI NG 5 CH,OCH, FRE A ok ik RE 2258 1 0.10
PE, GnE 9 R . IR IEALIRRERR R 1.74 eV, Bl )5
T A R R i 2 R B 22 R 0.94 e V. 3 A 25 B

(519 HAEUAERE B P BT W KT AL S A BB AR TE Fe(211)-1Pd ZRIAT_F L H B R BN A O P it S W 9 285.(IS)
HHEZR(TS), &3 (FS) Ry R 451
Fig.9 Optimized configurations of initial (IS), transition (TS) and final (FS) states associated with direct dehydroxylation of guaiacol

followed by hydrogenation to produce anisole started with the adsorption site of methoxy group close to Pd on the Fe(211)-1Pd surface
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FL 0 A0 PR AR, K s i i A0 5 2 1T AH DG Rh
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K AR TR RE 22 705 1.40 F10.97 eV (5 —
TN 7E Fe(211)-1Pd 43514 1.62 #11.55
eV. R, ATBIARE Y HDO SN 7E 842 8 Fe(211) 3
[fl F1 Fe(211)-1Pd XL 4x J& FR 11 1344 Az BUAR R 1
BEG E, Hak BT . 5 Fe(211) M,
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%3 Fe(211) 0 Fe(211)-1Pd R L BB ARES 45 AR A KB KBS, SRR B,
AR SR B IR A B R R L BE (), TG RE 2 (E,,) FI B SR X B LS

Table 3 Reaction energy (E,,,), activation barrier (E,,,) and key structural parameters of transition states associated with guaiacol

respectively transformation to phenol, anisole, catechol, and catechol transformation to phenol on Fe(211) and Fe(211)-1Pd

E,./[eV E./eV de.o/dy.c/de_/nm E,./leV E./eV de.o/dy.c/de_/nm
Reaction/Parameter
Fe(211) Fe(211)-1Pd
CeH,0CH,0H"— C,H,0H +OCH," -0.91 1.40 0.192 -0.81 1.62 0.209
CH,0H+H — CH,0H" 0.11 0.74 0.157 -0.11 0.88 0.176
C¢H,0CH,0H"— C,H,0CH, +OH" -1.28 1.48 0.199 -0.27 1.74 0.182
C¢H,0CH, +H — C,H,0CH," 0.23 0.84 0.174 0.54 0.94 0.167
CeH,0CH,0H — C,H,00H +CH," -0.86 0.97 0.188 -0.04 1.55 0.211
CH,00H +H — C,H,0HOH" 0.70 1.02 0.169 1.06 1.27 0.157
C,H,0HOH — C,H,0H +OH" -0.62 1.45 0.177 -0.75 2.09 0.183
C¢H,OH+H — CH,0H" 0.11 0.82 0.182 -0.34 0.74 0.172
E,=1.62 'i-;; Guaiacol demethoxylation on Fe(211)
1.0 -E,=1.55 Guaiacol demethylation on Fe(211)
E,=1.40 —(;uafacnl demetoxy l.ation on Fe(211)-1Pd
05 [, =0.97 = Guaiacol demetylation on Fe(211)-1Pd (1) CH,0CH,0H(g)+Hy(
> ook 6 E,=127 (2)CH,0CH;0H +H,(g)
% ) E,~0.88 (3) C,H,00H"+CH, +H,(g)
? —0.5 | EFL05 o @) CH,00H +CH, +H*+1/2H,(g)
: E,=0.74 . . »
2 (5)C,H:O0H +CH; +1/2H,(g)
;3 Lo (6)C,H.O0H(g)+CH, +1/2H,(g)
sk 1) C4H;00H(g)+CH, +H"
8 CH:00H(g)+CH,’
2.0 |- 9)C,H:00H(g)+CH,(g)
=25

1 CH,0CH;0H(g)+H,(g) (6 CH,0H(g)+OCH, +1/2H,(g)
2)CH,0CH,0H +H,(g) 7 CH;OH(g)+OCH;, +H’
3)C,H,0H +OCH; +H,(g) 8 C,H,0OH(g)+CH,;OH"
4)CH,OH"+OCH, +H'+1/2H,/(g) (9 CH;OH(g)+CH,0H(g)

5)C,;H,0H +OCH, +1/2H,(g)

EI10 Fe(211) X Fe(211)-1Pd & 1h1_L A QAR B E LT S AL S
VAR T2 i P R F i A A (PN 3 B A R (Y RE Lk

Fig.10 Energy diagrams for guaiacol directly demethoxylation followed by hydrogenation to produce phenol and directly demethylation

followed by hydrogenation to produce catechol (two energetically favorable pathways) on Fe(211) and Fe(211)-1Pd surfaces
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FERGNE 12 s . 5 Fe (211) i F5R189 225
HLff 2 B IR LG, T RUE Y, 3 4 RN B AR it
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Fe (211)-1Pd T 2 [0] #4 B FAH B AE S | S
Ot PR ATE | AT A R S AR
1) S5 ;g 22T TR a3 — 3. IRIL L 78 Fe i
524 Pd WA Uk AL B B 4 i SO A
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Fig.11 The charge density difference maps of the transition state structures associated with (a) guaiacol demethoxylation to form C;H,OH"

intermediate; (b) guaiacol demethylation to form C;H,O0H" intermediate; (c) guaiacol dehydroxylation to form C4H,0CH,"

intermediate on the Fe(211) surface

Electronic charge density/e' nm™

E12 Fe(211)-1Pd I _ @A 3 Fls oy A7 il I 25 45 04 18 25 3 fL g 23 1 R
(a) BP0 S 3 A AR CHLOH RIS 5 (b) T2 B A A CoHLOOH Hh ] {7 ;
(c) EHE IR B CoH,OCH, " i) f4¢

Fig.12 The charge density difference maps of the transition state structures associated with (a) guaiacol demethoxylation to form C;H,0H"

intermediate; (b) guaiacol demethylation to form CsH,O0H  intermediate; (c) guaiacol dehydroxylation to form CsH,OCH," intermediate
on the Fe(211)-1Pd surface
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AN, TR T A A B A AR L M 3
Aot FE L A K BB — T B 52 S W AE Fe (211 ) Fll Fe

(211 ) -1Pd ZRIAT - A0 25 FLiE I 25 1) Fi i e % 1
DL . KA T ARG (TS) A (TS )

R4 Fe(211) K Fe(211)-1Pd RE L ABIABIL R EE. AR, RMAREURBEZMBRZE R NAIZIS)
R iER(TS) B R EBERE LR L(E,,)

Table 4 Bader charge transfer properties of the initial (IS) and transition state (TS) for guaiacol demethoxylation, demethylation,

dehydroxylation, and catechol dehydroxylation, as well as relevant activation barriers (E,.,) on Fe(211) and Fe(211)-1Pd

Bader charge/e E. /eV Bader charge/e E./eV
Reaction State
Fe(211) Fe(211)-1Pd
. . . IS -0.47 1.40 -0.29 1.62
CcH,0CH;0H — C,H,OH +OCH; TS 113 _0.84
. " . IS -0.47 1.48 -0.29 1.74
C¢H,0CH,0H — C,H,0CH; +OH TS ~0.80 073
. . . IS -0.47 0.97 -0.29 1.55
CcH,0CH;0H — C,H,O0H +CHj; TS 195 _0.98
. . . IS -0.51 1.45 -0.50 2.09
C¢H,OHOH — C,H,OH +OH TS 083 073

S A R T 2 R A e A i B S AR Y
FVRE 2 K/ING 5% . RS RS E MR R N P RE T
DI ) F B AR GRS B P I L e B 22 ok
itk . R 4 nTLIEH , 76 Fe (211) -1Pd & L,
90 3 285 R A5 i N 3k U 285 A5 A A 1) 2 T 2 ) 1) L e
PRSI /INT Fe (211) FRim, A 3 V8 25 4546 il
FRFP ol 5 A A 750 2 1T 22 (8] 9 A BAVE FAE Fe (211)
M R AR S s AL, X R A AR
FHAEG I T i SRR E T, ROV S K L Fe
(211) FRTm b @B A B 4 0 H S0P R i) 2o U 75
HATRRKMEHAEER (-1.25e) , IFHMRILH
A )2 Y A 1 R A e B i AR A B R R R (=0.47
e—-1.25e) , L ELHE N H L S 0 A RE &2 (0.97
eV) SEAIRMFER LT EAENTESR (1.40
1 1.48 eV ) M EL B ARAY . DL far 5 RS P 5 A
IMTEE RS N E 22 BT R A — 2L .

2.2.3 FH 7 55 B H0" 9 Fp ot @ 8] A @ in &
WA R B I T Hy A FAEFe(211)
Fe(211)-1Pd L AW S RNAR 252t 2 . 2558 3R H, 29 H,
SR T HAMEARIRER, S0 A &, B
PO I RS LT H, 7E Fe(211) (1) fiff 25 12 B fiE
H-1.14 eV, fEFe(211)-1Pd [ Afi# 250 fEHE S —1.25
eV, XL 224 PdA R T H, 40+ A9 PR G 16 A1
fife B . AEMLEERE [, HSE T Y SR A 1H ORI 3H
7 5 B i A K ) 7E 54 R Fe(211) FITXL 42 & Fe
(211)-1Pd F1i b (W B RE . 1345 15 T8 5.
ATLAE Y, FEFe(211) 1A L, AR5 H JEF

LR BOFESE , W B iR B s A TR . [RIRE, E Fe(211)-
1Pd T I, BT H #5658 (H —3H) i35,
TR TG (1)U B BB B FAAIR . ik SEi A5 SRR
TE Fe {40 T 5 4% Pd REASIE IR T 1 P Fh i 7 55
JE , BEAROCHEZR T Wy R A W B , e BUHDO [
IVBLESi =

&5 Fe(211) R Fe(211)-1Pd RE £ 1H F13H BEE T8

IR B A2 TE IR BT S5 4 B R B B ()

Table 5 The adsorption energy (£,,) of the most stable guaiacol
adsorption configuration on Fe(211) and Fe(211)-1Pd surfaces in

the presence of 1H" and 3H coverage

Guaiacol adsorption with E,yileV
different coverage of surface H* Fe(211) Fe(211)-1Pd
CH,0CH;OH 067 2070
CH,0CH,OH+1H" -0.63 -0.65
CH,0CH,0H+3H" -0.55 -0.58

Xof T 7 56 R X A A A B fin SO SR
A OR R RSB 2R I s | &1 13 FE 14 505025
HUTHE Fe (211) 1 Fe (211)-1Pd 260 [ 1H™
3H 78 35 5 T AR B L A & A ok
Py LA K LB 5 R R P 0 A &8 2R B 1) S ) 4
BOIS), ER(TS ) MERAS(FS) k85 . it
ELERLRI  FE Fe (211) 1w I, MBI BLIEM
H AR I CH, O Hh ) 4 A H: B 2 it P 9
W CoH,O0H" ¥ fhaz i 0 78 55 B A52 T . A
OH" — 1H — 3H" MR EIFh , B A SR
fie2278 1k <0.16 eV, JI I BERE2E 0N 0.16~0.65 eV
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P13 IR H B R T AR AR M e R S R 7E Fe(211) R AL R K
AROR I RIS (1S) | L A (TS), A2 (FS) iy e L2
(a) TH R AR (b) TH R AERABE s (o) 3H FAEHURI ; () 3HT T A RARA
Fig.13 Optimized configurations of initial (IS), transition (TS) and final states (FS) associated with guaiacol transformation to phenol and
catechol started with the most stable adsorbed structure on Fe(211) in the presence of different surface H™ coverage (a) to produce phenol

with 1H"; (b) to produce catechol with 1H'; (¢) to produce phenol with 3H"; (d) to produce catechol with 3H"

Pl 14 AR H B 55 5T HARURRIE B Pd B RO & 1 LRI AR B 7E Fe(211)-1Pd 18T 161k 28 K
AW RIS AS), PR (TS), LA (FS) WY e L4
(a) TH N AR I : (b) TH R A ARAR A W : (o) 3H R AR : (d) 3H™ AL ARAR A
Fig.14 Optimized configurations of initial (IS), transition (TS) and final states (FS) associated with guaiacol transformation to phenol and
catechol started with the adsorption site of methoxy group close to Pd on Fe(211)-1Pd in the presence of different surface H™ coverage

(a) to produce phenol with TH"; (b) to produce catechol with 1H'; (¢) to produce phenol with 3H'; (d) to produce catechol with 3H"
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Table 6 Reaction energies (E,,,) and activation barriers (E,,,) associated with guaiacol transformation to phenol and

catechol on Fe(211) and Fe(211)-1Pd in the presence of different H™ coverage

Reaction step

C¢H,0CH,0H — C(H,0H +OCH,’
CH,0H +H — C,H,0H"
C¢H,0CH,0H — C(H,00H +CH,’
CH,00H+H — C,H,0HOH"
C¢H,0CH,0H — CH,0H +OCH, (1H coverage)
CoH,OH +H"— C,H,0H" (1H coverage)
C¢H,0CH,0H — CH,00H +CH, (1H coverage)
CeH,00H+H"— C,H,0HOH" (1H coverage)
CoH,0CH,0H"— C,H,0H +OCH," (3H coverage)
CoH,OH +H"— C,H,0H" (3H coverage)
C¢H,0CH,0H"— C,H,00H +CH, (3H coverage)

CeH,00H +H — C,H,0HOH" (3H coverage)

E,./leV E,leV
Fe(211) Fe(211)-1Pd Fe(211) Fe(211)-1Pd
-0.91 -0.81 1.40 1.62
0.11 -0.11 0.74 0.88
-0.86 -0.04 0.97 1.55
0.70 1.06 1.02 1.27
-0.79 -0.64 1.46 1.74
-0.23 -0.36 0.45 0.74
-0.87 -1.00 1.13 1.67
0.95 0.85 0.82 1.09
-0.82 -0.55 1.56 1.88
0.25 0.12 0.80 0.83
-1.34 -0.93 1.62 1.62
0.74 0.91 1.16 1.45
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Wi e 22(1.28 eV ) Fil O — CH, #EWr 2 ik 22( 1.43
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(a) Fe(211) Fl(c) Fe(211)-1Pd | H,0" i 1 UL ALHEE ) ; (b) Fe(211) Fl(d) Fe(211)-1Pd I H,0" 38 1 UL
Fig.15 Optimized configurations of initial (18), transition (TS) and final states (FS) associated with the direct demethoxylation
of guaiacol to CgH,OH" under the effect of H,0 species
The H-shuttling mechanism of HZO* effect on (a) Fe(211) and (¢) Fe(211)-1Pd; the H-bonding mechanism of HZO* effect on
(b)Fe(211) and (d) Fe(211)-1Pd

AN BN (1)

K16 H,O WIFFEAE T @RI B H HE RN AIZS (1S), i JE(TS), 25 (FS) B@?Wﬁ@

(a) Fe(211) Fl(c) Fe(211)-1Pd | H,0 @ it S LB ML ; (b) Fe(211) Fl(d) Fe(211)-1Pd [ H,0" 12 VNI 52 )
Fig.16 Optimized configurations of initial (IS), transition (TS) and final states (FS) associated with the direct demethylation
of guaiacol to CgH,00H" under the effect of H,0 species
The H-shuttling mechanism of H,0" effect on (a) Fe(211) and (¢) Fe(211)-1Pd; the H-bonding mechanism of H,0" effect on
(b)Fe(211) and (d) Fe(211)-1Pd

®7 Fe(211) R Fe(211)-1Pd RTE L H,O 93 EIABY H 120t R R E R B A E R MK (E,,) FNiE L BE 2 (E,,,) RIRIR

Table 7 Effect of H,0" species on reaction energies (E,.,) and activation barriers (E,.,) related to the direct demethoxylation and

demethylation of guaiacol on Fe(211) and Fe(211)-1Pd

. E,./eV EleV
Reaction step Effect of H,0
Fe(211)  Fe(211)-1Pd Fe(211)  Fe(211)-1Pd
Without H,0" -0.91 -0.81 1.40 1.62
CH,0CH,0H — C,H,0H*+0CH," H-bonding -0.83 -1.28 1.14 1.83
H-shuttling -1.04 -1.15 1.58 1.28
H-shuttling (3H") - -0.83 - 1.28
Without H,0" -0.86 -0.04 0.97 1.55
CsH,0CH,0H"— C4H,00H*+CH;" H-bonding -0.87 -0.13 0.89 1.53
H-shuttling -1.52 -1.72 1.59 1.43

H-shuttling (3H") - -2.17 - 1.39
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H, 137 32 22 D\ Fe 3 18] W) 78 B K 193 1) -OH 1 -OCH,
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Electronic charge density/e' nm™
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— FH(Fe(211)_H bonding_1.14 eV vs. Fe(211)-1Pd_
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T B CeH,OOH Hi [AIAA X6} 3k 0 25 205 K 1) 25 4 v f 2
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Fe(211)-1Pd & ifi_E 1) H-shuttling HLHL (] 18(b) ), 7£
Fe(211) 0 |, H,O [ H-bonding HLFRE(E] 18(a) ) 1
FHTR, AR 2R 5 1 Y AR 2540 22 [a] 1) H fer e 7% B
H iy 2% ) R i, o A TE R, @A
193 422 18 R L TE A CHL,O0H ™ Hh [B] A 14 L BE S 1)
T B A F](Fe(211)_H bonding_0.89 eV vs. Fe(211)-
1Pd_H-shuttling 1.43 eV).

17 BrBIARE (a) 75 Fe(211) 1 H,0” L H-bonding HLERSE M T L K (b) 7E Fe(211)-1Pd 21 I H,0"
A H-shuttling HUEEZ 0T B2 AR 1 CoHLOH Fh (DA Sk VB 2528540 1) 2 4 v o 2% 2 1]
Fig.17 The electronic charge density difference maps of the transition state structures associated with guaiacol direct demethoxylation to
form C4H,OH" intermediate via (a) the H-bonding mechanism of H,0" effect on Fe(211) and
(b) the H-shuttling mechanism of H,0 effect on Fe(211)-1Pd

Electronic charge density/e' nm™

%18 ArBIAES (a) 7 Fe(211) 2210 | H,0" L H-bonding HLEESEZ 0 T 2L K (b) 7E Fe(211)-1Pd i [~ H,O"
L H-shuttling HLERSZ MR T B0 FF 328 A CoH,O0H ™ F [AI{AeE 5 A5 285 44 ) 22 43 fl i 23 135
Fig.18 The electronic charge density difference maps of the transition state structures associated with guaiacol direct demethylation to
form C{H,00H" intermediate via (a) the H-bonding mechanism of H,0" effect on Fe(211) and
(b) the H-shuttling mechanism of HZO* effect on Fe(211)-1Pd
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A Theoretical Study on Hydrodeoxygenation of Guaiacol over Pd-
Doped Fe Catalyst

ZHANG Ze-shi', NIE Xiao-wa'", GUO Xin-wen', SONG Chun-shan’
( 1. State Key Laboratory of Fine Chemicals, PSU-DUT Joint Center for Energy Research, School of Chemical
Engineering, Dalian University of Technology, Dalian 116024, China; 2. Faculty of Science, Department of
Chemistry, The Chinese University of Hong Kong, Shatian 999077, China )

Abstract: The adsorption behavior and hydrodeoxygenation (HDO) property of guaiacol on the Fe(211) surface were
studied by density functional theory (DFT) calculations. The effect of Pd doping and the participation of H,0" on the
activity and selectivity of Fe catalyst were further investigated. The calculation results showed that guaiacol adsorbed
onto the catalyst surface through benzene ring was energetically more stable than adsorbing through solely the
hydroxyl group. This favorable adsorption configuration was beneficial to the activation of benzene ring, C,,—OCH;
bond and O-CH; bond of guaiacol. On Fe(211), catechol formation via demethylation was kinetically more favorable
than phenol formation via demethoxylation and anisole formation via dehydroxylation. Pd doping had little effect on
the adsorption of guaiacol (<0.05 eV), but it increased the energy barriers of guaiacol hydrodeoxygenation, inhibiting
the cleavage of C,,—OCH;, 0—CH; and C,,—OH bonds and subsequent hydrogenation to produce phenol, catechol
and anisole. On Fe(211), H,0" affected the reaction by forming hydrogen bond interaction with -CH; group (H-bonding
mechanism) to decrease the demethylation and demethoxylation barrier of guaiacol. While on Fe(211)-1Pd, H,0"
participated in the H-transfer process (H-shuttling mechanism), promoting the demethoxylation and demethylation of
guaiacol and enhancing the relative selectivity to phenol product.

Key words: guaiacol; hydrodeoxygenation; aromatics; Pd-doped Fe catalyst; density functional theory; reaction

mechanism



