J P4 5Ky g R

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁjmll:.i

Pd/Zr-MOFs £/ Pd B FEE 50T
X HREE{CIRINS & M 12 B =20

FARR, FEE, NHE, T H' X F, el X!
(1. VTR T 2B B R 5 T RE2EBR, 31 S 453003; 2. FOERL T R4k T4, K% 116024)

BE  U—FRZ5 MR NS Ze 3245 A HUEZR(MOF) MR R i, R A iR Bk il 4 7 Pd/UI0-66,
Pd/Ui0-66-NH, 2 Pd/Ui0-67-bpyde fiEA6F1] . WFFE T 2844 R A [l 1% B AT Pd R R ST L o2 15 LSRR il
AFEAR R . X GG T RERE(XPS). CO BREFLLAMEIE(CO-FTIR) K i - 5 Sl Bi(TEM )55 R A 25 3%
Y, AR & AU A Pl SURL AL AAE 98 B 4 S AR B AR R, X RO AR AU T P ORL I RS, S8 %) Pd
TR AT BN L AL SN 2 SR, SR B AUBC R T SO AL 0 T ™ e R vk S B 2
S, WIEPEM BER, 48 5N R MR (]38 B2 1 5 GV TG R T 32 T Pd/Ze-MOFs H A6 0 9 08 1, 1117420 58 14 4
A FH I Sl FAAGE T . SRR T T, Pd L% B2 52 MBI i B AR e M ) DGR R 38 LA 5,
Ui0-66-NH, H 1% 1Y) 24 3t & S Ui0-67-bpyde H A BRI BE AL #E T Pd $0k7 19 20 8L, 8 42 4 T Ui0-66-NH, &
Ui0-67-bpyde 15 Pd UKL 22 1] (1 B F- 5% B8 . X T 3 %5 JE£ K ¥ Pd/ULO-67-bpyde & Pd/UiO-66-NH, #1651,
TS DA 21308 2o 00 5 T e (C=O) AT s TGS L8 B 55/ IN ) PA/UTO-66 A 771, 3 T8 DU 21 4o 1k g 375
C=CRU#ImA.

KR Pd/Ze-MOFfEALF] s BRIEINE; SOV EgAe; PdHL T

FESES 0643 XERERS A doi: 10.7503/cjcu20250138

Effects of Pd Electronic Density and Particle Size on the
Low-temperature Hydrogenation Pathway of Furfural
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Abstract Pd/UiO-66, Pd/UiO-66-NH, and Pd/UiO-67-bpydc catalysts were prepared by the impregnation method
using a series of Zr-based MOFs materials with the same topological structure as supports. The primary focus was
to investigate the influence of different nitrogen-containing ligands in the supports on the size of Pd particles, the
electron density, and the hydrogenation pathway of furfural. The characterization results of X-ray photoelectron

spectroscopy (XPS) , carbon monoxide probe in situ Fourier transform infrared spectroscopy (CO-FTIR) , and
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transmission electron microscope (TEM) indicate that there are interactions of varying strengths between different

N-containing ligands and Pd particles, and this interaction not only regulates the size of Pd particles but also has a
significant impact on the electron density of Pd. Catalytic reaction results show that different N-containing ligands
result in significant differences in both the activity of the catalyst and the selectivity of the products. From the perspec-
tive of activity, an appropriate metal-support interaction between Pd and the different supports enhances the activity
of the Pd/Zr-MOFs catalysts, while excessively strong interactions suppress catalytic activity. Regarding selectivity,
the electron density of Pd is a key factor affecting the selectivity of the furfural hydrogenation pathway. Specifically,
the amino nitrogen in Ui0-66-NH, and the bipyridine nitrogen in UiO-67-bpydc not only promote the dispersion of Pd
particles, but also facilitate the electron transfer between UiO-66-NH,, UiO-67-bpydc and Pd particles. For the
Pd/Ui0-67-bpydc and Pd/UiO-66-NH, catalysts with higher electron density, the furfural preferentially undergoes
hydrogenation through the aldehyde group (C=0) in the side chain, for the Pd/UiO-66 catalyst with lower electron
density, the furfural preferentially undergoes hydrogenation through the furan ring C=C double bond.

Keywords Pd/Zr-MOF catalyst; Furfural hydrogenation; Reaction pathway; Pd electron density
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Fig. 1 XRD patterns of the materials
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Fig. 2 FTIR spectra of the materials
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PR3, 5 Ui0-66 (Y FTIR 3% A F 4L, 78 Ui0-66-NH, A1 UiO-67-bpyde FIFEECIX, YEEs] T T
1252 em™ b A C—N AYWSCPR sl 24 i Ah , 78 Ui0-66-NH, H ik WLEL 5] 1 v F 3475 13343 em™ Ab K
N—H (R ISR B0, SIFSE T Ui0-66-NH, FE i P £ 4E 440 . 7 Pd/Ui0-66-NH, Fll Pd/Ui0-67-bpyde
f9 FTIR 1% & s W2 3] Ui0-66-NH, F1 UiO-67-bpyde FIERIENS , H & 2(B) R FH, iz Pd )5, {7
1252 em™ b VA JE T C—N SRR PR S 1) &5 S B0y B8, HLRR A Pl s, iX— IR W pd 5
Pt A Hh 11 2 32 R S BB e R0 7 2 [ T RE & A= TAHELAE RS, B C—N SR IR sh 4515 5 HA 1Y) v
BB A C, 1 T AR AL S R A 5 (R 85007 8 IO I AR R A
BB A OB, IO T S A A O 9 25 LT TR RC 7 B, B4 NEUR TS 2 Pd, iF
T 5 25 RUE T T Bl B T3 BE ARG, 055 T C—N 8, Il as 7 H 80, R S 30T C—N 45k
ERIHIFS .

K H XPS %t Pd/Ui0-66, Pd/Ui0-66-NH, K2 Pd/UiO-67-bpyde #i:AL 7 (0 22 1 #E47 204, FAEMEAL 7=
1 Pd (R FIRE . 1 3(A) R 3R PA ML B 4% 8], T LUE ), Pd/UiIO-66-NH, #il Pd/UiO-67-bpydc H
FEICEA C, Zr, OFN, [ Pd/UIO-66 1 FZMILE A C, Ze MO, 3% Bl W] 5 1 Pd O R 1504
X FE T T Pd & AR AL . E3(B)~(D) 43524 Pd/Ui0-66, Pd/Ui0-66-NH, Fil Pd/UiO-67-bpydc [#)
P, BB ORG240, BRI R T X S PR, 3 58 T Pd,, Bl Zey,. X T PA/UIO-66, 455G REH
330. 8 F11343. 7 eV b I B2 43 & Zr (ARFIENE , TS, T 335. 4 F1340. 3 eV AL FRFAEIE 7511 & Pd (R
Pd,,., A& Pd,,, ¥ [E3(B) ]. 5 Pd/UiO-66 #H E, Pd/UiO-66-NH, [t Pd,, FEAEE [ 255 REAIK 1 7 1 B
T70.3eVIE3(C)], BB Pd HL T2 A il = . 456 N, AR RE ] 1, 24 Pd £ 23] Ui0-66-NH,
Jei s N BIRREIE M 25 A RE s I B sh 17 0.3 eVIEI3(E) |, iXJ& H R UiO-66-NH, B 42 H 1Y 24 L 4
5 pd i, 75 ER 4R A4 B 3] Pd. 5 PA/UIO-66 A1 L, PA/UiO-67-bpyde fi# 41571 (14 Pd,, 45 &
eI 45 A ReIRM T sl 7 0.5 eVIE 3(D) |, KB4 JE Pd 5 Ui0-67-bpyde A4 2 [ 4776 L+
R NN, BEHEIS AT B 1, 24 Pd 1285 UiO-67-bpyde J5 , N, B AE U Y 45 45 RE 1] B8 /85 (4 7 10 3% )
LEI3(F) ], H1398.7 eVIH5Z399. 2 eV, 151 HL - IR AL BE PR b 1) U T 5488 22 Pd 0K R 1T, KB
A3 R AR 4 SR - AR R T A 004, AN, 4545 FTIR RALSS R vl A1, 7148 Pd ki 5, C—N 4R AEIE
AN TR B b 1) 3 S B8O iR [ &1 2(B) 1, B8 Pd 5 Ui0-66-NH, % Pd/Ui0-67-bpyde [A] £7-7E— 5 I AH 1.

A) (B) Zty,, © L,
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Fig. 3 XPS spectra of the materials
(A) Full spectra; (B—D) fine spectra of Pd,, of Pd/Ui0-66, Pd/Ui0-66-NH, and Pd/UiO-67-bpydc, respectively; (E, F) fine spectra of N, .
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FR 38 AN [R] B B N, W B 250 4233 R A5 9 BET L R AR THR 1. B 1A EL, ML T
Ui0-66, 5| A—NH, )7, UiO-66-NH, ) tb R 10 FUA BT REAIG, X E2H I F 5] AM—NH, di#fi T Ui0-66 45
FrFLIER B th2s 8] . 1 Ui0-67-bpyde 1 EL R THFUNAG Fr Tk, X BB EUAGE K, 15 %5 4 )8
W A RE S 3E N, JERE T 9K AFLIE , SEmR i T HeR AR, 3R PA 9Kk F IS, 38 Ze-MOFs 4
BHI AR — B FLEE AR, A Pd/UIO-67-bpyde (14 M 26 TR 8 35080/ , X AT RS2 Ry Pd i
S IR BE RS A A ) S Pl A P A\ F LI SR 2E T 3R LA

Table 1 Pore structure parameters of the material

Sample S/ ( m?-g™") Vmim/( cem’g™!) Vil pore/( em’-g™!)
Uio-66 1012 0.32 0.41
UiO-66-NH, 900 0.30 0.40
Ui0-67-bpydc 1814 0.39 0.58
Pd/Ui0-66 885 0.29 0.38
Pd/UiO-66-NH, 776 0.26 0.36
Pd/UiO-67-bpyde 1407 0.31 0.52

Ui0-66, Ui0-66-NH, 11 UiO-67-bpyde K A Jj () Pd F A AL 75 (1) SEM A1 TEM B8 - 4n & 4 (A) ~ (F)
Jis, B 4(G) ~ (D) X g Pd kif2 o3 A e . i IE 4 (A) ~(CORTLLE H, 3 Fh Ze-MOFs # R Ry 37 5 1
TEAR, AR KN 5], RS 298 400 nm. M 4(G) FTLLE H, PA/UI0-66 H Pd 94 K+ 1971
RSEHR 7.1 nm, M X F Pd/UIO-66-NH,, 20 5L A8 B BB A7 80 F8 E Pd JUkL, HF-FKi42 8 5.2 nm
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Fig. 4 SEM images of UiO-66(A), UiO-66-NH,(B), UiO-66-bpydc(C) and TEM images of Pd/UiO-66(D),
Pd/UiO-66-NH,(E), Pd/UiO-67-bpydc(F) and particle size of Pd/UiO-66(G), Pd/UiO-66-NH,(H),

and Pd/UiO-67-bpydc(I)
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[E4(H) ], 3 53CHR[22 | B i 45 R —30. SR H TR IE 2548 5 A 125 AL s 5 Pd TR
SRAYEEATER, RIIEAE PA/UIO-67-bpyde H Pd BURCRIAR B /)N, HOP 3442 4 2. 5 nm[ ] 4(1) 1.

i 1L JFA CO-FTIR AN G 2 B AL 0] P 0 () R 1 PE BT EA T RAE , BROE RIS 48 Pd 1 LT~
5. K542 Pd/Ui0-66, Pd/Ui0-66-NH, & Pd/Ui0-67-bpydc B4 CO-FTIR 3%& . 7E Pd/Ui0-66 ¥ CO-FTIR
TR, AT OSSR PRI A CO MR BfFIE , 7E 2072 em™ &b i AE 6 AT U JE Sl CO 76 Pd ks | il 2k X
B, TIZE 1770~1966 em™ 3 [ P 114 586 AT )1 2 CO 78 Pd UKL AT XM B2, fh 2 e )58 B T LA
Fi, CO FELIMRMMTE Pd &8 b0 | . 5 Pd/UI0-66 A 1L, 51 A& A BA)S (Pd/UI0-66-NH, i
Pd/Ui0-67-bpyde) , CO7E Pd 22 W B AT =X B AR IE D R A A T 404% . Horpr, 78 Pd/UiO-66-NH, il
Pd/Ui0-67-bpyde |2 i M 2072 em™ 2b 53 51185 28 2066 F112058 em™ 4k, TiAf 20 U4 A 1921 em™
Jb RS 2 1913 11855 em™ 4b . FRAF WA 45 4% 5

12 () WAL AT U R Pd 94 K 0K 1) o HL - S it 2012 : PA/UI0-66
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THL O RRAT PA ST PR, TR, X M
5 XPS FYFEAELE R (B 3)—%L. 5341, 5 PA/UI0-66 S

HIH. , Pd/UiO-66-NH, Fil Pd/UiO-67-bpyde F 2k 38 1 2000200 A0 101001700

BEREAE I (R R TR BE R, X R S AR 5 LA
(R T PSR (4080 . TR T T P37 5 1) S Fig. 5 In situ CO-FTIR results of the Pd/UiO-66,
F 5 TEM 45 (78 4)— 3% Pd/Ui0-66-NH, and Pd/UiO-67-bpydc
22 REERFEMSRE4EE

DUBERE IR IR R B M I ECA AR N, %558 T Pd/UI0-66, Pd/Ui0-66-NH, Fll Pd/Ui0-67-bpyde
I HEALTERE . A1 Scheme 1 BT/R , B (FAL) AR IRL I &0 5 B4 i 3 R4, 430 R i C=0
IR ORI (FOL) , MR PR C=C B U A AU & O A
BIETE (THFAL) B G0 BRI IR 7 20 s W ~
USRS (THFOL). B8N, 5 LRSS A LRI G o Ro (O on
B, BV R ] SRR R AR AR L, TR FAL R G %' THFOL
TRy, AR 2 T g e

A AL, LA A5 FRAEBARDESE T Pd/Zr-MOF's THFAL
AR B AAL IS BE LA R 6] 2 SRR T 5 o 3% Scheme 1 Reaction pathway for the selective
oA hydrogenation of FAL

2] .

221 FARGMRERFRANYE EMFEZET, PN T 3AURE S A B Ze-MOFs #FHT
FALEEM AR SE , 25 B4 T3 2. DL Pd/UI0-66 F1 Pd/UiO-66-NH, J AL, FAL Fy%5 4543
A 84% F182% , 77 AW, 1Ml PA/UiO-67-bpyde W ZE B H B AR AL 16 4 . AN TEM 25 K n] i, 48
Pd/Ui0-67-bpyde AL 1Y PAdRLAE B /N, HIF B AR R) d AR TE P, X 0T RE 2 th T Pd S B e 25
P S S R R R A 225 A VR BN T P BRIAR , (R0 A AR R B 5 4 e 7 Pd Y

Table 2 Influence of nitrogen-containing ligands on the selective hydrogenation of FAL"

Sel.(%)
Catalyst Conv.(%)
THFOL FOL THFAL
Pd/UiIO-66 84 76 0 24
Pd/Ui0-66-NH, 82 41 57
Pd/Ui0-67-bpyde 67 28 70

* Reaction conditions: catalyst: 0. 03 g; FAL: 0.1 g; H,0: 9.9 ¢g; 30 °‘C; 1. 0 MPa H,, 0.5h.
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HL P2 B, 3R Pd 1 5 B2 FL RS T AR T X IE f  BEE fR R e SRR AIG T P/UTO-
67-bpyde FANEGEPE. IR ™) B& , 34 PAAEALE R AR 7= 5341, 774 THFOL By %%
PR B /BRI R AN . DL UI0-66 V8 2R AR, F% /=90 THFOL, B8k 76%, Ak 2t
N THFAL, ¥E#81E H 24%. i L) Ui0-66-NH, Fl UiO-67-bpyde N # AR, THFOL i 32 Bk 24 T A
FOL MU iRy =2 i ) =4, ek 20 51K 57% F170%, 11 THF AL BEREPEAY K 2%. AR SCiHk[ 8,47 17T
A, TR P 4SRN, PAA ) TREREE A BRI PR A C=0 XU A, (H2 UL 25 R AT
H, PAEAFIRZAR |, InEm B BARTE . Pd/UIO-66 {4k ) X BEBE Wi R C=C XU AT &8 = 1
JEEE, 1M Pd/Ui0-66-NH, Fl Pd/Ui0-67-bpyde MR EE S 5 =0 B 1 i 200 P s
222 RE A ARE G E AW B W RGN BT X FAL BB S S N AR A, DL
WFFE AR 4 SR A ML 2R S B BRAR B2 . Fh I 6 RT 1, A 3 Fh PA AL R, PA/UIO-66 B H T feflt
SERIINAUEE, % 60 min B, FALF LR AT 91%. M2, PA/UiO-66-NH, A I PER 2, T
Pd/Ui0-67-bpyde W Z I H T AR A I &0 P, AL 248 PA/UI0-66 BEAIR T 20 15% , iX R 2R T4 48
B HUBZEA [E] B AR ZE AR Xt P ORI T K 7 B A S

SRR S N D AR AR B 22 5. W 6(A) 7, X Pd/UiO-66 fEAL5R], JZ i 10 min B},
PEINE =9 UL THFAL A 3 (31%) , FOLAXUA 12%, 14 & 7= %) THFOL k£ h 57%. X F W1
Pd/Ui0-66 fiEAL ] I, ILSETE LRI C=C B4 i THFAL, ZJ5 Fiftr C=0 8N 4 i THFOL. T
XFF Pd/Ui0-66-NH,, H:5 Pd/UiO-66 I ) o3 AT A AR KAARIF , J2 ) 10 min B, 7291 FOL, #E#Ek
}63%, MAHMAA 28% i) THFOL, 9% i THFALL [ 6 (B) ], Fifid5 K2 7 if ] (9 2E K-, THFOL () #8115
Wi T+ (609%@60 min). Pd/UiO-67-bpyde =443 4 5 Pd/Ui0-66-NH, 250, 34 LA KL NN A/ 209 i%
1%, BRI, FOL AVEREMEARX A8 5, S 10 min BPik 5] 80% By BtE[ 1 6(C) 1. Mtk ml A, 1T
Pd/Ui0-66-NH, #1 Pd/UiO-67-bpydc, FALALSGIEALMIEE C=0 54 i FOL, ZJ5 F AT Wk g B0 i L A6
THFOL.

s 100 . 100 s 100
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Fig. 6 Influence of reaction time on the performance of Pd/UiO-66(A), Pd/UiO-66-NH,(B) and
Pd/UiO-66-bpydc(C) in the selective hydrogenation of FAL
Reaction conditions: catalyst: 0.03 g; FAL: 0. 1g; H,0: 9.9 g; 30 ‘C; 1. 0 MPa H,.

Pd/Ui0-66, Pd/Ui0-66-NH,, Pd/UiO-67-bpyde £k 71| 55 45 [ 52 7 45 5 19 #4934 5 22 U Scheme 2 JiF
N BRI 3Rl Ze He A SR AN AL EG MR AR, A VLRI B REEDE BT F =R,
Pd,, 254 REAYEE (181 3) J2 CO-FTIR 45 5 (& 5) i LIE i, Ui0-66-NH, Fll UiO-67-bpyde H 25 U 1A B A7
TEAEHE T 428 Pd 5 #EAAMEAEFHRIE R, H5 Ui0-67-bpyde BI/E &, i, Pd/UiO-67-bpyde Hf)
Pd ML T iR . W25 B RGm 1 6B Pd 2 HE & WL IR IR A , (A ) T 15 7% B B P i
W) 7 SR E b, (RS 55 , (LT 2 5 R A IS A AR B L AR, X T PA/UIO-66,
T ik = o RIS AL AN L -, 5 HL - BRI PR B 25 2 9 P W B Ak, AT fi i Ik IR PR C=C
FIINE. IR B T 80T X FALR#2 B B (C=0 vs. C=C)MIARITEIL AR 7, HEMIRE A T
AFEBIERRAR. Kk, 41T Pd/UI0-66, Pd/Ui0-66-NH, 1 Pd/Ui0-67-bpyde ¥ B F| T C=0 F A%
B AIE AL, MR S T FOL AU REEEME . M TEM RALZE AT %1, Pd/UiO-67-bpyde F Y Pd kLR 38 /N
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catalytic reaction results
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Scheme 3 Adsorption, activation and hydrogenation model of FAL over Pd/Zr-MOFs catalyst
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