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Fig.1 The synthesis of Pd-in-TiO, and Pd-out-TiO,
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1 (b)), B~ Pd 4K ok 38 H 34 5) H43 #i 7E TiO,
MRS TR, Pd FORLAE- 24 RSE 1.45 nm([E] 2(c)).
Hahn Pd AITTAIERREE 30 FE3F, #4153 30Pd-
in-TiO, L, Pd PRARRIAPEES RTHENZE 4.5 nm
(1% 2(d)). &l 2(e)-2(h) g 10Pd-in-TiO, F4 5 37 175 5}

20 nm
-

20 nm
-

20 nm
-

L 4% €1 F1 EDX-mapping 5317, taE— 25 E0 i IE B
T Pd F4ETE TiO, B R NRTH. /E AR L, ZEH Xt
AN ) Pd A AL F) (30Pd-out-TiO,) ¥E 47 T
TEM EAE (& 3), B F 7R Pd 98K ks 32 2 1 2%
F TiO, MAMERE, HAFFRSER 4.7 nm.

1.0 1.5 1.0
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20 nm
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[§1 2 (a) #l (b) 10Pd-in-TiO, ) HRTEM [&]; (c) 10Pd-in-TiO, fE{L5 Pd )R 5341; (d) 30Pd-in-TiO, () HR-TEM [&], i[5
Pd (1 RSH40; (e), (), (g) F1 (h) 10Pd-in-TiO, (i394 5 i1 B2 < Fl EDX-mapping 73 H7

Fig.2 (a), (b) HRTEM images of 10Pd-in-TiO,; (c) the size distribution of Pd for 10Pd-in-TiO,; (d) HRTEM images of 30Pd-in-TiO,

(inset, the size distribution of Pd for 30Pd-in-Ti0,); (e), (f), (g) and (h) HAADF-STEM images and EDX-mapping of 10Pd-in-TiO,

L0 L5 2.0 2.5ty

R 50 35 40 45 50 55 60
Particle size/nm

€3 (a) 10Pd-out-TiO, ) HR-TEM [&], fi[¥1°4 Pd i) R 5F 5345 (b) 30Pd-out-TiO, i) TEM [£]; (c) 30Pd-out-TiO, ) HRTEM [4];
(d) 30Pd-out-TiO, 1L Pd Ay ~F0Fi
Fig.3 (a) HRTEM images of 10Pd-out-TiO, (inset, the size distribution of Pd for 10Pd-out-TiO,); (b) TEM image of 30Pd-out-TiO,;
(c) HRTEM image of 30Pd-out-TiO,; (d) the size distribution of Pd for 30Pd-out-TiO,
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SR, 7€ TiO, 45 N T2 B4k 7 10Pd-in-TiO, F1%4§
At 1 Pd i AL F 10Pd-out-TiO, i XRD % 1,
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Fig.4 The XRD characterization of TiO,, 10Pd-in-TiO, and
10Pd-out-TiO,
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Fig.5 The XPS characterization of 10Pd-in-TiO,
and 10Pd-out-TiO,
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N B B AL Pd-in-TiO, ' Pd’ 7E 3ds, 4b %%
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I % 45 A1 67 38 (9 4 4655 10Pd-out-TiO,, 428 %5
Pd’ 75 3ds, AbZ5 A FE N 336.2 eV, PA™TE 3ds, Ab 45
A B8N 336.9 eV. HILAT L, AH T4 1M 2k A AL

7| 10Pd-out-TiO,, TiO, & P 11 2k #f## 4k 77 10Pd-in-
TiO, ' Pd’ Fl PA™ #R (K45 A RETT A 30, WA
i faf A TiO, ] Pd AY%4 %5, nTRERY R R TiO, &N
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A3AT, 65 °C TR TR H PAO (138 Sl . Hod,
MR 10Pd-out-TiO, 1 PAO Y6 JFI%
5 B 0 59 T4 N 3R Pd 4L 57 10Pd-in-TiO,,
10Pd-out-TiO, H PO #IFpAYFES R 799 umol-g
MMi10Pd-in-TiO,f PAO HIFHIFESE M1 628 umol-g
VLA N T R A AL 5] 10Pd-in-TiO, H' Pd i (Y
EEEIRE S d 2 Tio,, ff Tio, & A ik i, it —
UL T TiO, 8 P B 4R AR 16 70 47 #E BE SR 1 Pd-
TiO, #Lifi, 5 XPS 43t s —2L.

—— 10Pd-in-TiO,
~—— 10Pd-out-TiO,

Signal (a.u.)
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€ 6 10Pd-in-TiO, il 10Pd-out-TiO, Y H,-TPR ¥t
Fig.6 H,-TPR characterization of 10Pd-in-TiO,
and 10Pd-out-TiO,
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M 90.6% Bl i A 94%. 1 HAE/INSEE R, Pd 1)
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PR, BB/ NRSHY Pd 285 51 & BED (15
FAL L, BT 68 4 PR AR /N R SH Y Pd T 2 A
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Table 1 BYD hydrogenation of confined catalyst Pd-in-TiO,
with different Pd ALD cycles®

Catalyst °Pd/ % “Cayp dSBDO “Ssep fSBOL “Strir

1Pd-in-TiO, 0.11 75 35 906 24 35
3Pd-in-TiO, 0.35 95 22 91.7 31 3.0
5Pd-in-TiO, 0.62 98 34 932 07 2.7
10Pd-in-TiO,  1.07 100 3.8. 940 0.7 1.5
20Pd-in-TiO,  2.23 100 62 910 13 1.5
30Pd-in-TiO,  3.12 100 13.0 85.0 0.8 1.2
10Pd-out-TiO, 1.16 49 82 86.0 23 3.5

a. Reaction conditions: catalyst dosage: 0.1 g; solvent: 2 mL methanol;
reaction temperature: 50 °C; reaction pressure: 1 MPa; reaction time: 2 h;
stirring speed: 200 r/min; b. Pd contents determined by ICP-OES;
c. Conversion of BYD; d. Selectivity of BDO; e. Selectivity of BED;

f. Selectivity of n-butyl alcohol; g. Selectivity of 2-hydroxytetrahydrofuran

Con. and Sel./%

Time/h

N 5YD
I BED

120 [©

Con. and Sel./%

B B AR AN T, o RS 2 &= )
BED 7£ Pd 2 il 1 FR 5 AL 2502 1 ds e g
f1)-OH £ 1 1) R T HL T = % BE BRI, B 5 65
BED K5t Hg fk 2 2. 24 Pd BIAEER R T 10 1,
kSN Pd IR R AL E 20~30, 2Ehn & =4 BED
MY IE BTN 94% B REAIR 2 85%, 1M T% B2 Jn & ™
Y] BDO Ry FEPEsE N, UiiARHZ Pd JEIAE0A) 3,
Pd 3% B B R e, A R IR AL B,
Pd Y DLFRAE BR R I AE 10, #2514 2 A9 10Pd-in-
TiO, X T 1,4- T He e B fin &0 4 BED 24
{1, BED M3 =135 94%.

[ 7(a) A TiO, & N f kAL 10Pd-in-TiO,
WAL 1,4-T e ZFE00 3 122 R R, AN s, i
RWTERAE 1 hJE, BYD B3Ny 62%, T H.AE
REE LRI B, IS~ 4% 0 BED, W & 1.5 h,
BYD f% 4k 3 A 3K 51| 89%, JZ v & 2 h, BYD B A]
SEERSE A REAL, I BED AYEERAE: R 94%, 4k SE4E

100 "%

80 -

60 |

40+

Con. and Sel./%

20

Time/h

120 @

Il BYD
I BED

100 -

80 |

60

Con. and Sel./%

40|
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€7 (a) 10Pd-in-TiO, AL 1,4- T He A Eh J1HEAF; (b)10Pd-out-TiO, fEFL 1.4 T K EHEN J124451E; (c)10Pd-in-TiO, ik
PRI R EPE LR (d)10Pd-out-TiO, AT AR AE PESL 46
Fig.7 (a) The kinetic characteristics of BYD hydrogenation over 10Pd-in-TiO, catalyst versus reaction time; (b) The kinetic

characteristics of BYD hydrogenation over 10Pd-out -TiO, catalyst versus reaction time; (c) the reusability for the hydrogenation of

BYD of 10Pd-in-TiO,; (d) the reusability for the hydrogenation of BYD of 10Pd-out-TiO,
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KRN B 2 10 h, BED AUREREPEASR e (R 45 7E
92% VAL, ML TiO, & 4Mazkay Pd 445 10Pd-
out-TiO,, JX W & 5 h, BYD A A] S ¥l 58 &% 4k, H
BED ARl 72%(FE 7(b)). IRtk AH HLAE Sh 1 2%
A Pd AL, TiO, 45 P T 2k U A 550 SR B0 B vy
P4 A 3 . 35K 2 R Sy A i 4 P 2 2R A £ )
10Pd-in-TiO, B, SEAERR KA R M IIE Pd 44K 5
Hi, ZJEFRUUARL TiO, B, JE R 1 2 RU4E) 5 AL ) Pd-
TiO, AL, ffi Pd i A 2 TiO, g5, #45m T
Pd-TiO, 3R FHAAH AR, M4 = BYD By
TEPE. A, AR PA-TiO, M HAE R fEfg i 31
& Pd BIVEFH, R 10Pd-in-TiO, 7EE E A 5 Ik~
Ji, RS R AR B SR AL TG, T Ah
#EAEF] 10Pd-out-TiO,, 7E{H H] 5 K5, BYD M1k
KRR 53%(& 7(c), (d)).
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14-T B FER BRI S BE A 52 ), 25 5 4R HH,
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TiO,, & N T 1 A Ak 3R A 30 B8 55 1% BYD i
TR, T E R T N S P A AR A AR TR Y
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TiO, it i, A B T4 5 BYD A&,
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Confined Pd/TiO, Catalyst Constructed by ALD for the
Hydrogenation of 1,4-Butynediol

ZHANG Shu-fang', YANG Gao-ju', CHU Pan-nan', ZHANG Bin’, ZHAO Yong-xiang'

(1. Engineering Research Center of Ministry of Education for Fine Chemicals, Shanxi University, Taiyuan
030006, China, 2. State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of
Sciences, Taiyuan 030001, China)

Abstract: A series of TiO, confined Pd catalysts were prepared by ALD, and the effect of the interfacial
interaction between Pd and TiO, on the selective hydrogenation of 1,4-butynediol (BYD) was studied. Compared
with TiO, supported Pd catalysts, Pd catalysts confined in TiO, exhibit more highly efficient catalytic activity and
selectivity for 1,4-butenediol in the hydrogenation of 1,4-butynediol. The phase structure and electronic properties
of catalysts were characterized by HR-TEM, XRD and XPS, and the results showed that stronger Pd-TiO,
interaction exited in the confined catalysts. The stronger Pd-TiO, interaction can efficiently inhibit the
isomerization and deep hydrogenation of 1,4-butenediol, thus improving the selectivity of 1,4-butenediol.
Moreover, the leaching of Pd nanoparticles in the confined catalysts can also be prevented, and the stability of
catalysts was improved.

Key words: atomic layer deposition; confined structure; Pd catalyst; interfacial interaction; the hydrogenation of

1,4-butynediol
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