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Tuning the diameter of TiO, nanotube arrays to

enhance the Heck reaction performance of
supported nano palladium catalysts
LI Qing, YU Xingkang, DONG Yu, MA Juanjuan, LIU Lin

(School of Environmental and Chemical Engineering, Jiangsu Ocean University, Lianyungang 222000, China)

Abstract The Heck reaction is a pivotal class of high-atom-economy carbon-carbon coupling transforma-
tions, where the selection of catalyst is decisive for determining both efficiency and selectivity. To address
the mass transfer limitations inherent in heterogeneous catalysis, this study proposes a strategy to enhance
the performance of supported palladium catalysts in the Heck reaction by modulating the pore diameter of
TiO, nanotube arrays. Anodic TiO, nanotube array (ATNTs) supports featuring large pore diameters
with inner diameter of about 154 nm were fabricated via a high-voltage stepwise anodization method. Sub-
sequently, Pd nanoparticles with an average size of approximately 6. 24 nm were uniformly deposited onto

the inner and outer walls of the nanotubes using a photochemical reduction technique. In the Heck cou-
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pling of iodobenzene with methyl acrylate, the as-prepared Pd@ ATNTs catalysts exhibited exceptional
catalytic activity, achieving complete conversion within 60 minutes with turnover frequency of 409 h™'.
Furthermore, the catalyst demonstrated facile recoverability and excellent cyclic stability, maintaining its
activity without significant attenuation after six consecutive reaction cycles.

Keywords TiO, nanotube arrays; Pd nanoparticles; Heck reaction; heterogeneous catalysis
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Bl 1 Pd@ATNTs L5l & & 2k K H7E Heck [ B H H) BL F
Fig. 1 Preparation route of the PA@ATNTs catalyst and application to the Heck reaction
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Fig. 2 XRD patterns of samples
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Fig. 3 FESEM images of samples prepared under different voltages
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Fig. 4 Morphologies of samples
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Fig. 5 HAADF-STEM image and elemental distribution maps of Pd@ATNTs-300V
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2.2 MEfkvEfE
2.2.1 ABRACE R EARAL, ARTEITH A AL A N 25 1, DARICR 55 DI TR FH R 19 Heck 6 R 5
RS 6 S 2 A 64T T AL, BRSE S BT 36 1, 00 R E UM A ATNTs-300V ik 2
FIXT RS IR i (45 H 1~2) , B HEFT 90 min J5 UK I SR & B AR 9. %45 B2 W 76 AR FI BT Heck
KN MELLIEST, H ATNTs-300V 8R4 B R EAMILTEYE . FERRREAE IR (4 em™) RAERISIE R L HUER
T AR LR 45 B AEAR ] (PA@ A TNTs-50V, PA@ATNTs-150V Fl PA@ATNTs-300V) i PE (4 H
3~5), ZEHIR, A PR A R TS ARG PR T, AN, PA@ATNTs-300V 7E 60 min PN RITAT
SCEEIT o8 S IL (R H 5) L R KB R L5 A T T L2 A% TR R SR TR

I8 HAth B 25 A8, 2528 T AR T Xt RO B B2 (S5 B 5~7) 0 M4k IR 0. 115%0(1 em®) 1
JNZE 0.230% (2 em®) AF, 60 min FHILRI 36 T 69 %0 dE— L R I & 0. 46090 (4 em®) Bif L §5 4L R
K=>99%0, I T IRMIR B ek, FEPLAER Pd 385 (0. 230%0) & 100 °CF , B4 T S i i i) %f 7 fk 3
MISENE (55 H 5.8 F19) . SOWHEATE 20 min BHFEALAN 7150, 40 min BF3A 9496,60 min S8 5E 21k
(C>99%) , IRBEXS KR B 12450 B 2 (%6 H 5,10,11), £E 100 °C F A 60 min, 543K >99%, HHE
B2 80 CHY,90 min FAbRA N 560, Fil i — D% 60 °C, R EK S W B E] 2 180 min, Ffb 4
UK 5% . ZEERAFA Arrhenius & HE . 2B T i B W AT RO RN HEFRE

AN 2T RIRIBE SN A2 (45 H 5.12~14) i FHIEHLAK Na, CO; 8¢ K,CO; Bf (50 H 12~13),
JZIE 90 min Ji 5 AL SREAR , 1 3 ZEA T HAE A B A5 (DMEF) HA 98 75 fire B R4 55 1) S ik S 0fi
PRARGR T S B B A5 BRI . AL R A PR e N R B 55 B AL AR (S5 H 5) 5 1l NaOAc B
RCRARXT LSS (S H 140, i, Eg N T 58 1) 0 14 RO S5 000 3 g P mT B A o 38 ) S g A 85 S T
et R AL S0V R 2 88 T AN AR 006 B2 A B i (2% H 5015~ 18) Bk AR Il % 57 (WDMF . DMA

F1 REEHH®L

Tab. 1 Optimization of reaction conditions”

No. Temperature/C Time/min n(Pd)/ %" Solvent Base Conversion rate/ %
1 100 90 - DMF Et,N Trace
2¢ 100 90 - DMF Et;N Trace
34 100 60 0.180 DMF Et;N 57
4¢ 100 60 0. 326 DMF Et;N 91
) 100 60 0. 460 DMF Et;N =99
6 100 60 0. 115 DMF Et,N 36
7 100 60 0. 230 DMF Et;N 69
8 100 20 0. 460 DMF Et;N 71
9 100 40 0. 460 DMF Et;N 94
10 80 90 0. 460 DMF Et;N 56
11 60 180 0. 460 DMF Et;,N 5
12 100 90 0. 460 DMF Na, CO, Trace
13 100 90 0. 460 DMF K,CO, 24
14 100 90 0. 460 DMF NaOAc 29
15 100 60 0. 460 DMA Et;N 90
16 100 90 0. 460 DMSO Et,N 59
17 100 90 0. 460 H,0 Et;N Trace
18 100 90 0. 460 Toluene Et;N Trace

i ra OB & : PA@ATNTs-300V 4E4E ], 1 mmol %, 1. 5 mmol FKSERHIEG, 1. 5 mmol B8 M 2 mL #5715 b LUMZE AR5 ¢ 4 em® AT-
NTs-300V 44k 5d 4 em? PA@ATNTs-50V AE Rk e 4 em? PA@ATNTs-150V 1E R4,
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Al DMSO) it A Fl F S Bl AT (B B 5.15~16) , Hort DMEF R B f s A AL . i nl REVR T L i
P A R R K RO RE D A7 Bl T AR E B F ) AR R 2 - R B A B, B 1A R Cn
JK 4 F1D FEER AR 50 AN 2, 4% F18) UL 25 i) S 107 336 41 33X w5 970 6 B s Ak B8 T o AL
R B FE A LR AT G, i RGEMAL i E T PA@ATNTs-300V fE L Heck SR I fe 5% 1F
N AR AR 0. 460 mol Yo SIWEELE 100 °C (B8N Et; NLE I8 DMF,

2.2.2 JRMEEWAT, AL ZEREERE b 2 — 2D T PA@ATNTSs-300V AL Y SR 95
P BTG HARAL A [ G50 IR EAT Heck BXN AYIEFIRE ST . 126, B4 T AL — R A1 A A
BUREE 57 S AL ) AL RICR (G 2) 0 SEIRERERI IR R R R 47 00 B RE AT e A 1 U Q3R Y
FEL 280X B 7 o 3RS i 3, R I R AT 8 B (R PO, (% H 1—~6) o 35 A S I L 15k AT A8 IR ) 1
30~60 min N R SEBL R FAL AR (8520 ~9900) . IXFF Heck S i 28 AL B, BV L 2 LA A1) 7 05 4
Pd iR R AP TR, SIRPAE A 45 BB (G H 7~10), SO 338G B T B, {H 38 2o 3 > JE K
J S R TE] o AR FT LA SE 3 o e A3 (86 6 ~ 98 260 » F WAL TR X 3 2 e 475 B AT o sl Ab i 1 . s ) i
BHAGCN AT RN BAIE . 2B F BRI (55 H 100 BFAL AR TR (G H O FIXAL R 8O ik, (3R
(R BB SR TR I AL R IR AR T B . 454 PA@ATNTs-300V #AR M KA1 (4 154 nm) A 45 #4
Pt I AR AT REA AT SN ) o3 CRLAE QB AL B R DD B B 30 075 1 o ) 3 e DA T — 2 2 JBE
Mt 1 A3 [ BH AR o

R 2 PA@ATNTs-300V fEL &5 EML Y 5 RGBS 2 8K Heck {REX &
Tab.2 Heck coupling reactions between various aryl iodides and methyl acrylate using the Pd@ATNTs-300V catalyst

No. Substrate Time/min Conversion rate/ %
1 F@—I 30 97
2 BI‘OI 30 85
3 CIOI 60 94
4 O,N@—I 60 91
5 NC—@—I 60 99
6 HOOC@»I 60 90
7 H,CO —@—1 180 89
8 H,C «@»1 90 98

H,C
9 O 90 94
I
CH
10 180 86
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Tab.3 Heck coupling reactions of aromatic halides with different olefins catalyzed by Pd@ATNTs-300V

No. Aromatic halides Alkenes Time/h Temperature/C Conversion rate/ %3
2 @—I 2 2 100 =99
\AOH
(0]
3 QI s~ 1 100 >99
@B D 9 140 74
4* r
~Aopy
O i 9 " :
52‘
A oBu
A5 0. 460 mol% PA@ATNTs-300V,1 mmol 5% % {E4,1. 5 mmol /&, 1. 5 mmol Et;N,2 mL. DMF. a 1.5 mmol DABCO

B EGN M.

)5 MEUPES PA@ATNTs-300V (AL RR K H 5 SCERRIE 19 22 Fh 738080 Pd 84k 59 78 A1 [R) 45
AN FR A PEREEA T TR 1] LU (B 4) o &5 R AR TAES 5 9L H TOF &3k 409 h ' iz 8d@ ik 1
% 4 AN 2B ERAL R, BT Pd/GO.SBA-15-EDTA-Pd L K £ F8-A Wy sk i A1 8 7 2% 19 Pd

Hef
*F4 BMFES5RHEEFE Heck BER M RARE Pd EALFIAI LR
Tab. 4 Comparison of different Pd catalysts for the Heck coupling of iodobenzene and methyl acrylate
No. Catalyst Conditions Conversion rate/ % TOF/h! Refs.
1 Pd/GO DMSO, K,CO,, 120 C, 2 h 93 5 [35]
2 SBA-15-EDTA-Pd DMF, Et;N, 120 °C, 2 h 99 57 [36]
3 Pd-CS/PVA Et;N, DMSO, 110 C, 3 h 76 120 [37]
4 PS-Pd-salen DMF, K,CO,, 110 ‘C, 10 h 79 138 [38]
5 Si0,-C60-11L-Pd DMF, Et;N, 120 'C, 4 h 99 248 [39]
6 Pd/NiCNTs-OH DMF, Et;N, 100 'C, 3 h 99 374 [40]
7 Pd@ATNTs-300V DMF, Et;N, 100 C, 0.5 h 94 409 This work
120
100
©
T 80 ' ‘
5] = Y
g g
2 60 5 ! '
z g ‘ /
>
: 4
g 40 B ,
20 :
0 T T T T T T T
1 2 3 4 5 6 344 342 340 338 336 334 332

Cycle times Binding energy/eV

E:(a) 6 YARFR Heck UM IMHEALA; (b) 6 KAEFRF 1) PA@ATNTSs-300V 19 XPS Ol
7 PA@ATNTs-300V IREMSESFE A
Fig. 7 Stability and reusabilityof the PA@ATNTs-300V catalyst
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Fig. S1 Optical images of samples at different stages
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Fig. S2  Optical images of before and after Heck reaction
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Fig. S3 The EDS spectrum of PA@ATNTs-300V
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Fig. S4 High-resolution XPS spectra of Ti 2p of PdA@ATNTs-300V



