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Abstract: Amine-functionalize metal organic framework (NH,-UIO-66) was successfully synthesized by solvothermal
method with zirconium salt and 2-aminoterephtalic acid. Tri-metallic RuCuMo nanoparticles (NPs) were immobilized
by a facile impregnation-reduction method to prepare RuCuMo@NH,-UIO-66 catalysts. The structure, morphology,
composition and specific surface area of the above catalysts were characterized. Ru;Cu,Mog s@NH,-UIO-66 catalyst exh-
ibits the highest catalytic activity comparing with Ru, RuCu and CuMo counterparts as well as pure tri-metallic RuCuMo
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Cu and Mo can significantly enhance the catalytic activity of Ru counterparts, owing to the synergistic effect among Ru, Cu

and Mo atoms, bi-functional effect generated between RuCuMo NPs and NH,-UIO-66 support, and the amine as anchor-

ing groups in the NH,-UIO-66 framework, which facilitate the formation and stabilization of ultra-small RuCuMo NPs by

preventing their aggregation. The addition of non-noble metals Cu and Mo provides an important approach for the improve-

ment of catalytic activity and industrial application.

Key words: metal organic frameworks (NH,-UIO-66); RuCuMo@NH,-UIO-66; solvothermal method; synergistic

catalysis; releasing hydrogen
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{X#%: D8-Advance X £k ¥y AR AT H A (8 [H
Bruker A ), CuKo (A=0.1540 nm) A5£EVE, )i
HENER, TEHEERN 40 kv, TAEHEFTA 40 mA,
FIHFEE A 20=5°~80°, FAHHEEA 10 (°)/min. Tecnai
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AR ALER 15 min, DASRAR - H0R A7 B, 7
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CuCl,-2H,0 #11 0.25 mL 0.1 mol/L i Na,MoO, Il
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Fig. 1 XRD patterns of NH,-UIO-66, Ru@NH,-UIO-66,
CuMo@NH,-UI0-66, RuCu@NH,-UIO-66 and Ru;Cu,Mo, ;@
NH,-UIO-66
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2 (a,b) NH,-UIO-66+ (c) Ru;Cu;Moys@NH,-UIO-66+ (e) RuCuMo ZHKKi T [1) TEM M F;
(d) Ru;Cu,Mo, s@NH,-UIO-66 H1(f) RuCuMo #4KHi T~ KR4 40 A7 K]
Fig. 2 TEM images of (a, b) NH,-UIO-66, (c) Ru;Cu,Mog s@NH,-UIO-66, (¢) RuCuMo NPs,
(d, f) particle size distributions of (d) Ru;Cu,Mog s@NH,-UIO-66 and (f) RuCuMo NPs

Signal A= InLens Dato 23 Jan 2019
Mag= 10000 KX Time 202429
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K3 (a, ¢) Ru;CuyMog s@NH,-UIO-66 1137 K S 14 LB i A, (b) EDS 88 8% 23 H Rl (d~D)AH B TG K 7 A7 R
Fig. 3 (a, c) FESEM image, (b) EDS analysis of Ru;Cu,Mo, s@NH,-UIO-66 and (d-f) elemental mappings of Ru, Cu and Mo

Cu(I)e fiF 952.2 1 954.3 eV AbIfuE 53 IR T
Cu(0)F1 Cu( 1) 2p1,>%. MK 4(d)H AT A Hi, Mo3d
{5 5 VAT LAGH iR 2 I, 231.7 1 234.8 eV AL 53
AT MoV 3dis 1 3d 0 e i 7 5027,
MIE 4(e)TT LA Y, Nis {5 S 06T LUMigA 2 AN,

1T 398.3 eV N-C 45 & HEIIE, 7T 399.9eV Ny
C-NH, &5 &g, IEIEARIPfEAE-NHy . FIRGS
REH, £ Ru;CuMoys@NH,-UIO-66 467 H, Ru
FURH e, i Cu. Mo 7EHI & fE il fE & £
TR A

1319



1320 o MM ORI 344
(b) 3ps Ru3p
—Raw

2 3 —Fit

g \‘_“., —Background

B < ——Ru(463.3 ¢V)

° %‘ , — Ru(485.5 V)

3 8 ‘

) =

0 200 400 600 800 1000 1200 460 465 470 475 480 485 490
Binding energy / eV Binding energy / eV
() 3dsn Mo3d (e) Nls
—_ — - 98,3 6V 399.9 6V
5 g 5
& & &
2 2 z —Fit
@ @ E’ ——Background
2 —— Cu(I)934.3 6V 2 = Fit 2 ——N(398.3 eV)
- —Fit — Cu(0)935.3 ¢V - —— Background = —N(399.9 V)
— Background — Cu(I)942.3 eV ——Mo(VI)231.7 eV
—Cu932.7e¢V — Cu(l)943.8 eV ——Mo(VI)234.8 eV
930 940 950 960 228 230 232 234 236 238 390 395 400 405 410
Binding energy / eV Binding energy / eV Binding energy / eV

K4 Ru,Cu,Mo, s@NH,-UIO-66 {467 ) XPS fEi &
Fig. 4 XPS spectra of the Ru;Cu,Mog s@NH,-UIO-66 catalysts survey, (b) Ru3p, (c)Cu2p, (d) Mo3d, (e)N1s
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Fig. 5 FT-IR spectra of NH,-UIO-66, Ru;Cu,Mo, s@NH,-UIO-
66 and Ru;Cu,Mo, s@NH,-UIO-66 after 5 runs
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Xt 2R B 4R ef C—C T P9 R TR A1 ES Bl AR 3™, il
b AT WL = A 1 21 20 B S A AL, 0B £ 3R =
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NH,-UIO-66 18 345 i Th REFAAE
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T 1N AR [ 4 B /R LI S N B
A SEBR B T B, JE IS ICP-AES 435 E T
Ru; CuMo,@NH,-UI0-66(x=0.25,0.5,1.0) 1 %% i ¢
R, MR, =SS, Rus Cu 5EkR
R E S ERER, RRBUCJEIE R 4
JBIEFE I BB AR E. T Mo (S92 bRE S S
HEMZER, X2E2HT ERu’/Ru)=0.3862 V,
E'(Cu*'/Cu)=0.342 V, E’Mo00O,*/Mo)=-1.05 V,
MoO,” IR HILMR HLBA BRI, 76 4 @ik S FE o LA
EREEN, AR, HEEE Mo MEWREZ
Eb18hn(0.25, 0.5, 1, BI 1:2:4), sehrfisEhpiz
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WM. 4R 2R, 47 RuiCu,Mog s@NH,-
UIO-66 ' Ru. Cu. Mo 1] 5 Fx f % & 2 5 N
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Table 1 ICP-AES analyses of RuCuMo@NH,-UIO-66 catalysts with different molar ratios
Catalyst Initial ratio of Ru : Cu : Mo Actual ratio of Ru : Cu : Mo Actual Ru loading/wt%
Ru,CuyMoyg »5@NH,-UIO-66 1.00 :2.00 : 0.25 1.00:2.20: 0.04 4.89
Ru;Cu,Moy s@NH,-UIO-66 1.00: 2.00 : 0.50 1.00:1.82:0.09 5.48
Ru,Cu,Mo, y@NH,-UIO-66 1.00 :2.00 : 1.00 1.00:2.04:0.19 5.16

2.6 fELIERED T

K 6 M1k 7] RuCuMo@NH,-UIO-66 £ 25 C
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RuCu U # A 1.75 i, 7840 UESE 5148 Ru A19E 5%
48 CuMo YKL [l 4775 B M B [RIFE ., Cu
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RuCuMo 44K K ¥ [ 36 P (K T = & J& {1k 771
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Bl 6 (a) RuCuMo #KHi¥, Ru@NH,-UIO-66+Cu@NH,-
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Fig. 6 Plots of time vs. n(H,)/n(NH;BH;) from the hydrolysis
of AB (18.5 mg): (a) RuCuMo NPs, Ru@NH,-UIO-66+Cu@
NH,-UIO-66+Mo@NH,-UIO-66, Ru@NH,-UIO-66, Ru,;Cu, @
NH,-UIO-66, CuMo@NH,-UIO-66, Ru;Cu,Mo, s@NH,-UIO-66,
NH,-UIO-66; (b) Ru;CuMo, s@NH,-UIO-66, and (c) Ru;Cu,Mo,@
NH,-UIO-66
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Fig. 7 Plots of time vs. n(H,)/n(NH3BH3) for the hydrolysis
of AB (18.5 mg) aqueous solution catalyzed by Ru,;Cu,Mo, 5@
NH,-UIO-66 at different temperatures(a), and the corresponding
Arrhenius plot (b), and reusability test for the Ru;Cu,Moy 5@
NH,-UIO-66 within five cycles(c)

x2 AFRSTEENFIAT AB KRR SRIELFE
Table 2 Catalytic activities of different Ru-based catalysts used for the hydrolytic dehydrogenation of AB

Catalyst TOF/( moly,, - molg, - min™") E,/(kJ-mol ™) Ref.
Ru NPs 26.70 66.50 [34]
RuCu(1:1)/y-ALO4 16.40 52.00 [35]
RuCo(1:1)/y-ALO; 32.90 47.00 [35]
Ru(0)/TiO, 241.00 70.00 [36]
RuCo@MIL-53 87.24 34.32 [16]
Ru@g-CsNy 313.00 37.40 [37]
RuCu/graphene 135.00 30.60 [38]
RuCuMo@NH,-UIO-66 180.83 30.10 This work
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