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Figure S1. TEM images of the calcined supports: (a) ZSM-5, (b) KIT-5, 
(c) Zk-2, (d) Zk-3, (e) Zk-4, (f) Zk-6
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Table S1  Amounts of L and B acid sites of NiMo/Zk-x catalysts tested by pyridine 

Acid amount (200 °C)/mmol·g-1 Acid amount (350 °C)/mmol·g-1
Catalysts

L B L+B B/L L B L+B B/L
NiMo/KIT-5 155 0 155 0 34 0 34 0

NiMo/Zk-2 177 7 184 0.037 41 0 41 0

NiMo/Zk-3 230 14 244 0.061 51 0 51 0

NiMo/Zk-4 370 16 386 0.043 62 0 62 0

NiMo/Zk-6 416 17 433 0.041 73 0 73 0

NiMo/ZSM-5 399 32 431 0.080 92 10 102 0.109

Figure S2. HAADF-STEM and EDX elemental mapping images of Zk-3.

The Al mapping image of Zk-3 material were showed in Figure S2. It can be seen, 

the Al element were widely distributed in Zk-3 composite material.
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Figure S3. SEM images of: (a) PZK, (b) Zk-3.
In order to study the morphologies of PZK (mechanical mixing) and Zk-3 supports, 

the SEM spectra are performed and shown in Figure S3. From Figure S3 (a), the PZK 



mixture possesses two separated phases, which is ZSM-5 and KIT-5 materials 

respectively. The Zk-3 material in Figure S3 (b) exhibits no isolated ZSM-5 crystals 

and contains homogeneous dispersed phases.
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Figure S4. 27Al NMR spectra of the series materials: (a) Al-KIT-5. (b) Zk-3, (c) 

PZK

The coordination information of Al atoms are studied by 27Al MAS NMR spectra, 

and shown in Figure S4. The peak ascribed to the tetrahedral (framework Al species) 

coordinated aluminum atoms is observed at 54.5 ppm[1]. As shown in Figure S4, the 

peak centered at 54.5 ppm could be assigned to the Al atoms incorporated into the 

framework of KIT-5; while the signal centered at 57.4 ppm is ascribed to the Al atoms 

existing in the form of TO4 in the ZSM-5 material. For the Zk-3 composite material, 

the chemical shift of Al species is at 56.0 ppm, different with 54.5 ppm and 57.4 ppm, 

indicating that partial Al species are embedded into the framework of KIT-5 support 

and formed the micro-mesoporous structure[2]. The above discussion confirms that the 

as-synthesized Zk-3 materials are the composites of ZSM-5 nanocrystals fabricated 

into the frameworks of mesoporous KIT-5 materials. 
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Figure S5. H2-TPR of various catalysts: (a) NiMo/KIT-5, (b) NiMo/Zk-3, (c) 

NiMo/Zk-4. (d) NiMo/ZSM-5.

The H2-TPR spectra of various NiMo/Zk-x catalysts are tested to investigate the 

metal-support interaction (MSI) and the reducibility of the oxide phases; and the 

results are displayed in Figure S5. All the catalysts show the low-temperature 

characteristic signal in the range of 400-600 oC and the high-temperature 

characterization signal in the range of 700-900 oC, which are ascribed to the reduction 

of polymeric octahedral coordination Mo species ( Mo6+ + 2e- → Mo4+) and the deep 

reduction of tetrahedrally coordination monomeric Mo species (Mo4+ + 2e- → Mo0)[1-

2]. For all the catalysts, the low reduction temperatures are in accordance with the 

following order: NiMo/KIT-5 (460 oC) < NiMo/Zk-3 (478 oC) < NiMo/Zk-4 (486 oC) 

< NiMo/ZSM-5 (513 oC). It can be deduced that the NiMo/Zk-x catalysts have the 

stronger MSI than NiMo/KIT-5. 
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Figure S6. Ni2p XPS Spectra of the sulfided catalysts: (a) NiMo/ZSM-5, (b) 

NiMo/Zk-3, (c) NiMo/Zk-4, (d) NiMo/KIT-5.

Table S2  XPS fitting results of Ni 2p spectra of the sulfided catalysts

Catalysts NiMoS ar.% NiSx ar.% NiO ar.% Nisulfidity ar.% a

NiMo/ZSM-5 61.3 7.6 31.1 68.9

NiMo/Zk-3 79.9 0.1 20.0 80.0

NiMo/Zk-4 75.7 0.2 24.1 75.9

NiMo/KIT-5 68.0 0.9 31.0 68.9

a Nisulfidity = (NiMoS + NiSx)/Nitotal

Figure S6 displays the Ni 2p XPS spectra of the various sulfided NiMo/Zk-x, 

NiMo/ZSM-5 and NiMo/KIT-5 catalysts. And the Ni 2p orbit consists of three peaks 

at 856.4 ± 0.1 eV, 862.3 ± 0.1 eV and 853.1 ± 0.1 eV, corresponding to NiMoS, NiO 



and NiSx, respectively[1-2]. The detailed fitting results are displayed in Table S2. It can 

be observed from Table S2, the amounts of NiMoS phase follow the order: NiMo/Zk-

3 > NiMo/Zk-4 > NiMo/KIT-5 > NiMo/ZSM-5. Furthermore, the NiMo/Zk-3 catalyst 

has the highest sulfidity degree of Ni species.
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Figure S7. Quinoline HDN results at different temperatures (10 h-1, 4 MPa, 400 

ml/ml).

The commercial Al2O3 catalysts were obtained from Aluminum Corporation of China 

Limited. The catalytic activities of NiMo/Zk-3 and NiMo/γ-Al2O3 are shown in Figure 

S7. It is observed, the NiMo/Zk-3 catalyst exhibits higher activities than NiMo/γ-

Al2O3 at different reaction temperatures.
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Figure S8. Quinoline HDN result with time on stream over NiMo/Zk-3(400 oC, 

4.0 MPa, 400 ml/ml and 10 h-1)

The long-period (100 h) quinoline HDN reactive experiment over NiMo/Zk-3 catalyst 

(400 oC, 4.0 MPa, 400 ml/ml and 10 h-1) was tested, and the results are displayed in 

Figure S8. It can be observed from Figure S8 that the quinoline HDN efficiencies are 

maintained to 79.6 % at 100 h time on stream, indicating that the NiMo/Zk-3 catalyst 

possesses good catalytic stabilities.
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Figure S9. Quinoline HDN performance over various catalysts at different 

temperatures

The role of the support is complex due to the metal-support interaction (MSI). The 

NiMoS structure is present as either type I or type II depending on the MSI. The 



Al2O3 support possesses the strong MSI, however, the silica support has the relatively 

weak MSI. In order to study the effect of supports, different supports are prepared 

catalysts for quinoline HDN reaction. The commercial Al2O3 catalysts were obtained 

from Aluminum Corporation of China Limited. The Ni2P and MoP catalysts 

supported on the commercial silica were evaluated catalytic activities according to the 

literature[1-2]. From Figure S9, the Ni2P/M-5 and MoP-d/r500 catalysts show higher 

catalytic activities than NiMo/Zk-3 and NiMo/Al2O3 at 340 oC, and with the 

temperature increasing, the NiMo/Zk-3 and NiMo/Al2O3 display the higher catalytic 

activities than Ni2P/M-5 and MoP-d/r500 catalysts.
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