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1 Abstract

2 Supported amorphous alloy catalysts have received wide attention due to their unique structural and electronic 

3 properties, high catalytic activity, and thermal stability. In this work, a carbon nanotubes (CNTs)-supported 

4 amorphous Ni-P alloy nanoparticles (NPs) catalyst is synthesized using a simple one-pot microwave-assisted 

5 approach, referred to as Ni-P/CNTs-MA. The prepared Ni-P/CNTs-MA catalyst displays a smaller Ni-P NPs, 

6 higher metal dispersion and stronger metal-support interaction than the reference catalyst prepared by the 

7 traditional water bath heating method (Ni-P/CNTs-WB). The resulting Ni-P/CNTs-MA catalyst exhibits 

8 enhanced catalytic activity for the hydrogenation of nitroarenes compared to the Ni-P/CNTs-WB catalyst. The 

9 Ni-P/CNTs-MA catalyst also exhibits improved thermal stability and catalytic durability, probably due to the 

10 strong interaction between Ni-P NPs and CNTs.

11 Keywords: Amorphous Ni-P alloy, Carbon Nanotubes, Microwave synthesis, Selective hydrogenation

12

13
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3

1 Introduction

2 Substituted aromatic amines are generally synthesized by the chemical selective hydrogenation of 

3 nitroarenes, and are industrially important intermediates for pharmaceuticals, agrochemicals, fine-chemicals, 

4 dyes, and polymers.1 Although noble metals catalysts such as Pt, Pd have excellent hydrogenation 

5 performance, their high price and limited reserves restrict large-scale applications.2 In recent years, earth-

6 abundant metals (e.g., Ni, Co, Fe, etc.) have been successfully explored as promising alternatives to noble 

7 metal catalysts for hydrogenation of nitroarenes.3-5 In particular, the nickel phosphide-based catalysts with the 

8 advantages of low costs and unique electronic structures exhibit high hydrogen activation and selective 

9 hydrogenation of the nitro group.6 Compared to crystalline nickel phosphide, amorphous Ni-P alloy catalysts 

10 have attracted much attention due to their unique structural homogeneity, adjustable composition, and high 

11 concentration of coordinatively unsaturated sites.7 For example, Yang et al. 8 reported ordered mesoporous 

12 amorphous Ni-P nanowire arrays which had a much higher intrinsic activity for hydrogenation of sugars than 

13 the crystalline counterpart due to the amorphous alloy properties and mesoporous material characteristics. 

14 However, the poor thermal stability and tendency to agglomerate of amorphous Ni-P alloy nanoparticles (NPs) 

15 limit practical applications. 

16 Supported amorphous Ni-P-based catalysts play an important role in heterogeneous catalysis because the 

17 large surface area of the support such as silica,9 carbon nanotubes/graphene,10,11 and nanofibrous polymer 12 

18 increases the dispersion of metal NPs. In addition, the strong interactions between metal and support can 

19 improve the selectivity, activity and durability of the heterogeneous catalysts.13 However, the preparation of 

20 supported amorphous Ni-P alloy catalysts, by traditional synthesis methods, including impregnation-

21 reduction14 and electrodeposition,15 generally involves a multi-step preparation process (e.g., impregnation, 

22 calcination and reduction of the metal ions).16 Recently, a microwave-assisted heating method has become a 

23 popular strategy in synthetic chemistry.17 The advantages of microwave irradiation are due to the selective 

24 energy absorption of materials and unique thermal effects.18 This is because microwave heating generates high 

25 frequency rotation of polar molecules, producing a quicker and higher heating of species. These species can 

26 further form “super hot” dots on the microwave-absorbing materials.18,19 For example, our group successfully 

27 synthesized carbon nanotubes (CNTs) threaded (001) facet-exposed TiO2 by a microwave-ionothermal 

28 strategy,20 in which CNTs were activated as microwave antennas and form local “super hot” dots to promote 
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1 the self-assembly of single crystalline TiO2 with highly active exposed (001) facets. In addition, microwave 

2 irradiation was used to produce UIO-66-NH2 anchored on graphene which is a highly efficient catalyst for 

3 photocatalytic reduction of CO2.21 These works demonstrate that the microwave heating method is a promising 

4 approach for the preparation of the carbon-based materials supported amorphous Ni-P alloy catalyst with 

5 strong metal-support interaction.

6 We have developed a simple one-pot method to prepare CNTs supported amorphous Ni-P NPs (Ni-

7 P/CNTs-MA) by using a microwave-assisted wet-chemical reduction method, which greatly shortens the 

8 synthesis time and enhances the interaction between the amorphous Ni-P NPs and CNTs. Under microwave 

9 radiation, the “super hot” dots generated on the surface of CNTs can rapidly induce the nucleation of 

10 amorphous Ni-P NPs which are strongly anchored on CNTs. The synthesis conditions, including microwave 

11 heating temperature, reaction time, and solvents were optimized. The as-obtained Ni-P/CNTs-MA catalyst 

12 exhibits excellent activity, thermal-stability and recyclability for the hydrogenation of nitroarenes.

13
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1 Results and discussion

2 A schematic diagram illustrates the synthetic procedure for a CNTs supported amorphous Ni-P NPs (Ni-

3 P/CNTs-MA) catalyst based on a wet-chemical reduction process using microwave heating (Fig. 1a). Firstly, 

4 the CNTs were dispersed in a mixed water-ethanol solvent containing a Ni precursor (NiCl2·6H2O), a reducing 

5 agent (NaH2PO2) and a dispersant (CH3COONa). After adjusting the pH to 11 with 30 wt.% NaOH solution, 

6 the above suspension was immediately transferred to the microwave reactor. During microwave heating, the 

7 CNTs acted as microwave-antennas, strongly absorbing microwaves and generating many “super hot” dots on 

8 the surface. These “super hot” dots facilitate the nucleation of Ni-P on the surface of CNTs, leading to initial 

9 well-dispersed amorphous Ni-P nano-nuclei. As the reaction proceeded, the initial Ni-P nano-nuclei grow into 

10 Ni-P NPs around the local “super hot” dots on the CNTs via absorption of microwave energy. Notably, the 

11 microwave-assisted method only takes a very short time (10 min) to complete the entire chemical reduction 

12 process. The Ni-P/CNTs-MA catalyst was obtained after washing several times with 8.0 M NH3·H2O, 

13 deionized water and absolute alcohol, then dried in a vacuum oven. As a comparison, we prepared a typical 

14 CNTs supported amorphous Ni-P catalyst using the traditional water bath heating method (Ni-P/CNTs-WB) 

15 instead of microwave irradiation. Because of the lack of “super hot” dots in the water bath heating system (at 

16 80 °C), the overall reaction time was at least three hours (see Experimental Section for details). This traditional 

17 heating form relies on the thermal conductivity of various compounds or materials, which may have uneven 

18 heat transfer in reaction systems, resulting in slow and inefficient heating.22 However with microwave heating, 

19 the high polarity groups such as hydroxyl and carboxyl in CNTs usually have the ability to absorb microwave 

20 energy and rapidly convert it to internal energy, thereby forming “super hot” dots.20 The resulting local high 

21 temperature on the surface of CNTs promotes the rapid nucleation of Ni-P NPs.

22 The transmission electron microscopy (TEM) images with different magnifications of the prepared Ni-

23 P/CNTs-MA sample are shown in Fig. 1b,c. The Ni-P NPs, with a particle size of ~71 nm, are successfully 

24 anchored to the CNTs and exhibit a good dispersion. The diffractive halo-like selected-area electron 

25 diffraction (SAED) pattern (Fig. 1d) confirms the amorphous feature of Ni-P NPs. In contrast, the Ni-P 

26 nanospheres with large particle size (~135 nm) are randomly distributed on the CNTs for Ni-P/CNTs-WB 

27 prepared by the water bath heating method (Fig. S1). These results indicate that the “super hot” dots produced 

28 by microwave irradiation can quickly induce the formation of large number of nucleation, thus generating 
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1 much smaller sized Ni-P NPs. 

2 The amorphous structure of Ni-P NPs is further confirmed by wide-angle X-ray diffraction (XRD) (Fig. 

3 2a). Bare CNTs show a typical crystalline XRD pattern with obvious diffraction peaks at 26.1, 42.3, 44.3 and 

4 54.5°, corresponding to the (002), (100), (101) and (004) crystal planes of hexagonal graphite (JCPDS 41-

5 1487), respectively.23 One impurity peak at 2θ = 37.1° is also observed. After loading Ni-P NPs, no diffraction 

6 peaks of Ni-P are observed, indicating the amorphous nature of Ni-P in Ni-P/CNTs-MA. A similar result was 

7 also observed in Ni-P/CNTs-WB sample (Fig. S2). Fig. 2b shows N2 adsorption-desorption isotherms and the 

8 pore size distribution curve of bare CNTs and Ni-P/CNTs-MA. The Ni-P/CNTs-MA exhibits similar 

9 adsorption-desorption isotherms and pore structure with CNTs, revealing that Ni-P NPs loading does not 

10 change the support structure. The surface areas of Ni-P/CNTs-WB and Ni-P/CNTs-MA are 126.9 m2g-1 and 

11 124.1 m2g-1, respectively, which are smaller than that of pure CNTs (131.2 m2g-1) (Table 1). The pore volume 

12 of Ni-P/CNTs-WB and Ni-P/CNTs-MA also show a slight decrease compared to bare CNTs, which is likely 

13 due to that the amorphous Ni-P NPs that cover the surface and pores of CNTs.

14 The compositions of the samples were confirmed by inductively coupled plasma optical emission 

15 spectroscopy (ICP), (Table 1). The results show that the P content in Ni-P/CNTs-MA sample is slightly higher 

16 than that of Ni-P/CNTs-WB, which may be attributed to the faster nucleation speed and easier combination 

17 of Ni and P under microwave irradiation. Moreover, the metal dispersion ratio in Ni-P/CNTs-MA measured 

18 by H2-TPD is 21.2 %, which is much higher than that of Ni-P/CNTs-WB (16.1 %), attributed to the fast 

19 formation of Ni-P NPs under microwave irradiation. 

20 X-ray photoelectron spectroscopy (XPS) was used to characterize the electronic states on the Ni and P of 

21 Ni-P/CNTs-MA catalyst. As shown in Fig. 2c, the high-resolution XPS spectrum of Ni 2p can be deconvoluted 

22 into six peaks. The main peaks at 853.2 eV and 870.5 eV can be attributed to the 2p3/2 and 2p1/2 peak of metallic 

23 Ni0 in Ni-P/CNTs-MA, respectively, whereas the peaks located at 856.2 and 874.3 eV correspond to 2p3/2 and 

24 2p1/2 from nickel oxides (NiOx) species. Two satellite peaks at 861.4 and 879.8 eV could also be observed, 

25 indicating spontaneous surface oxidation upon exposure to air.23 For the P 2p spectrum (Fig. 2d), peaks located 

26 at 130.7 eV (2p1/2) and 129.1 eV (2p3/2) can be assigned to P0 (P-metal), with the peak at 133.4 eV indexed to 

27 the oxidized P species.24 Notably, the binding energy (BE) of Ni 2p3/2 (853.2 eV) is positively shifted 

28 compared to the reported metal Ni (852.6 eV),24 whereas the BE of P 2p3/2 (129.1 eV) is negatively shifted 
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1 relative to the reported elemental P (130.2 eV).26 These results indicate that the charge transfer from Ni to P 

2 in the Ni-P/CNTs-MA catalyst. A similar electron-donating phenomenon of metallic Ni can be observed in 

3 Ni-P/CNTs-WB catalyst (Fig. S3). Compared to Ni-P/CNTs-WB, the Ni 2p in Ni-P/CNTs-MA catalyst 

4 slightly shifts toward a higher binding energy, which may be due to the higher content of P (Table 1) in Ni-

5 P/CNTs-MA sample.27 Previous studies have also demonstrated that charge transfer between metal and P can 

6 improve the selectivity and activity of M-P catalyst for hydrogenation reactions.12,28 

7 Fourier transform infrared (FTIR) and Raman spectra of as-prepared catalysts and bare CNTs are shown 

8 in Fig. 2e,f. The peaks at 1190, 1575, 1722 and 3430 cm–1 are ascribed to the C–C stretching, aromatic ring 

9 stretching, C=O stretching and H–O stretching, respectively.29 After loading amorphous Ni-P NPs, no 

10 significant changes in the FTIR is observed in the Ni-P/CNTs-WB and Ni-P/CNTs-MA samples (Fig. 2e). 

11 Raman spectroscopy is an effective technique to understand the incorporation of heteroatoms in carbon 

12 materials.30,31 As shown in Fig. 2f, the typical Raman bonds of CNTs at 1324.8 cm-1 and 1574.5 cm-1 are 

13 observed, which corresponding to the D and G bands, respectively. The intensity ratio (ID/IG) of the D and G 

14 band is usually used to describe the surface defects and disorders of carbon materials.32,33 The ID/IG of Ni-

15 P/CNTs-MA (1.42) is higher than Ni-P/CNTs-WB (1.35) and CNTs (1.26), suggesting that microwave-assist 

16 heating method increases the numbers of defect sites. The increased defects in CNTs could enhance charge 

17 transformation and the adsorption of reactants which increases the catalytic activity, as reported by Yang and 

18 co-workers.34

19 H2-TPD and EIS spectra of the Ni-P/CNTs-MA and Ni-P/CNTs-WB catalysts are shown in Fig. S4. The 

20 broad hydrogen desorption peak at high temperatures (between 300 °C and 500 °C) can be attributed to the 

21 hydrogen-storage ability of CNTs in both Ni-P/CNTs-MA and Ni-P/CNTs-WB samples (Fig. S4a).35 The 

22 desorption peak at moderate temperature (less than 300 °C) represents the adsorption of hydrogen by 

23 amorphous Ni-P NPs. From the H2-TPD data, it is revealed that the Ni-P/CNTs-MA catalyst exhibits a lower 

24 desorption temperature than the Ni-P/CNTs-WB catalyst. This result indicates Ni-P/CNTs-MA has a weaker 

25 absorption bond between the hydrogen atoms and the active sites compared with Ni-P/CNTs-WB, which may 

26 facilitate the transfer of the adsorbed hydrogen atoms to the adsorbed reactants to promote hydrogenation 

27 reactions.14 The electrochemical impedance spectroscopy (EIS) measurements in Fig. S4b show that the Ni-

28 P/CNTs-MA catalyst has a smaller semicircle than Ni-P/CNTs-WB catalyst in the low-frequency range, 
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1 suggesting a lower charge transfer resistance (Rct).36 The strong metal-support interaction and highly metal 

2 dispersion in Ni-P/CNTs-MA catalyst is more conducive to lower Rct value and faster charge transfer 

3 efficiency. 

4 Transition metal phosphides have shown outstanding catalytic performance in many applications 

5 including hydrogen evolution reaction (HER),37 oxygen evolution reaction (OER),38 CO2 conversion,39,40 and 

6 hydrogenation reactions.28 In particular, the amorphous Ni-P alloy catalysts have high activity in a wide range 

7 of hydrogenation reactions, probably due to the highly unsaturated metal active sites in amorphous structure 

8 and the electronic interaction between Ni and P.7 In this work, we used the selective hydrogenation of 

9 nitroarenes to primary amines as the probe reaction to study the catalytic performance of Ni-P/CNTs-MA.

10 The catalytic performance was measured by the selective hydrogenation of p-chloronitrobenzene (p-CNB) 

11 to p-chloroaniline (p-CAN). To explore the influence of the preparation process on catalyst activity, we 

12 optimized the microwave reaction conditions, including reaction temperature/time, heating rate and solvents 

13 (Fig. S5) for preparation of catalysts. As seen in Fig. S5a-b, the optimal microwave preparation temperature 

14 is 80 °C with a heating time of 10 min. Then, the optimal time at 80 °C (Fig. S5c) and the mixed solvent ratio 

15 (water + ethanol) (Fig. S5d) were also optimized. In general, the energy dissipation factor (tan δ) reflects the 

16 efficiency with which molecules convert microwave radiation into heat energy.41 The larger value of ethanol 

17 (EtOH) (tan δ = 0.94) than water (tan δ = 0.13) indicates that EtOH is more effective at absorbing microwaves42 

18 so that ethanol may extremely affect the absorption of microwave by CNTs, which is not beneficial to quickly 

19 generate “super hot” dots on CNTs. However, small amount of ethanol is not appropriate for the dispersion of 

20 CNTs in mixed solvents. Finally, the optimum ratio of water:ethanol for the catalyst microwave preparation 

21 was found to be 40:10 (Fig. S5d). 

22 In addition to the above adjustment of the catalyst microwave preparation conditions, we also optimized 

23 the hydrogenation reaction conditions. The reaction conditions, including reaction time, temperature and 

24 hydrogen pressure for Ni-P/CNTs-MA catalyst were outlined in Fig. 3. With the increase in reaction time 

25 (Fig. 3a), the best p-CAN yield (97.5%) is obtained at 100 minutes. As Fig. 3b shown, the activity of 

26 hydrogenation of p-CNB is proportional to the reaction pressure and reach the highest activity at 3 MPa. It is 

27 well known that the reaction rate increases with the increase in temperature. However, if the temperature 

28 reaches 120 °C, the p-CNB yield decreases from 97.5% (at 110 °C) to 96.4 %, which may because of the 
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1 dechlorination of some p-CAN (Fig. 3c). Therefore, the final reaction conditions were 110 °C, 3 MPa and 100 

2 minutes. The negligible hydrogenation activity of bare CNTs indicates that Ni-P NPs are the active sites for 

3 p-CNB hydrogenation. Significantly, the yield of p-CAN in Ni-P/CNTs-MA catalyst is almost three times 

4 higher than Ni-P/CNTs-WB catalyst under the same reaction conditions (Fig. 3d).

5 Stability is an important criterion for catalyst performance. Therefore, the thermal stability and recycle 

6 stability of Ni-P/CNTs-MA and Ni-P/CNTs-WB were investigated. Fig. 4a shows the XRD patterns of the 

7 Ni-P/CNTs-MA and the thermal treated Ni-P/CNTs-MA at 400 °C (Ni-P/CNTs-MA-400) for 2 h in N2 

8 atmosphere. The crystalline structure of Ni and Ni3P could be observed in the XRD after thermal treatment, 

9 which is in agreement with the TEM image (Fig. S6a,b), where the clear lattice spacing of d = 0.2 nm 

10 (corresponding to the (111) plane of fcc Ni) can be observed at the edges of the Ni-P particle (Fig. 4b). A 

11 similar crystallization phenomenon (Fig. S6c,d) can be observed in the Ni-P/CNTs-WB sample after 

12 calcination at 400 °C (Ni-P/CNTs-WB-400). After thermal treatment, the relative activities of Ni-P/CNTs-

13 MA-400 and Ni-P/CNTs-WB-400 for hydrogenation of p-CNB decreased by 31% and 62%, respectively, 

14 compared to their fresh counterparts (Fig. 4c). This indicates that Ni-P/CNTs-MA exhibits a much better 

15 thermal stability than Ni-P/CNTs-WB. Fig. 4d demonstrates that the recycling stability of Ni-P/CNTs-MA is 

16 also better than that of Ni-P/CNTs-WB. The relative hydrogenation activity is 88% for the Ni-P/CNTs-MA 

17 after four uses, while the relative activity of Ni-P/CNTs-WB is only 42%. TEM, XRD and XPS measurements 

18 (Fig. S7) after the recycling hydrogenation test were performed to investigate the morphology, crystal 

19 structure and chemical state of the Ni-P/CNTs-MA catalyst. The TEM image in Fig. S7a shows that the 

20 morphology of Ni-P/CNTs-MA did not change significantly after the stability test. Compared to the fresh 

21 catalyst, the Ni-P in Ni-P/CNTs-MA after recycling test still maintains its amorphous feature as revealed by 

22 the XRD pattern (Fig. S7b). The XPS results (Fig. S7c) show that the NiOx species of Ni-P/CNTs-MA 

23 increase on the surface compared with fresh one after the stability test. 

24 In order to demonstrate that the catalyst has a universality for hydrogenation reactions, we used substrates 

25 for the hydrogenation of other industrially interesting nitroarenes (Table 2). With the same reaction conditions, 

26 both Ni-P/CNTs-MA and Ni-P/CNTs-WB show high selectivity for primary amines, but the conversion 

27 activity of Ni-P/CNTs-MA is 2.8-3.3 times higher than Ni-P/CNTs-WB catalyst. This indicates that the Ni-

28 P/CNTs-MA catalyst has a remarkable conversion activity for the hydrogenation of nitroarenes to primary 
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1 amines.

2

3 Conclusion

4 In summary, we report a new microwave-assisted heating strategy for preparing CNTs supported amorphous 

5 Ni-P nanoparticles (Ni-P/CNTs-MA) catalyst for selective hydrogenation of nitroarenes. The Ni-P/CNTs-MA 

6 catalyst has much higher activity and thermal/recycle stability than the Ni-P/CNTs-WB sample prepared by 

7 traditional water bath heating method. The outstanding hydrogenation performance of Ni-P/CNTs-MA 

8 catalyst can be attributed to the high-dispersion of amorphous Ni-P NPs and enhanced interaction between the 

9 Ni-P NPs and the CNTs support, due to the “super hot” dots effect induced by microwave irradiation. It is 

10 expected that this microwave-assisted reduction method could be extended to other metal alloys (e.g., 

11 Ni(CoFe)-P, Ni(CoFe)-B-P) anchored on various supports (e.g., graphene, MXene), for use in other fields 

12 such as CO2 conversion and electrocatalytic water splitting.

13

14 Experimental Section

15 Materials. All chemicals and solvents were of analytical grade and were used as received without further 

16 purification. Nickel(II) chloride hexahydrate (NiCl2·6H2O, >98.0%) were obtained from Sinopharm Chemical 

17 Reagent Co., Ltd. (Shanghai, China). Sodium hypophosphite (NaH2PO2, 99.0%) was bought from Macklin 

18 Ltd. (Shanghai, China). Sodium acetate (CH3COONa, 99%) was obtained from Adamas Reagent Co., Ltd. 

19 Carbon nanotubes (CNTs, >90%) were brought from Aladdin Ltd. (Shanghai, China). NaOH, NH3·H2O and 

20 all solvent were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

21 Catalyst preparation. The microwave-assist synthesis of CNTs supported amorphous Ni-P alloy (Ni-P/CNTs-

22 MA) catalyst was prepared by the following procedures: 1.9 g CNTs, 0.41 g NiCl2·6H2O, 0.76 g NaH2PO2 

23 and 0.14 g CH3COONa was dissolved in 50 mL mixed solvent of deionized water and ethanol with a volume 

24 ratio of 40:10. Next, the mixture was stirred at 38 °C for 2 h and then the pH was adjusted to 11 by 30 wt.% 

25 NaOH aqueous solution. After stirring for another 30 min, the solution was transferred to a microwave oven 

26 (Ethos TC. Milestone) for reaction with a specific heating rate. The effect of p-CNB hydrogenation activity 

27 of Ni-P/CNTs-MA on different microwave preparation conditions was carefully investigated, as shown in Fig. 

28 S5. Then, we found the optimal microwave preparation conditions to prepare the catalyst. After heating, the 
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1 catalyst was washed several times with 8 M NH3·H2O, deionized water and absolute alcohol and finally dried 

2 under vacuum at 50 °C overnight for further use. For comparison, a reference CNTs-supported amorphous 

3 Ni-P alloy (Ni-P/CNTs-WB) catalyst was also prepared using the same procedure with water bath heating 

4 instead of microwave irradiation. Typically, the mixed solution after adjusting the pH to 11 was heated up to 

5 80 °C in a closed water bath and stirred for at least three hours. The obtained black product was washed several 

6 times with 8 M NH3·H2O, deionized water and absolute alcohol, and finally dried under vacuum at 50 °C 

7 overnight before use. 

8 Characterization. The structure of catalysts was determined by both X-ray diffraction (XRD; Rigaku D/Max-

9 RB with Cu Kα radiation) and Selected area electronic diffraction (SAED; JEOL JEM-2100). Transmission 

10 electron microscopy (TEM, JEOL-2010F) were employed to observe morphology and the particle size. The 

11 N2 adsorption-desorption isotherms were measured at 77 K using a Micromeritics ASAP 2010 instrument. 

12 The pore size distribution curves were obtained by the Barrett-Joyner-Halenda (BJH) method. The surface 

13 electronic states were investigated by X-ray photoelectron spectroscopy (XPS; ULVAC-PHI PHI5000 Versa 

14 Probe using Al Kα radiation), during which all catalyst samples were dried and pretreated in situ in a pure Ar 

15 atmosphere to avoid oxidation. The hydrogen temperature-programmed desorption (H2-TPD) was tested using 

16 a Micromeritics-2920. The bulk composition was analyzed by means of inductively coupled plasma optical 

17 emission (ICP; Varian VISTA-MPX). Electrochemical impedance spectroscopy (EIS) was carried out in a 

18 standard three-electrode using an electrochemical station (CHI660E). The working electrode was the catalyst 

19 loaded on conductive glass (FTO glass) with a working area of 2.25 cm2. The counter electrode and the 

20 reference electrode were platinum sheet and saturated calomel electrode (SCE), respectively. The bias voltage 

21 was 0.3 V and a Na2SO4 (0.5 M) aqueous solution was used as the electrolyte. The results were recorded over 

22 a frequency ranging from 0.1 to 105 Hz.

23 Hydrogenation activity test. Typically, the hydrogenation reaction was performed in a 100 mL high-pressure 

24 stainless-steel autoclave, in which the catalyst (containing 0.14 mmol Ni) was mixed with 7.0 mmol substrate, 

25 0.5 mL 1,3,5-trimethylbenzene (internal standard) and 20 mL EtOH. After replacing all the air with H2 in the 

26 autoclave three times, the reactor was filled with H2 up to 3 MPa. Then it was heated to 110 °C at a stirring 

27 rate of 1,050 rpm, which was sufficient to eliminate the diffusion limit. After the reaction, the final products 

28 were monitored by GC (Agilent 7890B equipped with a DB-624 30 m×0.320 mm capillary column).
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1

2 Fig. 1. (a) A schematic illustration of the procedures for preparing Ni-P/CNTs-MA using microwave 

3 irradiation. (b) Low- and (c) high- magnification TEM images of the Ni-P/CNTs-MA catalyst. (d) The 

4 corresponding SAED pattern of Ni-P NPs.

5
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1

2 Fig. 2. (a) XRD patterns and (b N2 adsorption−desorption isotherm of Ni-P/CNTs-MA catalyst and bare CNTs 

3 (Inset shows the pore size distribution). XPS spectra of (c) Ni 2p and (d) P 2p of Ni-P/CNTs-MA catalyst. (e) 

4 FT-IR and (f) Raman spectra of Ni-P/CNTs-MA, Ni-P/CNTs-WB and bare CNTs.

5
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1

2 Fig. 3. (a) The hydrogenation activity of p-CNB of Ni-P/CNTs-MA with different reaction time at P(H2) = 3 

3 MPa and T = 110 °C. (b) The activity of Ni-P/CNTs-MA at different hydrogen pressure at T = 110 °C and 

4 reaction time = 100 min. (c) The activity of Ni-P/CNTs-MA at different reaction temperatures at P(H2) = 3 

5 MPa and reaction time = 100 min. (d) The activity of bare CNTs, Ni-P/CNTs-WB and Ni-P/CNTs-MA at 

6 conditions of P(H2) = 3 MPa, T = 110 °C and reaction time = 100 min. Other Reaction conditions: 0.14 mmol 

7 Ni, 7.0 mmol p-CNB, 20 mL EtOH, stirring rate = 1050 rpm.

8

9
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1

2 Fig. 4. (a) XRD patterns of fresh Ni-P/CNTs-MA, and Ni-P/CNTs-MA sample thermally treated in N2 flow 

3 at 400 °C for 2 h (Ni-P/CNTs-MA-400). (b) TEM image of Ni-P/CNTs-MA-400. Inset shows an enlarged 

4 HRTEM image of selected area in (b). (c) Thermal stability of Ni-P/CNTs-MA and Ni-P/CNTs-WB for p-

5 CNB hydrogenation: (i) fresh samples, (ii) samples thermal treated in N2 flow at 400 °C for 2 h (i.e., Ni-

6 P/CNTs-MA-400 and Ni-P/CNTs-WB-400). (d) Recycling tests of Ni-P/CNTs-MA and Ni-P/CNTs-WB for 

7 p-CNB hydrogenation. 

8
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1 Table 1. Structural and composition parameters of the catalysts and CNTs.

Sample Ni wt.% P wt.%
Molar ratio 

of Ni-P

Metal dispersion 

(%)

Metal surface 

area (m2/gsample)

SBET 

(m2/gsample)

Pore Volume 

(cm3/g)

Ni-P/CNTs-MA 4.16 0.36 Ni88P12 21.2 6.2 124.1 0.454

Ni-P/CNTs-WB 4.23 0.28 Ni90P10 16.1 4.6 126.9 0.475

CNTs 131.2 0.510

2

3 Table 2. Hydrogenation of nitroarenes by Ni-P/CNTs-MA and Ni-P/CNTs-WB catalyst. (Reaction conditions: 

4 0.14 mmol Ni, 7.0 mmol substrate, 20 mL EtOH, T = 110 °C, p(H2) = 3 MPa, stirring rate = 1,050 rpm.)

Catalyst Substrate Product Reaction time (h) Conversion (%) Selectivity (%)

Ni-P/CNTs-MA 98.9 98.6

Ni-P/CNTs-WB
NO2Cl NH2Cl 1.7

33.0 >99

Ni-P/CNTs-MA >99 97.8

Ni-P/CNTs-WB
NO2

Cl

NH2

Cl
1.5

30.5 >99

Ni-P/CNTs-MA 96.7 >99

Ni-P/CNTs-WB
NO2

Cl

NH2

Cl
2.0

34.5 >99

Ni-P/CNTs-MA 98.2 >99

Ni-P/CNTs-WB
NO2 NH2 2.5

30.0 >99

Ni-P/CNTs-MA 98.7 >99

Ni-P/CNTs-WB
NO2HO NH2HO 5.5

34.9 >99

Ni-P/CNTs-MA >99 >99

Ni-P/CNTs-WB
NO2H3C NH2H3C 3.5

32.6 >99

5
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