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S1. Materials and Characterization Instruments

Halloysite Nanotubes (Al2Si2O5(OH)4∙2H2O, 98%) was purchased from Yuanxin 

Nano technology Co., Ltd. Sodium borohydride (NaBH4, 97%) was purchased from 

Shanghai Qingxi Chemical Technology Co., Ltd. Isopropanol ((CH3)2CHOH, 99%) was 

purchased from Xilong Scientific Co., Ltd. Nickel nitrate hexahydrate  (Ni(NO3)2∙6H2O, 

98%) were purchased from Shanghai Aladdin Biochemical Science and Technology Co., 

Ltd. γ-aminopropyl triethoxysilane (APTES, 98%), anhydrous sodium bicarbonate 

(NaHCO3, 98%), dodecane (99%), and furfural (FAL, 99%) were purchased from 

Innochem Reagent Co., Ltd. All chemical reagents in chemical analysis purity 

commercially obtained were used directly without further purification.

The Ni content of catalyst was determined by using Agilent Technologies 5100 

Inductively Coupled Plasma Optical Emis-sion Spectrometer (ICP-OES). 

X-ray powder diffraction (XRD) patterns were recorded on a Persee XD-3X 

benchtop X-ray diffractometer with Cu Kα (k = 0.15406 nm) radiation at 40 kV and 40 
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mA with scanning rate of 4 ◦/min in the range of 10 ° - 70 ° (2θ). 

FT-IR spectra (FT-IR) was collected with an Agilent Cary 630 Fourier Transform 

Infrared Spectrometer. Potassium bromide was used for sample preparation and 

analysis, with a scanning wavenumber range of 4000-400 cm-1. Transform infrared 

spectra of pyridine adsorption (Py-IR) was similar to the above process, except that 

pyridine was added dropwise to the prepared sample and then dried using an infrared 

lamp, repeating the above steps multiple times.

The specific surface area and pore structure of the sample were measured 

according to Brunauer-Emmett-Teller (BET) procedure on a Micromeritics ASAP 2020 

analyzer. The sample was degassed under vacuum at 150 ℃ for 12 h prior to the 

physisorption measurements. The pore volume and pore size distribution were 

determined by BJH method.

X-ray photoelectron spectroscopy measurements (XPS) of the samples were 

analyzed on a Thermo Scientific K-Alpha equipped with a monochromatic Al Kα source 

(hν = 1486.6 eV). The C 1s peak of adventitious carbon at 284.8 eV was referred to 

rectify the binding energy in XPS spectra. 

TEM images were acquired using a JEOL JEM-2100 microscope configured with 

an energy-dispersive X-ray spectroscopic analyzer conducted at an acceleration 

voltage of 200 kV. The sample was dispersed by sonication in hydrous ethanol. Then, 

the suspended solution was dropped and dried on carbon film-coated 400 mesh 

copper grids for morphological observation.

Temperature programmed desorption of H2, CO2 and NH3 (H2-TPD, CO2-TPD and 

NH3-TPD) experiments were carried out on a Micromeritic- Auto-Chem II 2920 

chemisorption analyzer combined with a thermal conductivity detector and a 

computer-controlled furnace. Prior to measurement, 50 mg of sample was placed in a 

U-shaped quartz tube, and kept at 150 ℃ for 1 h in pure argon (30 mL/min), then 

cooled to room temperature under argon. The system was purged with H2 for 1 h at 

30 mL/min to remove the physically absorbed argon; Subsequently, the pure argon 

was switched into the system again for 30 min to purge H2. Finally, the sample was 

heated to 400 ℃ at a heating rate of 10 ℃/min and desorption signals were monitored 



by TCD. The measurement methods for NH3-TPD and CO2-TPD are similar to those for 

H2-TPD.

S2. Preparation of Ni/Al2O3 and Ni/SiO2

Typically, the Al2O3 and Ni(NO3)2∙6H2O with adjustable Al2O3: Ni mass ratio were 

added to 40 mL of deionized water. The reaction mixture was stirred for 1.5 h, then 

stirred for another 0.5 h in an ice water bath. Afterwards, a fresh prepared ice aqueous 

solution of sodium borohydride (NaBH4 is 5 equiv to Ni) was added into the above 

mixture, and then stirred for 1 h. The precipitation was obtained by filtration, washed 

three times with deionized water, and washed once with ethanol. After vacuum 

drying, Ni/Al2O3 was obtained. The Ni/SiO2 was prepared using the procedure similar 

to that of Ni/Al2O3 except that SiO2 was used in the place of Al2O3.

S3. Cycle experiment

Typically, 1 mmol of FAL, 0.05 g of 10%Ni-WHNT, and 15 mL of isopropanol were 

added and mixed in a 100 mL a stainless-steel high-pressure reactor. After sealed, the 

reactor was rinsed 7-10 times with H2 (99.999%). After 0.5 MPa H2 and 0.3 MPa NH3 

were filled, the experiments were conducted at the desired temperature (90 ℃) and 

a specified reaction time (3 h) under constant magnetic stirring (450 rpm). After the 

reaction, the autoclave was naturally cooled down to room temperature and 

depressured slowly. The catalyst was separated by centrifugation, washed three times 

with ethanol, and dried at 70 ℃ in a vacuum oven. The recovered catalyst was used 

again another five times for the same reaction using the same procedure. The reaction 

mixture was analyzed by an Agilent 5977A MSD gas chromatography-mass 

spectrometry (GC-MS) employing HP-5 (30 m × 0.25 mm × 0.25 μm) column and 

thermal conductivity detector (TCD). The conversion and selectivity for the reaction 

were calculated as following:

Conversion (%) = (1- ) × 100%

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙



Selectivity (%) =  × 100%

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

S4. Shielding experiment

Triethylamine and benzoic acid served as shielding agents for acidic and basic 

sites, respectively. Initially, a certain amount (1: 1 molar ratio to FAL) of the shielding 

agent was mixed with the dispersion solution of the catalyst, allowing the shielding 

agent to interact with the catalyst for 30 min. The dispersion solution consists of 1 

mmol FAL, 50 μL dodecane, and 15 mL isopropanol. Subsequently, FAL was added to 

the solution for reaction.

Fig. S1. Schematic illustration of synthesis process of catalyst.
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Fig. S2. FT-IR spectra of the typical catalyst samples.
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Fig. S3. TGA patterns of the typical catalyst samples.
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Fig. S4. N 1s XPS spectra of the 10%Ni-WHNT.
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Fig. S5. Catalytic performance of the 10%Ni - WHNT catalyst in presence of different 
shielding agents at 1 h.



Fig. S6. The adsorption model of furfural on the Ni-WHNT catalyst.

 



Fig. S7. Possible catalytic mechanism of key steps in tandem reductive amination over 
the Ni-WHNT catalyst.



Fig. S8. (a) TEM image, (b) The corresponding EDS mappings, and (c) HRTEM images 
with enlarged images of the 2%Ni-WHNT catalyst.



Table S1. The Ni content of all samples.



Table S2. Production of primary amines from various aldehydes and ketones over 
10%Ni-WHNT.



Table S3. Particle size of samples calculated based on XRD diffraction peak.



Table S4. TONs of various catalysts and 10%Ni-WHNT for the reductive amination of 
FAL to FAM.

Catalyst Load capacity (wt%) FAM Yield (%) TON Ref. 

Ni/SiO2-I-DP 15 90.7 17.7 1 

Ni/ Al2O3(110) — 1 0.2 2 

Ni/Al2O3(111) — 97 33.4 2 

Ni/MC 3.8 88 6.8 3 

Ni/ Al2O3 10 > 99 11.6 4 

Ni6AlOX — 90 2.3 4 

Raney Ni — > 99 1.3 4 

Raney Co — 98 11.6 5 

10%Ni-WHNT 9.3 > 99 12.6 This work 
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