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1 Experimental 

1.1 Chemicals 

Ti3AlC2 (98%, 200 mesh) powders were obtained from Meryer Chemical Technology 

Co., Ltd. Cobalt nitrate hexahydrate (99.99%, Co(NO3)2·6H2O), 2–methylimidazole (98%), 

decane (98%), 4–methoxybenzylamine (98%), benzylamine (99%), 2–methylbenzylamine 

(98%), 3–methylbenzylamine (>97%), 4–tert–butylbenzylamine (≥98%), 3–(aminomethyl) 

pyridine(>99%), 2–furylmethylamine (99%), dibenzylamine (98%), 1,2,3,4–

tetrahydroisoquinoline (≥95%), aniline (99.5%), 4–(trifluoromethyl)benzylamine (98%), and 

2,6–di–tert–butyl–4–methylphenol (>99.5%, BHT) were purchased from Aladdin Industrial 

Inc. Hydrofluoric acid (≥40%, HF), zinc nitrate hexahydrate (≥98%, Zn(NO3)2·6H2O), 

cetyltrimethylammounium bromide (CTAB), methanol, toluene, acetonitrile, N, N–

dimethylformamide, ethanol, heptane, acetone, aqua fortis (68%, HNO3), hydrogen peroxide 

(30%, H2O2), and hydrochloric acid (36.0~38.0%, HCl) were supplied by Sinopharm 
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Chemical Reagent Co., Ltd. 2–Thiophenemethylamine (≥99%), 4–fluorobenzylamine 

(99.4%), 4–chlorobenzylamine (≥99%), 4–bromobenzylamine (≥98%), and 4–

methylbenzylamine (≥99%) were supplied by Bide Pharmatech Ltd. All chemicals were used 

without additional purification. 

1.2 Catalyst characterization 

Powder X–ray diffraction (XRD) patterns were obtained on a Philips PW3040/60 

diffractometer using Cu Kα radiation (λ=0.1541 nm, 40 kV, 30 mA). 

N2 adsorption–desorption isotherms were measured at 77 K on a Micromeritics ASAP 

2020 instrument. The samples were outgassed under vacuum at 423 K for 12 h before 

adsorption measurement. The specific surface areas of the investigated samples were 

calculated using the multiple–point Brunauer–Emmett–Teller (BET) method in the relative 

pressure range of P/P0 = 0.05–0.30 and the total pore volumes were determined at a relative 

pressure of 0.95. 

The morphology of the samples was obtained by field emission SEM on a scanning 

electron microscope (a Hitachi S–4800 microscope) and TEM on a transmission electron 

microscope (JEM2100F, JEOL, Japan) working at 200 kV. 

Raman spectroscopy was performed on the InVia–Renishaw instrument with the laser 

source at 532 nm. 

X–ray photoelectron spectroscopy (XPS) data were collected on an ESCALAB250 

electron spectrometer from VG Scientific using 300 W Al–Kα radiation. The XPS data were 

internally calibrated, fixing the binding energy of C 1s at 284.8 eV. 

The concentrations of Co metal species in the various samples were determined using an 

IRIS Intrepid II XSP inductively coupled plasma–atomic emission spectrometer (ICP–AES). 

The sample dissolution process proceeded as follows: 20 mg of the test samples were placed 

into a 50 mL Teflon−lined stainless steel autoclave reactor, and 8 mL of aqua regia and 2 mL 
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of HF were added and mixed thoroughly. The mixture was then heated in an oven at 453 K 

for 12 hours, and after cooling, the fully dissolved sample was transferred to a 50 mL 

volumetric flask and diluted to 50 mL with deionized water. 

1.3 Catalyst preparation 

1.3.1 Synthesis of Co–ZIF@MXene, ZnCo(1:1)–ZIF@MXene, and Zn–ZIF@MXene 

Composites 

Co–ZIF@MXene, ZnCo(1:1)–ZIF@MXene, and Zn–ZIF@MXene were synthesized 

using the same method as ZnCo(19:1)–ZIF@MXene, but with 40 mL of methanol solution 

containing 2 mmol Co(NO3)2·6H2O or Zn(NO3)2·6H2O or their mixture of Zn/Co in a 1:1 

molar ratios, respectively. 

 

1.3.2 Fabrication of Co–NPs(21.1)/NC@MXene, Co–NPs(16.2)/NC@MXene, and 

NC@MXene 

Co–NPs(21.1)/NC@MXene, Co–NPs(16.2)/NC@MXene and NC@MXene were 

synthesized similarly to Co–NPs(8.6)/NC@MXene, using Co–ZIF@MXene, ZnCo–

ZIF(1:1)@MXene, and Zn–ZIF@MXene as precursors, respectively. 

1.3.3 Synthesis of ZnCo(19:1)–ZIF and Co–NC 

The ZnCo(19:1)–ZIF was synthesized using the same method as ZnCo(19:1)–

ZIF@MXene, but without the addition of Ti3C2 MXene, and with a starting Zn/Co molar 

ratio of 19:1. Subsequently, Co–NC was prepared by subjecting the ZnCo(19:1)–ZIF to the 

same heat treatment as Co–NPs(8.6)/NC@MXene. 

1.3.4 Preparation of MXene–1173 

200 mg of Ti3C2 MXene underwent complete carbonization in a tubular furnace using 

identical pyrolysis conditions to Co–NPs(8.6)/NC@MXene, resulting in the formation of 

MXene–1173. 
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1.4 Catalytic performance test 

Kinetic research on the oxidative coupling of 4−methoxybenzylamine was conducted to 

determine the reaction's kinetics over Co−NPs(8.6)/NC@MXene. The reactor temperature was 

adjusted to desired values (363 K, 373 K, and 383 K), and the reaction at each temperature 

was modeled using pseudo−first−order kinetics. The value of −ln(1−x) was calculated based 

on the conversion of 4−methoxybenzylamine (x) to generate a plot of −ln(1−x) against 

reaction time in minutes. The pseudo−first−order rate constants (k) were then obtained from 

the slope of the plot. The activation energy (Ea) for the reaction was estimated using the 

Arrhenius equation, with data points controlled below a 20% conversion of 

4−methoxybenzylamine. The Arrhenius factor (A), activation energy (Ea), and rate constant 

(k) at temperature T (in Kelvin) were used in the equation.  
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Table S1 Textural properties and cobalt content of the various catalysts investigated. 

Entry Catalyst Co/wt.%a) SBET/m2/gb) Vtotal/cm3/gc) 

1 NC@MXene － 163.1 0.12 

2 Co–NPs(8.6)/NC@MXene 0.77 429.2 0.40 

3 Co–NPs(16.2)/NC@MXene 13.96 107.7 0.13 

4 Co–NPs(21.1)/NC@MXene 21.01 64.8 0.12 

5 Co–NC 2.21 742.4 0.93 

6 MXene–1173 － 28.1 0.11 

a) By ICP−AES analysis. b) By BET method. c) By t−plot method. 

 

Table S2 Total N contents and relative contents of the different N species in the prepared 

catalysts. 

Catalyst 
Total 

N/atom% 

Relative contents of different N species/area% 

Ti N 
Pyridinic 

N 

Pyrrolic 

N 

Graphitic 

N 

N 

Oxide 

NC@MXene 9.20 6.8 19.5 37.0 28.3 8.4 

Co–NPs(8.6)/NC@MXene 6.52 1.4 43.4 15.9 30.4 8.9 

Co–

NPs(16.2)/NC@MXene 
5.80 23.2 27.4 25.7 14.3 9.4 

Co–

NPs(21.1)/NC@MXene 
5.37 16.5 28.2 31.7 13.6 10.0 

Co–NPs/NC 6.36 － 37.3 18.4 28.1 16.2 
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Table S3 Optimization of the reaction conditions for oxidative self–coupling. 

Entry Solvent Catalyst amount/mg Conv./%a) Sel./%a) 

1 Toluene 15 62.1 98.8 

2 DMF 15 97.1 71.6 

3 Heptane 15 57.8 96.8 

4 Decane 15 97.4 97.9 

5 Ethanol 15 20.0 97.6 

6 Acetonitrile 15 69.1 99.1 

7 Decane 5 60.0 96.0 

8 Decane 25 99.9 93.1 

9b) Decane 15 63.9 98.8 

10c) Decane 15 36.9 99.9 

Reaction conditions: 4–methoxybenzylamine (0.5 mmol), Co–NPs(8.6)/NC@MXene, solvent 

(3 mL), 1 atm O2, 383 K, 8 h. a) Determined through GC using diphenyl as the internal 

standard and confirmed by GC−MS. b) Reaction under Air atmosphere. c) Reaction under 1 

bar N2. 

 

Table S4 Comparison of catalytic oxidative coupling of 4–methoxybenzylamine over 

different catalysts. 

Entey Catalyst Yield/% TOF/h–1a) Ref. 

1 Co–NPs(8.6)/NC@MXene 95.4 30.41 This work 

2 meso–Cs/MnOx 95.0 0.68 [s1] 

3 α–MnO2 94.1 2.35 [s2] 
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4 
Fe2Mn(μ3–

O)(BPTC)2(DMF)2(H2O) 
80.0 7.33 [s3] 

5 meso–MoOx–300 97.0 1.74 [s4] 

6 [Co(L)2]2[Mo6O19] 78.0 0.27 [s5] 

7 Co–NC/SiO2 99.0 0.52 [s6] 

8 acac–MnOx 88.7 0.63 [s7] 

9 Co–N/C–800 99.0 13.75 [s8] 

10 CuΙ/1ox 95.0 47.5 [s9] 

11 [Et3NH]2[Ru(dipic)Cl3] 99.0 8.25 [s10] 

a) TOF: turnover frequency. 
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Table S5 Kinetic parameters of oxidative coupling of 4–methoxybenzylamine catalyzed by 

Co–NPs(8.6)/NC@MXene. 

T (K) k/min−1 Ea/kJ/mol 

363 4.7 × 10–3 

48.1 ± 1.7 373 7.2 × 10–3 

383 10.6 × 10–3 

Reaction conditions: 4–methoxybenzylamine (0.5 mmol), Co–NPs(8.6)/NC@MXene (15 mg), 

decane (3 mL), 1 atm O2. 

 

Table S6 Effect of additive on oxidation of 4–methoxybenzylamine to imine in the presence 

of Co–NPs(8.6)/NC@MXene. 

Entry Additive Conv./%a) Sel./%a) 

1 － 45.2 96.5 

2b) H2O 45.0 97.0 

3c) 3 Å molecular sieve 36.1 98.2 

4d) BHT 44.7 96.9 

Reaction conditions: 4–methoxybenzylamine (0.5 mmol), catalyst (15 mg), decane (3 mL), 

1 atm O2, 383 K, 1 h. a) Determined through GC using diphenyl as the internal standard and 

confirmed by GC−MS. b) Added 1 mmol. c) Added 0.15 g. d) Added 0.2 mmol. 
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Fig. S1 The XRD patterns for Co–ZIF@MXene, ZnCo(1:1)–ZIF@MXene and Zn–

ZIF@MXene. 
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Fig. S2 The XRD patterns for Co–NPs(21.1)/NC@MXene, Co–NPs(16.2)/NC@MXene and 

NC@MXene. 

10 
 



 

Fig. S3 SEM images of (a) Co–ZIF@MXene (b) ZnCo(1:1)–ZIF@MXene (c) Zn–

ZIF@MXene (d) Co–NPs(21.1)/NC@MXene (e) Co–NPs(16.2)/NC@MXene and (f) 

NC@MXene. 

 

 

Fig. S4 TEM and HRTEM images of (a, b, c) Co–NPs(21.1)/NC@MXene and (d, e, f) Co–

NPs(16.2)/NC@MXene. 
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Fig. S5 (a) N2 adsorption–desorption isotherms and (b) pore size distribution of synthesized 

Co–NPs(21.1)/NC@MXene, Co–NPs(16.2)/NC@MXene and NC@MXene. 
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Fig. S6 Raman spectra of Co–NPs(21.1)/NC@MXene, Co–NPs(16.2)/NC@MXene and 

NC@MXene. 
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Fig. S7 XPS spectra of N 1s for NC@/MXene. 
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Fig. S8 XPS spectra of (a) N 1s and (b) Co 2p for Co–NPs(16.2)/NC@MXene. 
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Fig. S9 XPS spectra of (a) N 1s and (b) Co 2p for Co–NPs(21.1)/NC@MXene. 
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Fig. S10 XPS spectra of Ti 2p of (a) Ti3C2 MXene and (b) Co–NPs(8.6)/NC@MXene. 

 

 

Fig. S11 Energy-dispersive X-ray spectroscopy mapping of Co–NPs(8.6)/NC@MXene. 
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Fig. S12 (a) XRD patterns of ZnCo(19:1)–ZIF. (b) XRD patterns, (c) N2 adsorption–

desorption isotherms and pore size distribution and (d) Raman spectra of Co–NC. 

 

 

Fig. S13 (a) SEM images of ZnCo(19:1)–ZIF. (b) SEM images of Co–NC. (c, d) TEM and 

HRTEM images of Co–NC. 
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Fig. S14 XPS spectra of (a) N 1s and (b) Co 2p for Co–NC. 
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Fig. S15 XRD patterns of fresh and used Co–NPs(8.6)/NC@MXene. 
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Fig. S16 (a) XRD patterns, (b) N2 adsorption–desorption isotherms and pore size distribution, 

and (c, d) TEM and HRTEM images of used Co–NPs(8.6)/NC@MXene. 

 

MS spectra of the typical products 
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MS spectra of the intermediates 
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