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S1. Catalysts comparison in hydrogenation of N-heterocycles 

 

 

Table S1 Comparison of NiNPs/NHC@MXene with benchmark nickel-based systems 
 Catalyst Ni loading Solvent H2 source T (°C) t (h) Yield Rec. Reg. Ref. 

1 NiCl2·6H2O/Ligand 1 mol% MeOH NH3·BH3 25 24 90 - No 7 

2 Ni@hw-mSiO2 0.12 g/12% EtOH H2 (30 bar) 100 2 96 6 No 8 

3 Ni-NPs@NBC-700 16 mol% iPrOH H2 (30 bar) 120 24 99 5 No 9 

4 Ni-CeOx/CN-550 1.6 mol% MeOH H2 (20 bar) 120 24 99 5 No 10 

5 Ni-phen@SiO2-1000 4.5 mol% H2O/MeOH H2 (50 bar) 120 20 87 5 No 11 

6 Ni-phen@SiO2-800 4 mol% H2O/MeOH H2 (30 bar) 140 24 92 5 No 12 

7 Ni/meso-SiO2-550 8.1 mol% H2O/iPrOH H2 (10 bar) 60 24 96 5 No 13 

8 Ni@PC-900-1-4% 4 mol% H2O/MeOH NH3·BH3 25 3.5 99 8 No 14 

9 NiNPs/NHC@MXene 3.7 mol% EtOH H2 (30 bar) 120 17 99 5 Yes 
This 
work 

Rec. = recycling; Reg. = regeneration 
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S2. Example of a gas chromatography analysis in the hydrogenation of quinoline to tetrahydroquinoline. 

 

Figure S1 Representative reaction progress by GC/FID in the hydrogenation of quinoline (1D, r.t. = 7.3 min) 

to 1,2,3,4-tetrahydroquinoline (1H, r.t. = 8.6 min) in the presence of 0.1 mmol of anisole as an internal 

standard (r.t. = 3.6 min). Black line: 0h; pink line: 17h.  

 

S3. Example of a calibration curve by GC-FID 

 

Figure S2 a) GC-FID chromatograms for quinoline (1D) and 1,2,3,4-tetrahydroquinoline (1H) in different 

concentrations, using anisole as the internal standard and b) Calibration curves.  
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To quantify the obtained products, we determine calibration curves using anisole as an internal standard 

(Figure S2.b). Solutions with known concentrations of the quinoline, tetrahydroquinoline and internal 

standard were prepared, and measurements were performed by GC-FID (Figure S2.a). The moles of 

product were calculated using the slope of the curve, the moles of standard (nst), the area ratio between 

the product (AP) and the standard (Ast) using the following equation: 

 

 

 

 

Once the moles of products and reactants are obtained, the percentages of conversion and yields were 

calculated with the following equations:  

 

 

 

 

 

 

 

 

 

  

nP = slope × (
AP

Ast
× nst) 

nP = moles of product 

AP = Area of product 

Ast = Area of standard 

nst = moles of standard 

 

 

 

%Conv =
nR,initial − nR,final

nR,initial
× 100  , 

nR = moles of reactant 

nP = moles of product 

 

 

 

 

 

%Yield =
nP

nR,initial
× 100 
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S4. Synthesis and characterization of complex 1 

 

Scheme S1 Synthesis of complex 1. 

Complex 1 was synthesized following a previously reported procedure by our group.1 The general 

procedure involved heating a mixture of the bromide of methyl-methylpyrene-imidazolium salt2 (300 mg, 

0.79 mmol) and bis(cyclopentadienyl)nickel(II) (150 mg, 0.79 mmol) at 100 ˚C for 17 hours in dry 1,4-

dioxane. Upon completion, the reaction mixture was cooled to room temperature and the remaining solids 

were removed by filtration. The filtrate was concentrated under reduced pressure, and the product was 

precipitated by the addition of pentane (5 mL). The resulting red crystalline solid was collected by filtration, 

washed with pentane (3 x 2 mL) and dried under vacuum. Yield: 205 mg (52%). 

 

Figure S3 1H-NMR spectrum of complex 1 in CDCl3. 1H NMR (400 MHz, CDCl3) δ 8.45 (d, 3JH,H = 9.3 Hz, 1H, 

CHpyr), 8.24 – 8.05 (m, 7H, CHpyr), 7.79 (d, 3JH,H = 7.9 Hz, 1H, CHpyr), 6.87 (d, 3JH,H = 1.7 Hz, 1H, CHimidazole), 6.83 

(d, 3JH,H = 13.4 Hz, 1H, NCHaHb–), 6.63 (d, 3JH,H = 13.4 Hz, 1H, NCHaHb–), 6.58 (d, 3JH,H = 1.7 Hz, 1H, CHimidazole), 

5.30 (s, 5H, CHcp), 4.37 (s, 3H, NCH3). 
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Figure S4 13C{1H}-NMR spectrum of complex 1 in CDCl3. 13C{1H} NMR (100 MHz, CDCl3) δ 162.3 (Ccarbene–Ni), 

[131.7, 131.3, 130.8, 129.3, 128.9, 128.7, 128.0, 127.3, 127.0, 126.3, 125.7, 125.5, 125.1, 124.8, 124.6, 

123.6, 122.9, 122.2] (CHpyr, CHimidazole), 91.6 (CHcp), 54.0 (NCH2–), 39.1 (NCH3). 
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S5. Scanning electron microscopy (SEM) of Ti3AlC2 MAX phase and Ti3C2 MXene  

 

 

 

 

Figure S5 SEM images of the Ti3AlC2 MAX phase at different magnifications 
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Figure S6 SEM images of the Ti3C2 MXene at different magnifications. 
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S6. High resolution transmission electron microscopy (HRTEM) 

 

 

Figure S7 HRTEM images of the Ti3C2 MXene at different magnifications 
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Figure S8 EDX comparison analysis of the Ti3AlC2 MAX phase (blue) and the Ti3C2 MXene (green) showing 

the decrease of aluminum and the emergence of fluorine following the HF etching process. 
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Figure S9 HRTEM images of NiNPs/NHC@MXene at different magnifications  
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Figure S10 EDX analysis of NiNPs/NHC@MXene showing the presence of nickel. The presence of copper is 

from the grid used in HRTEM analysis. 

 

S7. X-ray photoelectron spectroscopy (XPS) 

 

Figure S11 XPS analysis of the Ti3AlC2 MAX phase showing the high-resolution core-level peaks of Ti, C, O 

and Al and the survey spectrum. 
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Figure S12 XPS analysis of the Ti3C2 MXene showing the high-resolution core-level peaks of Ti, C, O and F 

and the survey spectrum. 

 

 

Figure S13 XPS analysis of the NiNPs/NHC@MXene. 
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S8. Characterization of NiNPs/MXene 

 

Figure S14 HRTEM images of NiNPs@MXene at different magnifications  
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Figure S15 EDX analysis of NiNPs@MXene showing the presence of nickel. The presence of copper is from 

the grid used in HRTEM analysis. 

 

Figure S16 Size histogram of NiNPs@MXene (N = 100). 
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S9. Synthesis and characterization of complex 2 and NiNPs/Me2NHC@MXene. 

 

Scheme S2 Synthesis of complex 2. 

The synthesis was adapted by a previously reported procedure.3 A mixture of the 1,3-dimethylimidazolium 

iodide (177 mg, 0.79 mmol) and bis(cyclopentadienyl)nickel(II) (150 mg, 0.79 mmol) was refluxed for 63h in 

THF during which time the solution color slowly changed from a dark green to a dark red. The reaction 

mixture was filtered through celite using a cannula transfer process, and the filtrate was concentrated 

under reduced pressure. The resulting red solid was redissolved in the minimum amount of CH2Cl2, 

precipitated with pentane, and isolated by filtration. Formula: C10H13N2INi. Yield: 156.2 mg (57%). 

 

 

 

 

Figure S17 1H-NMR spectrum of complex 2 in CDCl3. 1H NMR (400 MHz, CDCl3) δ 6.91(s, 2H, CHimid), δ 5.34(s, 

5H, CHCp), δ 4.15 (s, 6H, NCH3). 
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Figure S18 13C{1H}-NMR spectrum of complex 2 in CDCl3. 13C{1H} NMR (100 MHz, CDCl3) δ 165.24 (Ccarbene–

Ni), δ 123.6 (CHimid), δ 91.64 (CHcp), δ 39.55 (NCH3). 

 

Synthesis of NiNPs/Me2NHC@MXene. Ti₃C₂ powder (82 mg) was dispersed in a round-bottom flask with 

CH₂Cl₂ (10 mL) and sonicated for 30 minutes to ensure homogeneous suspension. Separately, complex 2 

(18 mg) was dissolved in CH₂Cl₂ (2 mL) and was then added to the Ti₃C₂ suspension. The resulting mixture 

was sonicated for an additional 5 minutes time. To induce the formation of nanoparticles, 1 equiv. of tert-

butylamine borane (tBuNH2·BH3), dissolved in 3 mL CH2Cl2, was added dropwise to the mixture under 

continuous stirring. The reaction mixture was then stirred at room temperature for 20 hours under a 

nitrogen atmosphere. After this time, the material was recovered by filtration, washed thoroughly with 

CH2Cl2 (3 x 5 mL), and dried under reduced pressure. 
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Figure S19 HRTEM images of NiNPs/Me2NHC@MXene at different magnifications  

 

 

Figure S20 EDX analysis of NiNPs/Me2NHC@MXene showing the presence of nickel. The presence of 

copper is from the grid used in HRTEM analysis. 
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Figure S21 Size histogram of NiNPs/Me2NHC@MXene (N = 100). 
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S10. Estimation of surface atoms in NiNPs/NHC@MXene nanoparticles 

We estimate the number of surface Ni atoms considering a geometric approach based on the unit-cell Ni 

densities for NiO and β-Ni(OH)2 of spherical nanoparticles composed of NiO:Ni(OH)2 in a 70/30 ratio 

(obtained from XPS analysis). 4–6 The total Ni atoms in a particle of diameter D follow 𝑁tot = (𝑛 𝑉particle/

𝑎3), and the number of atoms in the outermost atomic layer is approximated as 𝑁surf ≈ 𝜋𝐷2/𝑎2.  

 

Table S2 Estimation of surface atoms 

Data    

Parameter Symbol NiO Ni(OH)2 

Lattice parameter (Å) 𝑎 0.4176 nm 0.3126 nm 

Crsytal system  cubic (rock salt) hexagonal (brucite-type) 

Ni atoms per unit cell n 4 1 

Unit cell volume (nm³) Vcell 0.0728 0.0392 

Diameter of NiNPs from STEM 3.0 ± 0.8 nm   

    

Results    

Total Ni atoms NNi,tot 570  

Surface Ni atoms NNi,surf 212  

Dispersion factor f 37%  
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S11. Organic compound nomenclature 

Table S3 Chemical structure and nomenclature used in this work. 

Entry Dehydrogenated  Hydrogenated  

1 

 

1D 

 

1H 

2 

 

2D 

 

2H 

3 

 

3D 

 

3H 

4 

 

4D 

 

4H 

5 

 

5D 

 

5H 

6 

 

6D 

 

6H 

7 

 

7D 

 

7H 

8 

 

8D 

 

8H 

9 

 

9D 

 

9H 

10 
 

10D 

 

10H 

11 

 

11D 

 

11H 
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S12. 1H NMR spectra of crude reaction products 

 
Figure S22 1H NMR spectrum of 1,2,3,4-tetrahydroquinoline (1H) in CDCl3 in the presence of 1,3,5-

trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 

 

Figure S23 1H NMR spectrum of 1,2,3,4-tetrahydroquinaldine (2H) in CDCl3 in the presence of 1,3,5-

trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 
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Figure S24 1H NMR spectrum of 6-methyl-1,2,3,4-tetrahydroquinoline (3H) in CDCl3 in the presence of 

1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 

 

Figure S25 1H NMR spectrum of 8-methyl-1,2,3,4-tetrahydroisoquinoline (4H) in CDCl3 in the presence of 

1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 
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Figure S26 1H NMR spectrum of 6-isopropyl-1,2,3,4-tetrahydroquinoline (5H) in CDCl3 in the presence of 

1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 

 

Figure S27 1H NMR spectrum of 2-phenylquinoline (xi) and 2-Phenyl-1,2,3,4-tetrahydroquinoline (6H) in 

CDCl3 in the presence of 1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 
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Figure S28 1H NMR spectrum of 6-chloro-1,2,3,4-tetrahydroquinoline (7H) in CDCl3 in the presence of 1,3,5-

trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 

 

Figure S29 1H NMR spectrum of 6-Methoxy-1,2,3,4-tetrahydroquinoline (8H) in CDCl3 in the presence of 

1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 
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Figure S30 1H NMR spectrum of 6-(trifluoromethyl)-1,2,3,4-tetrahydroquinoline (9H) in CDCl3 in the 

presence of 1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 

 

Figure S31 1H NMR spectrum of isoquinoline (10D) and 1,2,3,4-tetrahydroisoquinoline (10H) in CDCl3 in the 

presence of 1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 
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Figure S32 1H NMR spectrum of benzo[h]quinoline (11D) and 1,2,3,4-tetrahydrobenzo[h]quinoline (11H) in 

CDCl3 in the presence of 1,3,5-trimethoxybenzene as an external standard (6.1 ppm and 3.75 ppm). 
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S13. X-ray photoelectron spectroscopy (XPS) of the spent catalytic material. 

 

Figure S33 XPS analysis of the NiNPs/NHC@MXene after run 1.  
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Figure S34 XPS analysis of the NiNPs/NHC@MXene after run 4. 
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S14. Summary of XPS assignments 

Table S4 XPS peak assignments for the materials presented in this work. 

Bonds 

Binding energy (eV) 

MAX 
Phase 

MXene NiNPs/NHC@MXene 
NiNPs/NHC@
MXene (after 

run 1) 

NiNPs/NHC@
MXene (after 

run 2) 

Ti2p 3/2 

Ti-C 454.0 455.2 454.5 454.7 454.7 

Ti-C-TO  456.6     

Ti-C-TF  457.6     

Ti2+ 455.6  456.0 456.1 456.1 

Ti=O 458.3  457.6 458.3 458.4 

Ti2p 1/2 

Ti-C 460.0 460.8 460.1 460.6 460.6 

Ti-C-TO  462.1     

Ti-C-TF  463.2     

Ti2+ 462.7  461.3 462.0 462.0 

Ti=O 464.2   462.3 463.3 463.2 

C1s 

C-Ti 281.0 281.9 281.1 281.2 281.1 

C-Hx 282.2  282.1 282.1 282.1 

C-C 284.5 284.6 284.5 284.4 284.5 

C-O 286.1 286.1 285.7 285.7 284.2 

O-C=O 288.6  288.5 288.1 288.1 

Al 2s 
Al0 116.5         

Al2O3 118.9         

Ni2p 3/2 

NiO   856.4 856.4 856.4 

Ni(OH)2   859.3 859.3 859.3 

Satellites   862.9 862.9 862.9 

Ni2p 1/2 

NiO     874.3 874.4 874.6 

Ni(OH)2   877.5 877.5 877.9 

Satellites     881.1 881.1 882.2 

O1s 

TiO2 530.0 530.0       

C=O 531.0      

C-O 531.9      

Al2O3 533.0      

Ofcc  532.0     

C-OH  533.0     

H2O  534.4     

F1s 

F-   683.4       

Ti-F  685.1     

O-Ti-F  686.9     

C-F   688.5       

Br 
    182.0    

    188.6    

N 
N adv     399.4 399.1   

N carbene     401.2 401.0   
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