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Switchable synthesis of furfurylamine and
tetrahydrofurfurylamine from furfuryl alcohol over

Raney Nickel
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Fig.S1 GC spectrum and mass spectrums of the main reaction components for FA amination.



Table S1(a) Reported adsorption energy of NHj on different metal surface

Computational Adsorption Adsorption energy (eV)
. - Reference
Model site Rh Ru Pt Pd Co Ni
2x2 unit cell,
(100) top 0.85 0.79 0.66 !
4 layers slabs
2x2 unit cell,
(111) top 0.79 0.70 0.57 !
4 layers slabs
2x2 unit cell,
(111) top 0.87 2
3 layer slabs
2x2 unit cell,
(111) top 0.75 3
5 layers slabs
2x2 unit cell,
(111) top 0.73 4
6 layers slabs
2x2 unit cell,
(100) top 0.84 4
6 layers slabs
2x2 unit cell,
(0001) top 1.32 3
2 layers slabs
3x2 unit cell,
(0001) top 0.89 6
3 layers slabs
Ru5(7,6
w9 601y top 1.14 7
cluster
2x2 unit cell,
(111) top 0.75 8
4 layers slabs
2x2 unit cell,
(100) top 0.89 8
4 layers slabs
2x2 unit cell,
(111) top 0.70 ?
5 layers slabs
2x2 unit cell,
(100) top 0.79 10
4 layers slabs
2x2 unit cell,
(111) top 0.78 1
3 layers slabs
2x2 unit cell,
(111) top 0.68 0.83 12
5 layers slabs
3x2 unit cell,
(111) top 0.84 13
4 layers slabs
2x2 unit cell,
(111) top 0.62 14
4 layers slabs
3x3 unit cell,
(111) top 0.68 0.75 15
4 layers slabs
4x2 unit cell,
(0001) top 0.61 16
4 layers slabs
2x2 unit cell,
(111) top 0.68 17

5 layers slabs



3x2 unit cell,

111) to 0.88 17
4 layers slabs (111) top

Nipg cluster  (111) top 0.84 17

3x3 unit cell,
(110) top 0.90 18

5 layers slabs

2x2 unit cell,
(111) top 0.88 19

5 layers slabs

3x3 unit cell,
(111) top 0.91 20

5 layers slabs

Table S1(b) Reported adsorption energy of H, on different metal surface

Computational ~ Adsorption Adsorption energy (eV)
] Reference
Model site Rh Ru Pt Pd Co Ni
2x2 unit cell,
(111) hole 0.33 0.41 0.37 0.42 0.31 0.37 2
3 layers slabs
3x3 unit cell,
(100)hollow  0.42 0.47 2
7 layers slabs
1x1 unit cell, 001)FCC
unit cell, - (001) 0.573 2
6 layers slabs hollow
1x2 unit cell,  (001) FCC
0.603 23
6 layers slabs hollow
V3xV3)R30°,  (001) FCC
( ) (00D) 0.593 23
6 layers slabs hollow
2x2 unit cell,
(111) top 0.46 24
3 layers slabs
2x2 unit cell,
(111)hollow 0.44 %
5 layers slabs
2x2 unit cell,
(111) top 0.52 26
3 layers slabs
(11Dhollow  (111)hollow 0.52 27
V3x3 unit
cell, 3 layers  (111)hollow 0.55 27
slabs
2x2 unit cell,
(111)hollow 0.59 2
3 layers slabs
3x2Y3 unit
cell, 3 layers  (111)hollow 0.57 27
slabs
1x1 unit cell, (111)FCC 0.51 -
5 layers slabs hollow
1x1 unit cell, 100) FCC
unit ce (100) 0.52 -
8 layers slabs hollow



1x1 unit cell,

5 layers slabs

2x2 unit cell,
3 layers slabs
2x2 unit cell,
5 layers slabs
2x2 unit cell,
5 layers slabs
2x2 unit cell,
5 layers slabs
2x2 unit cell,
5 layers slabs
2x2 unit cell,
5 layers slabs
2x2 unit cell,
4 layers slabs
2x1 unit cell,
6 layers slabs
1x1 unit cell,
6 layers slabs
8x8 unit cell,
4 layers slabs
12x12 unit
cell, 4 layers
slabs
16x16 unit
cell, 4 layers
slabs
12x12 unit
cell, 6 layers
slabs
2x2 unit cell,

4 layers slabs

(110)
pseudo 3-
fold
(111) FCC
hollow
(111) FCC
hollow
(111) FCC
hollow
(100) FCC
hollow
(100) FCC
hollow
(111) FCC
hollow
(100) FCC
hollow
(0001) FCC
hollow
(0001) FCC
hollow
(111) FCC
hollow

(111)FCC
hollow

(111)FCC
hollow

(111)FCC
hollow

(111) FCC
hollow
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Table S2 Reductive amination of furfural into furfural under different reaction conditions

Select. (%)

Entry H, (MPa) Conv. (%) \0/ s @)@H Imines
1 0.1 100 62.6 - 37.4
2 0.5 100 100 - -
3 1.0 100 100 - -
4 2.0 100 80.7 19.3 -

Reaction conditions: Furfural, 0.5 g; THF, 15 mL; Raney Ni, 0.25 g; NH; pressure, 0.35 MPa;
temperature, 80 °C; reaction time, 2 h; stirring speed, 1200 rpm.



Table S3 Confirmation of the “borrowing H,” mechanism

Yield. (%)

Entry Reagent Conv. (%) \o / Vs E— @/pH
1 NH; 24.0 - 22.2 1.8
24 cyclohexene 7.6 7.6 - -
3b - 0 -

Reaction conditions: Furfuryl alcohol, 0.5 g; THF, 15 mL; Raney Ni, 0.25 g; temperature, 160

°C; reaction time, 24 h; stirring speed, 1200 rpm. 2 reaction time 12 h. ® without NH; nor any
other H, acceptor.



After reaction in After reaction in
presence of Hz absence of Hz

Before Reaction

Fig. S2 The magnetic properties of the catalyst before and after the reaction

Before the reaction, Raney nickel catalyst can be attracted by the magnet, due to the
magnetism of metallic nickel (left image). After the reaction in presence of hydrogen, the catalyst
can also be attracted by the magnet, indicating that the nickel phase did not change during the
reaction process. However, after the reaction in absence of hydrogen, the catalyst lost magnetism

and cannot be attracted, intuitively showing the change of the nickel phase.
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Fig. S3 X-ray diffraction patterns of fresh Raney Ni, used Raney Ni under 1.0 H, and Used Raney

Ni without H,

The used Raney Ni in presence of H, has the same diffraction peaks at 26 = 44.4° (Ni 111),
51.8° (Ni 200) and 76.4°(Ni 220) with fresh Raney, indicating that Raney Ni was stable in Hj-
involved reductive amination reactions. The used Raney Ni in absence of H, exhibited different
diffraction peaks at 20 = 38.9°, 42.1°,44.5°, 58.5°, 70.6° and 78.4°, which corresponding to the
NizN (110), (002), (111), (112), (300) and (113) crystal plane (JCPDS-ICDD Card No. 10-0280),

indicating the formation of NizN.
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Fig. S4 High-resolution XPS spectra of Ni 2p and N 1s for used Ranry Ni without H,.

The Ni 2p;;, peak at 851.7 eV and Ni 2p,,; peak at 869.0 eV can be assigned to the Ni-Ni
bond; the Ni 2p;,, peak at 854.9 eV with a shake-up peak at 860.6 eV and Ni 2p,,, peak at 872.7
eV with a shake-up peak at 878.9 eV can be assigned to the Ni-O bond, indicating that the fresh
Raney Ni surface may be partially oxidized.

The used Raney Ni in absence of H, presented similar spectrum with the fresh Raney Ni
while some differences are observed. Firstly, the peak of Ni-Ni bond shifted to a higher binding
energy (852.2 eV) in the former catalyst, suggesting Ni-N bond may be formed since Ni;N is more
electron deficient than metallic nickel. This was further confirmed by the N 1s peak in which two
binding energies can be distinguished. The peak at 399.6 eV corresponds to C-N bond, which can
be ascribed to the adsorbed amino compounds. And the peak at 398.1 eV was generally attributed
to the Ni-N bond, confirming the formation of nickel nitride.33-3



DFT calculation details

The adsorption energy of NH;3 and H, on metal surfaces have been studied to analyze the best
catalyst for furfuryl alcohol amination. DFT calculations were carried out on Rh, Ru, Pt, Pd, Co
and Ni metal surfaces. A close-packed HCP(0001) surface was used to model the flat surface of
Ru, while a FCC(111) surface was used for Rh, Pt, Pd, Co and Ni. Since the HCP(0001), FCC(111)
structures are close-packed, these surfaces have the lowest energy of all surfaces and therefore
they are most common on nano-particles or polycrystalline surfaces. For all calculations, a 2x2
supercell model including five atomic layers are employed. A 15 A vacuum layer between the
slabs to prevent spurious interactions generated by periodic boundary conditions is used. The three
bottom metal layers were fixed and the top 2 layer was allowed to relax.

All the calculations were carried out using the DMol3 program package in Materials Studio*®-
42, The core treatment was set to DFT semi-core pseudopotentials (DSPP). The exchange-
correlation functional of generalized gradient approximation (GGA) which can give better results
for the adsorption energy*} based on the PBE functional form proposed by Perdew and Burke**
wasused, where the spin-polarization was always allowed. A double numerical plus polarization
(DNP)*® basis set was employed to describe the valence orbitals of all the atoms. Brillouin-zone
integrations were performed using 2x2x1 k-points grid which was generated automatically using
the Monkhorst-Pack method*®. A Fermi smearing of 0.005 Ha was used to improve the calculation
performance. The tolerances of energy, gradient, and displacement convergence were 1x10~ Ha,
2x10-3Ha/A, and 5x10-3A respectively.

The adsorption energy of the ammonia is calculated with the following equitation:

AE = - (Etotal - Emetal(lll) - ENH3) (1)

The adsorption energy of the hydrogen is calculated with the following equitation:

AE = - (Etotal - Emetal(lll) - O'SEHZ) (2)

Where Eqi is the energy of the ammonia or hydrogen on the surface, Enei(i11) is the energy of the

metal without the hydrogen or ammonia, Exy, is the energy of ammonia in gaseous sate and Ey, is

the energy of hydrogen in gaseous state.



Carbon balance analysis

(a) Rh/C catalyzed reductive amination of FA in absence of H,.
Reaction conditions: FA, 0.5 g; THF, 15 ml; Rh/C, 0.25 g; NH; pressure, 0.35 MPa; temperature, 160 °C;

reaction time, 24 h; stirring speed, 1200 rpm.

(b) Raney Ni catalyzed reductive amination of FA in absence of H,.
Reaction conditions: FA, 0.5 g; THF, 15 ml; Raney Ni, 0.25 g; NHj; pressure, 0.35 MPa; temperature, 160 °C;

reaction time, 24 h; stirring speed, 1200 rpm.

\ o ———— g !

(c) Raney Ni catalyzed reductive amination of FA in 1.0 MPa H,.
Reaction conditions: FA, 0.5 g; THF, 15 ml; Raney Ni, 0.25 g; NHj; pressure, 0.35 MPa; H, pressure 1.0 MPa;

temperature, 200 °C; reaction time, 12h; stirring speed, 1200 rpm.

Table S4 Summary of the above reaction results

component content (mol%)

Other by-products Carbon
Entry o NH: \/17_/9»-1 e o N — bal
. NH; oH unidentifie alance
W O/l Ao A on
compounds

a - 99.5 - - - - - 99.5

b 20.1 76.4 - - - - - 96.5

c 39 45.1 32 10.2 54 19.1 7.9 94.8

fra=3.56; fram=3.1; fruram= 3.08; the correction factors of other compounds were approximately

set as that of FA, 3.56.



The correction factors are calculated as:
f= As.M i
A M,
where A; and M; are the peak area and molar concentration of the component, respectively; A and
M are the peak area and molar concentration of n-dodecane, respectively.
the molar contents of the components in the reaction bulk were then calculated as:

Ai Ms

YA, M

Wi:
From Table S4, the carbon recovery is great than 94.8%, indicating our GC method for conversion
and yield calculation is valid.
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