Electronic Supplementary Material (ESI) for New Journal of Chemistry.
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Supplementary Information

Mechanistic Insight into Catalytic Transfer Hydrogenation of Furfural to
Furfuryl Alcohol over N-Doped Carbon-Supported Ni Single Atom

Catalyst from First Principles

Fan Yang and Wenzhen Lai*

Key Laboratory of Advanced Light Conversion Materials and Biophotonics, Department of

Chemistry, Renmin University of China, Beijing, 100872, China

Corresponding author email: wenzhenlai@ruc.edu.cn



(a) NiNy/NC

C-H bond activation

i-Pro

4

Ni site

&

N site

a

f

AG=0.00 eV

i-PrOH

'

O-H bond activation

AG=0.34 eV

AG=3.43 eV

AG=3.39 eV

RC,'

==

Nisite,

a

N site

(b} N4

AG=0.20 eV

AG=4.08 eV

C-H bond activation

i-PrOf

ﬂ

RC,

{
cﬁi

:

AG=0.25eV

AG=3.92eV

AG=0.00 eV

(V

i-PrOH

0O-H bond activation

Lo}

(,] V]

b
AG=0.31eV AG =4.46 eV
(c) N4V,
C-H bond activation
i-PrOH{‘ o F ‘.‘4
RC. IM1,
AG=0.28 eV AG=111eV

AG=0.00 eV

i-PrOH

'

0O-H bond activation

y

e,

RC,'

e

iR,

IM2,

AG=0.20 eV

AG=1.75eV

AG=392eV



Continued

(d) pyridinic N3V,

C-H bond activation

i

AG=0.00eV

I-PrOH

'

0O-H bond activation

(e) pyridinic N4V,

RCq

IM14

AG=019eV

Q

RCy'

AG=0.10eV

C-H bond activation

i~PrOH

X

RC.

IM1,

p

AG=0.00 eV

i-PrOH

'

AG=0.16 eV

0-H bond activation

(f) pyridinic N,V,

C-H bond activation

i~PrOH

!

AG=0.00eV

i-PrOH

O-H bond activation

A

RC,'

IM2,

AG =-0.02 eV

AG=10.68 eV

RC;

IM1;

AG=0.24 eV

RC/

IM2;

IM3;

AG=0.12eV

AG=0.01eV

AG=-3.81eV



Continued

(g) pyrrolic N3V,

C-H bond activation

i-PrOH/\

RC, M1,
AG=0.22 eV AG=-0.44 eV
AG =0.00 eV
i-PrOI'K_’
O-H bond activation RC,' IM2,

AG=0.12 eV AG =0.22 eV

Fig. S1. Reaction pathway for the initial C-H/O-H bond activation of i-PrOH over different carbon
materials: (2) NiN4/NC, (b) Ny, (c) N1V4, (d) pyridinic N3V, (e) pyridinic N4V2, (f) pyridinic N2V2
and (g) pyrrolic N3V, respectively.
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Fig. S2. Possible reaction pathways for the direct H transfer. The energies relative to B-IM2" and the
isolated FF are given in eV.



Absolute and Relative Energies of Involved Species
The detail of each intermediates' relative electron energy (Eorr), zero-point energy (ZPE),

thermodynamic energy (AUo->)), entropy contribution (T*S) and Gibbs free energy (G) were shown
in tables below.

Hgas = Eprr + ZPE + AU(o.>) + P*V;

Hads = Eprr + ZPE + AUo->T)

Ggas = Eprt + ZPE + AU(o>T) + P*V - T*S;

Gads = Eprr + ZPE + AU(osT) - T*S

Table S1. The electronic energy, thermodynamic corrections, enthalpy and free energies of the isolated

molecules and carbon materials.

INT Eper ZPE  AUgsty  P*V H T*S G

(eV) (eV) (eV) (eV) (V) (V) (V)
i-PrOH -63.656 2.85 0.24 -60.530 124 -61.765
Acetone -56.042 2.20 0.23 53575 126 -54.831
FF -72.047 2.09 025 9939 o668 132 -70.984
FA -79.637 2.71 0.39 -76.601 142 -78.024
NiNa/NC -279.135 5.0 0.65 -273.486 1.07 -264.513
N1 -294557  5.38 0.62 -288.561 0.99 -289.549
N1Vi 281112 5.2 0.63 -275.358  1.06 -276.422
pyridinicNaV: ~ -280.835 4.9 0.61 -275.237 0.99 -276.224
pyridinic NsV2 ~ -270.603  4.88 0.60 - -265.117 1.00 -266.113
pyridinic N2V, -268.966  4.88 0.63 -263.453 1.06 -264.513
pyrrolic NaVi ~ -279.185  5.08 0.65 -273.460 1.10 -274.561
NiNa-NaVi/NC  -633.981  11.42 1.56 -620.999 271 -623.704

H&H* -641.582 11.89 1.59 -628.102 2.73 -630.829




Table S2. The energies® of the key species involved in Fig. 2a.

N Eoer ZPE AU H AH T*S G AG
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

NINANVING 697637 1427 180 681529  0.00 3.94 685469 0.00
A-RC 698032 1429 189  -681853  -032 343 685283 019
A-TSlys 697120 1417 184  -681109 042 3.26 684365 110
A-IMly ~ -698508 1427 188 682362 083 341 685769 -0.30
ATSly ~ -697.178 1418 184  -681156 037 3.26 684416 105
A-lMLy ~ -698474 1423 18  -682356  -083  3.42 685778 -0.31
ATSLy 697108 1417 184  -681096 043 3.26 684357 111
A-IMLy ~ -698464 1427 18  -682318  -0.79  3.40 685718  -0.25
A-IM2 698540 1425 187  -682417  -0.89 3.38 685796 -0.33
A-TS2 698277 1417 183  -681996  -047 327 683457 -0.08
A-IM3 698635 1431 186  -682028  -050  3.37 682457 -0.37
A-TS2  -607.960 1411 185  -682274 075 331 685308 0.6
A-IM3'  -698010 1409 190  -682466  -094  3.44 685465 000

®AH;yy = Hiny — (Hying-ngvy/ne + Hi—pron), Where

Hinr, Hying—ngv,ve @Nd Hi_proy are the enthalpy of

intermediates, NiNs-N3V1/NC and i-PrOH molecule, respectively;

AGiyr = Givr —

(Gning-ngvyNe + Giprow), Where Giyr, Gyin,—nyvy/ne @Nd Gi_proy are the free energies of

intermediates, NiN4-N3V1/NC and i-PrOH molecule, respectively.



Table S3. The energies® of the key species involved in Fig. 2b.

N Eper ZPE  AUgsn H AH  T*S G AG
(eV) (eV) (eV) (eV) V) (V) (eV) (eV)

NINANVING o737 1427 180 681529 000 394  -685469  0.00
B-RC 698.207 1430 187 682033 050 338  -685416 0.5
B-TSls 697.480  14.21 180 681467 006 318  -684.646  0.82
B-IM1ys 697.842 1425 183 -681765 024 328  -685047 042
B-TSle 697.425  14.19 184  -681391 014 329  -684677 079
B-IM1ys 697.887  14.22 183  -681.835  -0.31 327 685100  0.36
B-TS1ny 697.508  14.20 183 681469 006 327 684739  0.73
B-IM1y; 697.877  14.23 183 -681.817 029 328  -685096  0.37
B-IM2 698054 1421 18  -681.987 046 332 685311  0.16
B-TS2 697.795  14.12 185  -681.827 030 329 685120  0.35
B-IM3 698013 14.13 189 -681.995  -0.47 343 685429  0.04
B-IM4 697.625  14.09 185 682280  -0.75 398  -685660  -0.19
B-IM2’ 698415 1429 185  -681.377 015 329  -685567  -0.10
B-TS2" 697.350 1414 184 682430 090 327  -684644 083
B-IM3" 698554 1429 184 681469 006 331  -685739  -0.27
el 697.625 1409 182  -681678  -0.15 398  -685660  -0.19

*AH;yy = Hijny — (Hying-ngvyne + Hi—pron),Where Hiyr, Hyin,—ngv,/nes Hi—pronare the enthalpy of
intermediates, NiNs-N3V1/NC and i-PrOH molecule, respectively;

AGint = Ginr — (Gning—ngvyne T Giepron), Where Giyr, Gyin,—ngvy/nes Giopronare the free energies of
intermediates, NiN4-N3V1/NC and i-PrOH molecule, respectively.

Table S4. The energies® of the key species involved in Fig. 4.

INT Eoer ZPE AU@->1) H AH T*S G AG

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
C-IM1 -714.090 14.00 1.92 -698.164 0.00 3.48 -701.642 0.00
C-IM2 -714.327 14.07 1.86 -698.394 -0.23 331 -701.709 -0.07
C-IM1* -714.140 14.01 1.92 -698.211 0.00 3.48 -701.688 0.00
C-1m2' -710.435 13.91 1.94 -694.585 3.63 3.52 -698.106 3.58
D-IM1 -714.048 14.00 1.89 -698.154 0.00 3.40 -701.552 0.00
D-1M2 -715.050 14.15 1.91 -698.995 -0.84 3.44 -702.432 -0.88
D-IM1 -714.140 14.01 1.92 -698.210 0.00 3.48 -701.686 0.00
D-IM2' -711.355 13.91 1.94 -695.505 2.71 3.52 -699.026 2.66

*AH;yy = Hinr — Himajima, Where Hpyr, andHyyq /q,are the enthalpy of intermediates and IM1/IM1", respectively;
AGint = Ginr — Gimajimi, » Where Giyr, andGiuqiuq,are the free energies of intermediates and IM1/IM1",
respectively.



Table S5. The energies? of the key species involved in Fig. 5a.

T Eor ZPE  AUgsn H AH T*S G AG
(eV) (V) (eV) (eV) @)  (eV) V) (eV)

H&H” 713629 1398 180  -697.770 000 404 701813  0.00
C-IM1 714090 1400 192 698.164  -039 348  -701.642 017
C-Ts1 714040 1398 188 -698.174  -040 336  -701534 028
C-IM2 714327 1407 186 -698.394 062 331  -701.709  0.10
C-IM3 714154 1410 190 -698.158  -039 342  -701581 023
C-TS2 713746 1407 187 -697.805  -003 335  -701.153  0.66
C-IM4 714423 1417 191 -698.344 057 345  -701.795  0.02
NiN NG 713618 1413 1.95 -697.600 047 413  -701.728  0.08

*AH,ny = Hiyr — (Hygu« + Hpp), Where Hynp, Hygn. and Hgp are the enthalpy of intermediates, H&H* and FF
molecule, respectively;

AGiyt = Giny — (Gugu« + Grp), Where Giyr, Guen. and Gpp are the free energies of intermediates, H&H* and FF
molecule, respectively.

Table S6. The energies? of the key species involved in Fig. 5b.

NT Eoer ZPE  AUgEs) H AH — T*S G AG
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
H&H*

+FF 713629  13.98 1.80 -697.770  0.00 404  -701.813  0.00
D-IM1 -714.048  14.00 1.89 -698.154 038 340  -701552 0.6
D-TS2 714013 13.99 1.86 -698.166 040 331  -701474  0.34
D-1M2 715050  14.15 1.91 -698.995  -123 344 702432  -0.62
D-IM3 715002 14.15 1.91 -698.938  -1.17 345  -702.391  -0.58
D-TS2 -713.428  14.03 1.86 -697.543 023 328  -700.820  0.99
D-1M4 714161 14.16 1.93 698075 031 351  -701589 022
NiN,NoVA/NC 713618 14.13 1.95 -697.600 017 413  -701.728  0.08

qAH;ny = Hiyr — (Hygu« + Hpp), Where Hynp, Hygn. and Hgpp are the enthalpy of intermediates, H&H* and FF
molecule, respectively;

AGinr = Giny — (Gugu« + Grp), Where Gy, Guau. and Gpp are the free energies of intermediates, H&H* and FF
molecule, respectively.



Table S7. The energies? of the key species involved in Fig. S1.

NT Eorr ZPE AU H AH — T*S G AG
V) V) V) V) @) (V) V) V)

NINJ/NC -342.791 7.84 0.90 -334015 000 230  -336.320  0.00
RCa -343.099 7.85 0.93 334324  -031 166  -335983  0.34
IM1a -339.665 7.57 0.96 -331.136 288 176  -332.895  3.43
IM2a -339.911 7.76 0.96 -331.190 283 174  -332.926  3.39
RC.' -343.154 7.86 0.98 334310  -029 181  -336.123  0.20
IM3a -339.125 7.59 0.90 -330.634 338 160  -332.238  4.08
IM4a -339.453 7.75 0.91 -330.799 322 160  -332402  3.92

. iPoH -358.213 8.23 0.86 -349.091 000 222  -351314 0.0
RCb -358.522 8.25 0.94 -349.327  -024 174  -351.064 025
IM1s -354.840 8.23 0.93 345681 341 171 -347.394 392
RCp' -358.532 8.25 0.91 -349.369  -0.28 164  -351.009 031
IM25 -353.953 7.94 0.96 -345050 404 180  -346.853  4.46
v -344.769 7.97 0.88 -335.888  0.00 230  -338.187  0.00
RC: -345.088 7.98 0.93 336171 -028 173  -337.905  0.28
IMLc -344.316 8.00 0.93 -335.390 050 168  -337.073 111
RC.' -345.158 7.99 0.95 -336.214  -0.33 177  -337.989  0.20
IM2c -343.653 7.97 0.92 334761 113 168  -336439 175
priome WV 344,401 7.84 0.85 -335.767 000 222  -337.990  0.00
RCu -344.897 7.91 0.95 -336.039  -027 176  -337.797 0.9
IM1q -345.671 7.92 0.91 -336.841  -1.07 164  -338480  -0.49
RCd' -345.068 7.94 0.92 -336.202  -0.44 168  -337.886  0.10
IM24g -345.105 7.93 0.94 -336.230  -046 175  -337.978 001
prinic BeVe 334,260 7.73 0.85 325646 0.00 223  -327.878  0.00
RC. -334.685 7.76 0.93 326001  -0.35 172  -327.718  0.16
IM1e -334.681 7.74 0.92 326028  -0.38 166  -327.689  0.19
RC:' -334.837 7.77 0.94 326124 -048 177 -327.896  -0.02
IM2e -334.121 7.72 0.94 325460 019 174  -327.202 068
yriinie B2 1332622 7.73 0.88 -323983 000 230  -326279  0.00
RCr -332.997 7.75 0.93 324322 -034 171  -326037  0.24
IM1s -333.869 7.75 0.93 325195  -1.21 171 -326901  -0.62
RCr' -333.073 7.75 0.95 324368 -0.39 179  -326.159 0.2
IM2s -333.180 7.72 0.94 324514  -053 176  -326273 001
IM3; -337.057 7.81 0.94 -328.307 -398 178  -330.086  -3.81




Continued Table S7

INT Eorr ZPE AU>n) H AH TS G AG
(eV) V) V) V) € (V) V) V)

prislle BV -342.841 7.92 0.89 -333.989 000 234 -336.326 0.0
RCq -343.203 7.95 0.97 -334284 029 182  -336107  0.22
IM1g -343.869 7.96 0.98 -334.928 094 184  -336.764  -0.44
RCy' -343.371 7.96 0.95 -334.465 048 174  -336.209  0.12
IM2,g -343.209 7.94 0.96 -334306 032 180  -336109  0.22

*AH;yy = Hiyy — (Heataiyse + Hi—pron), Where Hyyr, Hegraiyse and Hi_prop are the enthalpy of intermediates,
free catalyst and i-PrOH molecule, respectively;

AGiny = Giny — (Geatayst + Gi—pron), Where Givr, Geararyse and Gi_proy are the free energies of intermediates,
free catalyst and i-PrOH molecule, respectively.

Table S8. The energies? of the key species involved in Fig. S2.

o Eper ZPE  AUgsn H AH T*S G AG
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
i ';"FZ' 770462 1638 210 751.045 0.00 460  -756551  0.00
E-IM1 770878 1640  2.18 752295  -125 405  -756.344 021
E-TS1 770062 1630  2.14 751616 -057 392  -755533  1.02
E-IM2 770509 1632 217 752017 097 406  -756078  0.48
E-IM1* 770967 1641 218 752382 -134 404  -756425 0.3
E-TSL" 770291 1626 2.16 751868  -0.82 398  -755844  0.71
E-IM2" 771379 1637 219 752814  -177 411 -756925  -0.37

qAH,ny = Hiyr — (Hg_jm2, + Hpp), Where H;yr, Hg_;m2, and Hpp are the enthalpy of intermediates, B-1M2" and
FF molecule, respectively;

AGiyr = Giny — (Gg_im2r + Grp), Where Gy, Gg_iy2, and Gpp are the free energies of intermediates, B-1M2'
and FF molecule, respectively.



