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Supplemental Note
The reaction free energy for each elementary step can be expressed as a function of
the applied electrode potential U and the binding energy of *N,H as follows:
*Ny+6(H" +e~ )+ N,H+5(H" + e )###(1)
AGy = AG .« n2n — AG « 2
= AE . oy + 0.82 — AE . y2 —0.53 + eU
= 0.54AE . oy +0.72 + eU
= 0.58AE . n2H(sor) +0.71 + eU
*N2H+5H*Y +e”)>«HN:H+4(H' + e )#(2)
AG2q = AG « ynon — AG « N21
=AE . ynoy + 1.30 — AE . yoy —0.8 + eU
= —0.34AE , yoy —0.13 + eU
= —0.46AE . n2p(sor) —0.42 + eU
* HNH+4(H" +e~)->+HNyH, +3(H' + e~ )#(3)
AG3q = AG « ynz2n2 — AG « HN2H
=AE . ynou2 + 1.59 — AE  yyoy —1.3 + eU
= 0.50AE . yoy —0.88 + eU
= 0.39AE . n2H(so1) —0.88 + eU

* HNyHy +3(H + e~ )« HoN,Hy + 2(H' + e~ )#(4)
AGaq = AG « yan2n2 — AG « HN2H2
= AE*HNZHZ + 2.07 — AE*HNZHZ —1.59 + eU

= —0.63AE . yoy +0.28 + eU
= —0.34AE N2H(sol) —0.16 + eU

* H;N,H, +2(H* + e~ )>*NHy+ (H' + e~ ) + NH3#(5)
AGsq = AG « yp2 + AGypz — AG « yan2n2

= AE*NZH +0.95—-0.32— AE*HZNZHZ —2.07+eU
= 0.73AE . yoy — 1.96 + eU
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= AE .« n2H(s01) + 0.95 — 0.50 — AE . ponzn2(s0l) —
2.07 +eU
= 0.63AE . n2n(sory —1.39 + eU
*N,H+5(H' +e”)->+NyHy +4(HT + e )#(6)
AGyq = AG « n212 — AG « N2H
= AE , nouz + 1.27 — AE , yoy —0.82 + eU
= —0.34AE , yoy —0.33 + eU
= —0.38AE . n2u(sor) —0.68 + eU
*NyH, +4(HY + e~ )»+«N+3(H" +e~) + NH3#(7)
AG3q=AG .y + AGyyz — AG , youy
=AE,y+ 033 —0.32—AE , yoy2 —1.27 + eU
= 0.42AF , yoy —1.53 + eU
= AE . nsory + 0.33 — 0.50 — AE . N2z (s01)
—1.27 +eU
= 0.38AE . n21(so1) —0.99 + eU
«N+3H*"+e )»*NH+2(H" + e~ )#(8)
AGaq = AG . yy — AG i
=AE . yy +0.72 — AE .,y —0.33 + eU
= —0.56AF , oy —0.76 + eU
= —0.56AF . n2n(sor) —0.95 + eU
*NH+2HY +e )>+«NH,+ (H' + e )#(9)
AGsq=AG « yu2 — AG « Ny
= AE , yyz2 + 0.95 — AE , yy —0.72 + eU
= 0.74AE , Ny —0.07 + eU
= 0.78AE . n21(so1) —0.05 + eU
* NHy + (H' + e~ )— * NH3#(10)
AGe = AG « yu3 — AG « NB2
= AE , yy3 + 0.67 — AE , yy2 —0.95 + eU
= —0.67AE , oy +0.47 + eU
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= _0-57AE*N2H(sol) —0.15+eU
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Supplemental Tables

Table S1. Cutoff energy, k-mesh, supercell size, and magnetisation tests.

Energy (eV)

Test item Range
E(W@BNT) | EC*N,/W@BNT) AE«\;
400 eV -838.641 -855.770 -0.489
Cutoff energy 450 eV -838.650 -855.792 -0.502
500 eV -838.696 -855.792 -0.456
1x1x3 -838.561 -855.652 -0.451
K-mesh 1x1x4 -838.650 -855.792 -0.502
1x1x5 -838.639 -855.766 -0.487
1x1x2 -560.677 -576.088 1.299
Superecell size Ix1x3 -838.650 -855.792 -0.502
1x1x4 -1121.275 -1138.358 -0.444
M=0 -838.650 -855.792 -0.502
Magnetization M=1 -838.643 -855.791 -0.508
M=3 -838.643 -855.791 -0.508

Table S2. Comparison of the adsorption energies of reaction intermediates on the

Mo@BNT surfaces computed using different functionals.

Reaction Intermediates PBE (eV) PBE+D3 (eV) RPBE+D3 (eV)

*N, -0.06 -0.32 -0.19

*N,H 0.32 0.14 0.28

*HN,H -0.14 -0.51 -0.23
*HN,H, -1.42 -1.77 -1.37
*H,N,H, -1.38 -1.79 -1.43

*N,H, -0.33 -0.65 -0.33

*N -0.65 -0.82 -0.95

*NH -1.78 -2.10 -1.75

*NH, -2.21 -2.49 -2.26
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*NH; -1.28 -1.58 -1.50

Table S3. Calculated formation (Efcoresshelry) and insertion energies (Ejcore/shelny) 10 €V,
core-shell structural diameter (D) and the shortest distance between TM and B (dtw.p)
in A. Here (12,0) BNNT having a similar diameter with (0.6) BNT was chosen to

encapsulate into the same fillers for comparison.

TMs@BNT TMs@BNNT
Systems
Ecoresshey | Ei(core/shelty D drm | Efcoresshenty | Ei(core/shel)
Sc -1.60 -0.49 9.91 2.49 0.67 -0.06
Y -0.80 -0.37 10.33 2.60 1.59 0.07
Ti -1.41 -0.49 9.59 2.39 0.66 -0.09
Zr -1.45 -0.50 10.02 2.50 0.92 -0.05
Hf -1.37 -0.53 9.90 2.48 1.03 -0.07
Nb -1.33 -0.50 9.77 2.43 0.84 -0.08
Ta -1.14 -0.51 9.70 2.44 1.09 -0.08
Mo -0.57 -0.37 9.55 2.42 1.03 -0.07
w -0.24 -0.41 9.47 2.46 1.48 -0.08

Table S4. Computed vibrational frequencies (v;), zero-point energies (Ezpg), and

entropy (TS) of reaction intermediates on Mo@BNT. Energies are in the unit of eV.

Reaction Mo@BNT
ZPE TS
Intermediates Vibrational Frequencies (v;, cm™)
*N, 2205.51 460.55 439.68 419.85 77.55 68.09 0.23 | 0.14

2818.82 1641.09 1253.66 784.45 43036 321.46
*N,H 0.47 | 0.16
216.49  103.37 5198

3322.90 3190.84 1513.29 1489.59 1320.00 1091.15
*HN,H 0.87 | 0.15
686.47 62145 368.82 256.77 108.72  59.90

3500.39 3485.51 336230 1581.04 145991 1216.05
*HN,H, 1.15 | 0.21
1197.18 738.68  650.04 419.15 33835 281.88
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19136 10474  28.02

3498.89 3107.97 1578.73 1427.75 1235.53 701.00

652.33  550.82 371.94 286.18 12236  52.75

3423.01 1073.74 78295 72391 721.00 328.49

3431.44 3400.02 3311.55 1600.00 1574.16 1342.33

868.27 86239 496.12 22582 16692  152.83

Table S5. Computed vibrational frequencies (v;), zero-point energies (Ezpg), and

entropies (TS) of reaction intermediates on W@BNT. Energies are in the unit of eV.

Reaction W@BNT

ZPE | TS
Intermediates Vibrational Frequencies (v;, cm™)

3130.61 1806.37 1253.79 609.90 607.72 412.76
*N,H 0.51 | 0.15
288.45  76.63 57.84

3509.22 344322 334723 1608.08 144845 1235.62

1182.24 890.81  726.73  581.94 367.80 274.33

196.78  112.00  77.62
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3498.89 3107.97 1578.73 1427.75 1235.53 701.00

652.33  550.82 37194 286.18 12236 52.75

3423.01 1073.74 78295 72391 721.00 328.49

344438 3411.83 3326.33 1596.48 1587.36 1331.68

854.56 83591 534.11 189.62 141.37 125.63

Table S6. Computed vibrational frequencies (v;), zero-point energies (Ezpg), and

entropies (TS) of reaction intermediates on (0,6) BNT. Energies are in the unit of eV.

Reaction (0,6) BNT ZPE TS

Intermediates Vibrational Frequencies (v;, cm™) V) | (eV)

3113.06 1609.97 1281.00 746.84 467.54 313.38
*N,H 0.48 | 0.18
194.60  96.73 22.04

3489.77 3476.09 3362.89 1577.76 1449.72 1213.38

1179.63 74276  633.66 408.34 339.95 259.32

179.97 10832  55.65

349593 3220.54 1596.18 1363.09 1243.67 681.60
*N,H, 0.84 | 0.15
61292  585.02 36896 27253 126.18  55.44
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*N 731.62 684.45 612.86 0.13 | 0.01

*NH 3508.63 902.52 766.45 737.65 580.62 530.22

3609.55 3502.31 1556.97 889.49 680.76  307.85
*NH, 044 | 0.02
261.06 193.12  107.76

3441.61 3429.00 3330.77 1603.85 1583.04 1324.66
*NH3 1.07 | 0.11
835.03 82825 45694 193.51 160.51 136.02

*H 2338.48 | 780.67 | 707.73 0.23 | 0.01

Table S7. Calculated zero-point energies (ZPE) and entropies (TS) for the gas
molecules H,, N», and NH; (T =298.15 K, P = 1 bar) and free H,O (T =298.15K, P =

0.035 bar).
Species ZPE TS
H, 0.27 0.41
N, 0.15 0.59
NH; 0.91 0.60
H,0 0.55 0.67

Table S8. Computed boron (B) p band center (&), the position of lowest unoccupied
states (gLus), the net charge of B atom (8g), the electron numbers of p orbital (N,), the
boron average 2p-states energy (e,,), the net charge of *N,H (8+non), the bond
populations between the active sites and *N,H (Bg.x), and the metal d-band center (emv

a)-

Systems | &, eLUS dp N. €p | Sam | Ben | £rma
Sc -3.43 | -3.84 0.16 1.299 | -4.05 0.43 -7.90 | -0.22
Y -2.70 | -3.60 0.26 1.283 | -4.22 0.55 -7.47 | -0.08
Ti 391 | -4.11 0.42 1.332 | -4.22 0.45 -9.82 | -0.11
Zrx -3.23 -3.92 0.19 1.297 | -4.04 0.35 -7.91 -0.49
Hf -3.33 | -3.90 0.16 1.309 | -4.16 0.46 -9.13 | -0.19
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Nb -2.67 | -4.08 0.09 1.293 | -3.87 048 | -10.80 | -0.74

Table S9. Adsorption free energies of H adatoms (AG+y) on potential adsorption sites
of the catalyst surfaces. Sites with the most negative energies are highlighted in red,

and the values in parentheses are the energies obtained considering solvent effects.

Systems BRcN4s BRcns BRcnss Tena Tens

Y -0.25 -0.19 -0.23 -0.22 -0.28(-0.27)

Zr -0.63(-0.61) -0.62 -0.56 -0.54 -0.46

Nb -0.37 -0.52(-0.61) -0.21 -0.22 -0.34

Mo -0.02 -0.07(-0.09) 0.20 0.07 0.10

0.6) 0.08 0.11 0.83 -0.02(-0.05) 0.09
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Supplemental Figures

Gibbs free energy (eV)

L5 ._ . —
1.0 e YT+ U i
0.5 -
0.0 -
-0.5 .
J( o
-1.0 ;j -
j
-L.3 | & — -
: e
; 7 — &)
| @ KRR gpe a4 o
2R }K“ & S > P

Reaction coordinates

Figure S1. Comparison of NRR pathways on the Mo@BNT by using the DFT and

DFT+U methods.
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Figure S2. (a) Formation energies of TM@BNT and the stable TM3B,, TMB, TMB,
and TMB, compounds fall on the convex hull in the binary B-TM system. The energy
above the hull AEy,, is indicated by the red. (b) Computed AEy,; of TM@BNT as
compared with those of TMBs (2D MoB, P63/mmc¢ MoB, and P63/mmc WB,) that are

experimentally available.
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Figure S3. (a) Temperature and energy evolution of W@BNT by ab initio molecular
dynamics simulations at 300 K and (b) 500k for 4 ps.
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Figure SS. Changes in the reactive free energy of the first hydrogenation step of
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W@BNT, and (0,6) BNT surfaces.
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Figure S7. Variations in the charge of N, chemisorbed on Mo@BNT, W@BNT, and
(0,6) BNT in the alternating and distal pathways. Moieties 1, 2, and 3 represent the

adsorbed NH, species, the B unit, and the rest of the substrates, respectively.
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Figure S8. Scaling relations between the adsorption energy of *N,H (AE+\,y) and other
intermediates on studied catalysts. The solvation effect (orange circles) is provided for

comparison.
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Figure S9. Relationships between the adsorption energy of *N,H (AE«\;y) and (a) the

boron (B) p-band centre (¢;), (b) the position of the lowest unoccupied state (gLus), (¢)

the bond populations between the active sites and *N,H (Bg.y), and (d) the net charge

of *NQH (S*NZH)'
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Figure S10. (a) Sensitivity of the correlation of the boron average 2p-state energy (g2p)

with the integrated upper boundary (gn.x). (b) Changes in the evaluation index (R?) of
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the model fitting as a function of &;x.
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Figure S11. Relationship between the adsorption energy of *N,H (AE«\,y) and the

metal d-band centre (eqy ).
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Figure S12. Relative free energy changes along the deoxidation/dehydroxylation

process on the Mo@BNT and W@BNT surfaces at the relative potential of Uy,
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