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S1 Calculation details

S1.1 Calculating details of induced dipole moment:
The dipole moment p(A) at the surface induced by the adatoms (M) can be defined as

p(A) = p(M/BBP) — p(BBP) — p(M) (ST)

where p(M/BBP), p(BBP), and p(M) represent the dipole moments of M/BBP, the BBP substrate, and

the adatoms, respectively.



S1.2 Calculating details of dipole moment:

Dipole moment vector of M/BBP (iy/ggp) can be obtained by the following formula

Z Am/BBr.aIM/BBP.A (S2)

a=1

where q,, 450, Tefers to the partial charge of atom a in M/BBP, while r,

1/BBp.a EPTESENLS the position

vector of atom a in M/BBP.



S2 Tables

Table S1 Work functions of graphene, silicene, BN-sheet, and borophene before and after atom
adsorption in previous studies. ¢ (eV) and ¢a (eV) are the work functions of a 2D material before and

after adsorption, respectively. Ag (eV) refers to the variation of the work function by adsorption.

Adatom Material @ oA Ag Functional

Li graphene 4.26 2.72 —1.54 PBE!
Na graphene 4.26 2.21 —2.05 PBE'
K graphene 4.26 1.49 =2.77 PBE'!
Ca graphene 4.26 3.18 —-1.08 PBE!
Al graphene 4.26 3.08 -1.18 PBE!
Ga graphene 4.26 2.66 -1.60 PBE!
In graphene 4.26 2.34 -1.92 PBE'
Sn graphene 4.26 3.81 —0.45 PBE'
Ti graphene 4.26 3.16 -1.10 PBE!
Fe graphene 4.26 3.24 —-1.02 PBE!
Pd graphene 4.26 3.61 —0.65 PBE!
Au graphene 4.26 4.38 0.62 PBE!
Li graphene 4.38 2.57~3.53 —1.81 ~-0.85 PBE?
Na graphene 4.38 2.45~3.34 —-1.93 ~—1.04 PBE?
K graphene 4.38 2.23~3.22 —2.15~-1.16 PBE?
Rb graphene 438 2.20~3.15 -2.18~-1.23 PBE?
Cs graphene 438 2.06 ~3.04 -2.32~-1.34 PBE?
Ca graphene 4.38 291 ~3.46 —1.47 ~-0.92 PBE?
Sr graphene 4.38 2.84 ~3.38 -1.54 ~—0.10 PBE?
Al graphene 4.38 3.06 ~ 3.62 —1.81 ~—0.85 PBE?
Ti graphene 4.38 3.10~3.73 —1.28 ~—0.65 PBE?
graphene 4.38 4.70 ~5.20 0.32~0.82 PBE?

P graphene 438 4.60 ~ 4.80 0.22~0.42 PBE?
As graphene 438 450 ~4.78 0.12~0.42 PBE?
graphene 4.38 4.80 ~4.90 0.42 ~0.52 PBE?

S graphene 4.38 4.50~4.75 0.12~0.32 PBE?
Se graphene 4.38 4.50~4.74 0.12~0.42 PBE?
F graphene 4.38 4.80 ~5.30 0.42~0.92 PBE?
Cl graphene 438 5.20~5.76 0.82~1.42 PBE?

To be continued.



Adatom Material 1) oA A¢ Functional
Br graphene 4.38 5.00 ~5.71 0.62 ~1.32 PBE?
graphene 4.38 5.00 ~5.70 0.62 ~1.32 PBE?
F silicene 4.59 5.85 1.26 PBE*
Cl silicene 4.59 5.35 0.76 PBE*
Br silicene 4.59 5.17 0.58 PBE*
I silicene 4.59 491 0.32 PBE*
K BN-sheet 2.85 0.98 —1.87 PWGGA?
Na BN-sheet 2.85 1.76 -1.09 PWGGA?’
Li BN-sheet 2.85 1.93 -0.92 PWGGA?’
Ca BN-sheet 2.85 2.15 -0.70 PWGGAS
Mg BN-sheet 2.85 2.67 —0.18 PWGGAS
Be BN-sheet 2.85 3.19 0.34 PWGGAS
Li a-borophene 4.16 3.67~231 —0.49~-1.85 PW91°¢
Li 2-layer a-borophene  4.65 446~196 —-0.19~-2.69 PBE’
Li a1-borophene 4.19 3.61~158 —0.58~-2.61 PW913
Na a1-borophene 4.19 338~1.17 —0.81 ~—3.02 PW913
K ai-borophene 4.19 3.07~0.68 —-1.12~-3.51 PW918
Cs a-borophene 416 3.05~0.11 -1.11~-4.04 PW91°
F a-borophene 4.14 5.36~7.78 1.22 ~3.64 PBE!?
ds-borophene 5.31 5.88 0.57 HSE06!!
Li germanene — 3.86 - PBE!"?
Na germanene - 3.59 - PBE"?
K germanene - 3.27 - PBE"?
Be germanene - 4.59 - PBE"?
Mg germanene — 4.39 - PBE!"?
Ca germanene — 3.58 - PBE"?
Al germanene — 4.37 - PBE"?
Ga germanene - 4.08 - PBE"?
In germanene - 3.71 - PBE"?
Ti germanene - 4.98 - PBE"?
\Y germanene — 5.12 - PBE"?
Cr germanene — 4.84 - PBE"?
Fe germanene — 4.65 - PBE"?
Co germanene - 4.75 - PBE"?
Ni germanene - 4.34 - PBE"?
F 2-layer graphene 4.44 5.32 0.79 Exp."?
F 4-layer graphene 4.39 443 ~5.13 0.04 ~0.74 Exp.!4




Table S2 Migration pathways of M adatoms and corresponding energy barriers (eV) for different
adatoms on BBP or other 2D materials in this study and previous studies. H1, F1, B1, and T1 are the
equilibrium adsorption sites on the corresponding 2D material. H2, F2, and T2 are the other adsorption

sites.

Structure Migration pathway Energy barrier Ref
Li/BBP H1 — H2 0.28 this work
Na/BBP H1 — H2 0.28 this work
K/BBP H1 — H2 0.16 this work
Rb/BBP H1 — H2 0.10 this work
Cs/BBP H1 — H2 0.07 this work
Be/BBP H1 — H2 - this work
Mg/BBP HI — H2 1.90 this work
Ca/BBP H1 — H2 0.01 this work
St/BBP H1 — H2 0.14 this work
Ba/BBP Fl — H2 0.00 this work
F/BBP Fl - F2 1.96 this work
Cl/BBP Fl - F2 1.30 this work
Br/BBP Fl - F2 1.02 this work
I/BBP Fl - F2 0.04 this work
Li/o-borophene H1 — H2 0.21 Ref. 6
Na*/d¢-borophene Bl —F2 0.22 Ref. 15
Na/graphene B1 — H2 0.10 Ref. 1
K/graphene B1 — H2 0.10 Ref. 1
Cs/a-borophene H1 — H2 0.43 Ref. 9
Be/BN-sheet B1 — H2 <1 Ref. 5
Ca/graphene Tl — H2 0.12 Ref. 16
St/BN-sheet Bl — H2 <1 Ref. 5
Ba/BN-sheet B1 — H2 <1 Ref. 5
F/3¢-borophene Tl -T2 1.26 Ref. 17

aunavailable data.



Table S3 Average M-B bond lengths (A) and average bond angles (£ BmMB,, degree) in M/BBP (M
= Li, Na, K, Rb, Cs, Be, Mg, Ca, Sr, Ba, F, CI, Br, and I) before and after NVT-molecular dynamics
(NVT-MD) simulations (3 ps). Bm and B, are two o-position boron atoms in a hexagonal hole nearest
to the adatom in BBP, whereas the M in £/ BmnMB, is M atom decorated on the abovementioned (filled)

hexagonal hole.

(@)

Li/BBP Na/BBP K/BBP Rb/BBP Cs/BBP Be/BBP Mg/BBP
Average M-B bond length
Before NVI-MD  2.345 2752 3.132 3.657 3.508 1.903 2.592
After NVT-MD 2.315 2.719 3.153 3.719 3.524 1.9178 2.550
Variety -1.28% -1.19%  0.66% 1.70% 0.46% 0.74%  —1.62%
Average bond angle (£BnMB,)
Before NVT-MD  42.021 35.570 31.106  26.554 27.699 53.430 38.294
After NVT-MD  42.690 36.109 31.054  26.711 28.160 53.461 38.794
Variety 1.59% 1.52%  —0.17%  0.59% 1.67% 0.06% 1.31%

(b)

Ca/BBP St/BBP Ba/BBP F/BBP CI/BBP Br/BBP  I/BBP
Average M-B bond length

Before NVT-MD 2.718 2.846 3.001 2.858 3.226 3.374 3.575
After NVT-MD 2.735 2.891 3.008 2.851 3.245 3.422 3.645
Variety 0.63% 1.58% 0.22% 1.14% 0.57% 1.43% 1.95%

Average bond angle (£BnMB,)
Before NVI-MD  36.401 34.612 32.719  33.674  29.701 28.385  26.759
After NVT-MD 36.244 34.563 33.327  34.134  30.231 28.833  26.988
Variety -0.43%  —0.14% 1.86% 1.37% 1.78% 1.58% 0.86%




Table S4 Calculated binding energy of M/BBP (Ey, €V), relative torsion energy of the BBP substrate
(AEggp, €V), and interaction energy between the adsorbed M atoms and BBP' in optimized M/BBP

models (Em-Bap, V).

Structure Ep AEgpp Em-BBP
Li/BBP 2.321 —-0.054 2.375
Na/BBP 1.642 —-0.035 1.677
K/BBP 2.063 —-0.034 2.098
Rb/BBP 2.238 —-0.043 2.282
Cs/BBP 2.660 —-0.049 2.709
Be/BBP 2.805 —-0.306 3.112
Mg/BBP 0.810 —-0.784 1.594
Ca/BBP 2.161 —-0.698 2.860
Sr/BBP 2.864 —-0.623 3.488
Ba/BBP 4.197 —-0.383 4.581
F/BBP 5.327 —-0.884 6.212
CI/BBP 3.300 —-0.889 4.190
Br/BBP 2.592 —-0.825 3.418

I/BBP 1.959 —-0.804 2.763
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Table SS Calculated M-B bond populations of M/BBP systems.

M-B bond population

Structure

M-B1 M-B2 M-B3 M-B4 M-B5 M-B6 M-B7
Li/BBP -0.01 -0.01 -0.01 -0.01 —-0.01 —-0.01 -
Na/BBP —-0.08 -0.12 —-0.13 -0.13 —-0.08 -0.12 -
K/BBP —-0.11 -0.11 —-0.11 —-0.11 -0.11 -0.11 -
Rb/BBP -0.12 -0.12 -0.12 —-0.11 -0.12 —-0.11 -
Cs/BBP —-0.12 -0.12 -0.16 -0.12 -0.15 -0.11 -
Be/BBP 0.38 0.07 0.08 0.08 0.38 0.07 -
Mg/BBP 0.06 -0.20 -0.20 —-0.20 0.05 —-0.20 -0.13
Ca/BBP —-0.23 —-0.13 —-0.33 —-0.33 -0.23 —-0.13 0.03
Sr/BBP 0.04 —-0.03 -0.11 -0.11 0.04 0.03 0.20
Ba/BBP 0.01 -0.02 —-0.02 -0.03 -0.03 0.01 —-0.26
F/BBP 0.61 - - - - - -
CI/BBP 0.76 - - - - - -
Br/BBP 0.67 - - - - - -

I/BBP 0.67 - - - - - -
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S3 Figures
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Fig. S1 Work function of Cs/BBP as a function of plane-to-plane (BBP) distance (d). Cyan and thistle

spheres represent boron and caesium atoms, respectively.
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Fig. S7 Optimized BBP structures containing one beryllium atom.
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Fig. S8 Optimized BBP structures containing one magnesium atom.
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Fig. S9 Optimized BBP structures containing one calcium atom.
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Fig. S10 Optimized BBP structures containing one strontium atom.
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Fig. S11 Optimized BBP structures containing one barium atom.
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Fig. S12 Optimized BBP structures containing one fluorine atom.
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Fig. S13 Optimized BBP structures containing one chlorine atom.
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Fig. S14 Optimized BBP structures containing one bromine atom.
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Fig. S15 Optimized BBP structures containing one iodine atom.
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Fig. S16 Constant-T simulation of alkali metal/BBP using the Nosé-Hoover chain thermostat, with a
time step of 1.5 fs, target temperature of 300 K, and nose Q ratio of 2.0. (a)—(e) show the potential

energies of Li/BBP, Na/BBP, K/BBP, Rb/BBP, and Cs/BBP at each time step of the simulation within
3 ps, respectively.
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Fig. S18 Constant-T simulation of halogen/BBP using the Nosé-Hoover chain thermostat, with a time
step of 1.5 fs, target temperature of 300 K, and nose Q ratio of 2.0. (a)—(d) show the potential energies
of F/BBP, CI/BBP, Br/BBP, and I/BBP at each time step of the simulation within 3 ps, respectively.
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Fig. S20 Electron density differences (Ap) for (a) F/BBP, (b) CI/BBP, (c) Br/BBP, (d) I/BBP, and (e)
diagram of M and two boron atoms used to determine the indicated slice aMb. SNB represents the sub-
neighboring boron of M/BBP. The 3D side-view electron density differences are shown on the surface
at an electron density isovalue of 0.008 e/A* within the given color scale. The Ap is defined as Ap =
p(M/BBP) — p(M) — p(BBP), where p(M/BBP), p(M), and p(BBP) represent the electron densities of
M/BBP, free M adatoms, and BBP, respectively. The blue and red regions indicate electron
accumulation and depletion, respectively. The yellow, gray, and cyan spheres represent adatoms,

neighboring borons (NBs) and boron atoms other than NBs (RBs), respectively.
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Fig. S21 (a) PDOSs of the s, p, and d orbitals of alkaline earth metal atoms before adsorption. (b)
PDOSs of the s, p, and d orbitals of alkaline earth metal atoms after adsorption. (c) PDOSs of the s, p,

and d orbitals of boron atoms of alkaline earth metal/BBP before and after adsorption.
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