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1. Adsorption Sites of single F Atom Adsorbed on Borophene

(a) (b) (c) (d) (e) (f)

Figure S1: Schematic representation of (2x2) supercell of borophene showing F with various initial
adsorption configurations: (a) F is on top site of upper B atom, (b) F is on top site of lower B atom,
(c) F is on bridge site of lower B atoms, (d) F is on bridge site of upper B atoms, (e) F is on bridge
site of lower and upper B atoms, and (f) the relaxed configuration of F adsorbed on borophene. B
and F atoms are represented by pink and blue, respectively.

2. Adsorption Sites of two and four F Atoms Adsorbed on Borophene

(a) (b) (c) (d) (e) (f) (g)

Figure S2: Schematic representation of (2x2) supercell of borophene showing two F atoms with
various relaxed adsorption configurations. Single sided adsorptions: (a) F atoms are on top site of
zigzag B, (b) F atoms are on top site of armchair B, (c) F atoms are on top site of row B, (d) F
atoms are on top site of upper B and lower B, and double sided adsorptions: (e) F atoms are on top
site of armchair B, (f) F atoms are on top site of upper B and lower B, and (g) F atoms are on top
site of top zigzag B. Boron and F atoms are represented by pink and blue, respectively.
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Figure S3: Schematic representation of (4x4) supercell of borophene showing two F atoms on
the (a) adjacent and (b) second neighbor row boron atoms along the zigzag direction with relaxed
adsorption configurations.

Table S1: Binding energy (Eb in eV/F) and structural parameters such as buckling height (h in Å)
calculated for single and two F atoms on borophene.

System Eb dB−F h
Fig. 1(f) 5.42 1.37 1.20

Fig. 2(a) 5.02
Fig. 2(b) 5.30 1.35 1.22
Fig. 2(c) 5.02
Fig. 2(d) 1.40
Fig. 2(e) 5.29
Fig. 2(f) 5.29
Fig. 2(g) 5.29

Fig. 3(a) 5.15 1.36 1.13
Fig. 3(b) 4.91

Fig. 4(a) 5.12
Fig. 4(b) 5.20 1.36 1.31

Fig. 5(a) 1.32 1.54 0.82
Fig. 5(b) unstable

Fig. 6(a) unstable
Fig. 6(b) 1.20 2.22 0.72
Fig. 6(c) unstable
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Figure S4: Schematic representation of (4x4) supercell of borophene showing four F atoms with
linear and zigzag relaxed adsorption configurations along the zigzag direction. B and F atoms are
represented by pink and blue, respectively.

3. Possible configurations for B2F: Half coverage

(a) (b)

Figure S5: Schematic representation of (2x2) supercell of borophene showing the initial config-
urations for single side fluorination (B2F(s)). B and F atoms are represented by pink and blue,
respectively.
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4. Possible configurations for BF: Full coverage

(a) (b) (c)

Figure S6: Schematic representation of (2x2) supercell of borophene showing the initial configu-
ration for 100% coverage of fluorination (BF). B and F atoms are represented by pink and blue,
respectively.

5. Structural Phase Transition of BF

Figure S7: Schematic representation of (2x2) supercell of borophene showing configurations for
100% coverage of fluorination (BF(d)). a) Initial configuration, (b) the unstable configuration
with the lattice constants used in this work, (c-d) the relaxed configurations with larger unit cell
parameters exhibiting a phase transition in borophene, (e) the most energetic configuration with
the phase transition
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6. Unstable Configurations of B2F
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Figure S8: (a) Top and side view of double-sided fluorination of borophene, B2F(d). The unit cell
lattice vectors (a = 3.21 Å and b = 2.92 Å), height (hF−F = 4.2 Å) are also shown. Although this
structure is energetically one of the stable fluorinated borophene (Eb= 4.90 eV/F), the nature of
phonons confirms that it is not a stable structure. (b) The imaginary frequency modes in phonon
dispersion indicate that structure are dynamically unstable. (c) Eigenvector corresponding to the
soft mode frequency (ES) at S-point. The occurrence of instability is manifested in the phonon
spectrum of the distorted structure by negative vibration frequencies. Two F atoms in the same
plane at the bottom vibrate out of the plane and displace to inverse directions. One of the cause of
failure may due to the linear order of F atoms. In the following Figure, we also assume that such
doped structures are possible to be stabilized by doping concentrations.

S6



Top View

Side View

a

b

a

W
a

v
e

n
u

m
b

e
r 

x
 1

0
2
 (

cm
-1

)

X YSГ Г

(b)(a)

13

10

6.6

3.3

0

-1.6

h
F-F

Figure S9: Unstable configuration of double-sided fluorination borophene with lower coverage:
(a) Top and side view of double sided adsorptions. The unit cell lattice vectors (a = 9.83 Å and b
= 2.90 Å) and height (hF−F = 4.62 Å) are also shown. Eb of the system is 5.19 eV/F. (b) Softening
in the spectra is indicative of the dynamical instability.
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Figure S10: Full fluorination borophene (BF), hexagonal lattice: (a) Top and side view of
borophene structure with full fluorination. The unit cell lattice vectors (a = 4.63 Å and b = 2.91
Å) and height (hF−F = 3.57 Å) are also shown. (b) Small imaginary frequency is observed near
Γ-point. (c) The snapshot of AIMD simulation. Phase transition occurs at 200 K and initial con-
figuration of 100% coverage is not dynamically stable.
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Figure S11: Full fluorination borophene (BF), rectangular lattice: (a) Top and side view of
borophene structure with full fluorination. The unit cell lattice vectors (a = 5.11 Å and b = 4.76 Å)
are also shown. (b) Phonon spectrum and (c) Electronic band structure of BF

Figure S12: Double-sided fluorination with 25% coverage (B4F(d)): (a) Top and side view of the
structure. The unit cell lattice vectors (a = 3.25 Å and b = 5.78 Å) are also shown. (b) Phonon
spectrum and (c) Electronic band structure of B4F(d)
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7. Mechanical Properties

Table S2: Calculated elastic constants (ci j), shear modulus (G), Young’s modulus (Y in N/m), and
Poisson’s ratio (ν) of bare, half (B4F) and fully (B2F) fluorinated borophene. References for bare
borophene,2 hydrogenated borophene (BH),2 bare graphene,3 and hydrogenated graphene (CH)4

are tabulated as well.

Configurations c11 c22 c12 c66=G Ya Yb νa νb
Borophene 376.60 149.60 -7.64 83.61 376.21 149.45 -0.051 -0.020
Borophene1 398.00 170.00 -7.00 94.00 398.00 170.00 -0.040 -0.020
Borophene2 379.00 162.50 -2.00 87.00 378.97 162.49 -0.012 -0.005
Graphene3 358.10 358.10 60.40 148.90 347.91 347.91 0.169 0.169
B4F(s) 275.06 183.66 13.07 79.63 274.13 183.04 0.071 0.047
B2F(d) 130.12 200.76 6.17 57.35 129.93 200.46 0.030 0.047
BH2 175.77 112.86 19.97 28.46 172.24 110.59 0.177 0.114
CH4 248.20 19.40 246.70 246.70 0.078 0.078

8. Thermal Properties

Helmholtz free energy (F), specific heat at constant volume CV and entropy (S) can be ex-

pressed as5

F =−kBT lnZ =
1
2 ∑

q j

h̄ωq j + kBT ∑
q j

ln[1− exp(−h̄ωq j/kBT )] (1)

CV =

(
∂E
∂T

)
V
= ∑

q j

kB

(
h̄ωq j

kBT

)2 exp(h̄ωq j/kBT )

[exp(h̄ωq j/kBT −1]2
(2)

S =
∂F
∂T

=
1

2T ∑
q j

h̄ωq j coth[h̄ωq j/2kBT ]− kB ∑
q j

ln[2sinh(h̄ωq j/2kBT ) (3)

where Z is the partition function, ωq j is the phonon frequency with the phonon mode index j and

phonon wave vector, q.
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Figure S13: CV of pure graphene at various temperatures compared with experiment is given for
the sake of comparison6. The inset also indicates the variation of entropy (S).
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