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ABSTRACT: Using the experimentally known Mom‘ﬂaver Trilayer
aromatic icosahedral /, By,H,> and Cs, B1CH;," o ) Sl el
as building blocks and based on extensive density -}« + 1< 2'—’55:;'::"" %g\ﬁ ----- Pl
functional theory calculations, we present herein o i
bottom-up approaches to form the superatom-  BuHn™ Bz" |

; . ) (Dy) 2D B,,,HR(PZ/m) '
assembled two-dimensional (2D) few-layered o- o B,,H, (P2/m)
rhombohedral borophanes (Bi,),Hs (a-1-5) and (B4,),H, (a-6-10), y-orthorhombic borophanes (B{,-B,),Hgs (y-1-5), and
carborophanes (CB44-CBC),Hg (0-1-5) (n = 1-5) and experimentally known three-dimensional (3D) a-B;,, y-B,g, and B,C
crystals based on aromatic icosahedral B, and CB,;, with the B-B dumbbells in y-1-5 and C—B-C chains in 0-1-5 serving
as interstitial units to help stabilize the systems. As both chemically and mechanically stable species, the optimized 2D
monolayer, bilayer, trilayer, tetralayer, and pentalayer borophanes and carborophanes all turn out to be semiconductors in
nature, in particular, the few-layered carborophanes 0-3-5 ((CB4,-CBC),Hs (n = 3-5)) with the calculated band gaps of Eg,,,
= 1.32-1.26 eV appear to be well compatible with traditional silicon semiconductors in band gaps. Detailed adaptive natural
density partitioning (AdNDP) bonding analyses indicate that both the icosahedral B, and CB;, cages in these 2D and 3D
crystal structures follow the universal superatomic electronic configuration of 1S?1P®1D'"1F® matching the n + 1 Wade’s rule

v-Orthorhombic boron

3D y-Byg (Pnnm)

(n =12), rendering local spherical aromaticity and overall high stability to the systems.

KEYWORDS: boron nanomaterials,
carborophanes

1 Introduction

As a prototypical electron-deficient element in the periodic table,
boron features multi-center-two-electron (rmc-2e) bonding in both
polyhedral molecules and crystal allotropes [1-3]. The aromatic
icosahedral I, B;,H,,", Cs, CB;H;,, and Ds, 1,12-C,B,H,,, which
all follow the n + 1 Wade’s rule (n = 12) in the electronic
configuration of 1S1P°1D"1F* with 13 12c-2e skeleton bonds, are
the best known superatoms in boron chemistry due to their superb
chemical stabilities [4-8]. All the seventeen bulk boron allotropes
experimentally known to date, such as a-By,, y-B,g, B-Bjoe and T-
B,gy, are composed of icosahedral By, cages which in most cases are
accompanied by certain numbers of boron atoms as interstitial
atoms [9—11]. The simplest a-rhombohedral boron (a-B,,) contains
an icosahedral B, unit cell in Ds; symmetry following the n + 1
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Wade’s rule [9, 12], while the unit cell of y-orthorhombic By, (y-
B,g) ((By,-B,),) is composed of two icosahedral B,, building blocks
with two B-B interstitial dumbbells lying outside the B,, cages [11,
13]. The most typical boron carbide B,C (CB;;-CBC)
experimentally characterized by annular bright-field (ABF)
scanning transmission electron microscopy (STEM) contains a
B,,C icosahedron with a linear C-B-C interstitial chain in each unit
cell [14].

Two-dimensional (2D) boron nanomaterials have attracted
considerable attention in both experiments and theory in the past
two decades [15-18]. Both atomically thin monolayer borophenes
and bilayer borophenes have been synthesized by molecular beam
epitaxy (MBE) experiments on Cu(111) and Ag(111) substrates
which both turned out to be metallic in nature [19-22]. Monolayer
2D y-B,; films synthesized on copper (Cu) foils through chemical
vapor deposition (CVD) consist of icosahedral B, cages and B-B
interstitial dumbbells [23]. Freestanding few-layered a-
rhombohedral boron nanosheets have been achieved in a facile
probe ultrasonic approach [24]. Based on semiconductor a-B,,, a
series of 2D icosahedral boron sheets with icosahedral B, as
building blocks have been predicted by first-principles theory
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calculations [25, 26]. a-Boron (111) surface reconstructions have
also been examined [27, 28]. Using icosahedron I, B;,H,,” and D,
1,12-C,B,,H, as building blocks, our group recently predicted at
density functional theory (DFT) level a series of core-shell
superpolyhedral boranes and carboranes, one-dimensional (1D) a-
rhombohedral borane nanowire B,H,, (Pmmm), and 2D
monolayer a-rhombohedral borophane B,,H, (P3m1), setting up a
bottom-up strategy to form low-dimensional boron-based
nanomaterials from their borane or carborane “seeds” via partial or
complete dehydrogenations [29]. However, whether the 2D
monolayer a-rhombohedral borophane Bj,H; (P3ml) can be
extended to form novel 2D few-layered o-rhombohedral
borophanes in a bottom-up approach still remains unknown. More
importantly, if a general strategy can be established to form more
complicated 2D few-layered borophanes and carborophanes and
other experimentally known three-dimensional (3D) bulk boron
allotropes like y-B,; and boron carbides like B,C in bottom-up
approaches remains a huge challenge to date in both experiments
and theory.

Using the experimentally known aromatic icosahedral
superatoms I, Bj,H,,” and C;, B;,CH,," as precursors and based on
extensive DFT calculations performed in this work, we predict
herein bottom-up approaches to form the superatom-assembled 2D
few-layered a-rhombohedral borophanes (Bj,),Hs (a-1-5) and
(B1),H, (0-6-10), 2D y-orthorhombic borophanes (B,-B,),Hs (y-
1-5), and 2D carborophanes (CB,,-CBC),H; (0-1-5) (n = 1-5) and
the experimentally known 3D a-B,,, y-B,g, and CB;;-CBC which
are all composed of aromatic icosahedral Bj, and CB,; building
blocks via partial or complete dehydrogenations, respectively. The B-
B dumbbells in y-1-5 and C-B-C chains in o-1-5 are found to
serve as interstitial structural units in optimal configurations to help
make the icosahedral B, and CB,, building blocks match the n + 1
Wade’s rule. These 2D few-layered borophanes and carborophanes
all appear to be semiconductors in nature, with the few-layered
carborophanes ¢-3-5 ((CB,-CBC),Hy, n = 3-5)) possessing the
band gaps of E,,, = 1.32-1.26 eV well comparable with that of
traditional silicon semiconductors. The high stabilities of these low-
dimensional nanomaterials originate from the spherical aromaticity
of their aromatic icosahedral B, and CBy; building blocks which
follow the universal superatomic electronic configuration of
1S’ 1P°1D"1F

2 Theoretical procedures

Structural optimizations were performed on the concerned 2D and
3D crystals using the Vienna ab initio simulation package (VASP
5.4) [30, 31] at DFT level with the projector augmented wave
(PAW) pseudopotential method [32, 33] and the PBE
parametrization of generalized gradient approximation (GGA) [34].
The convergence criteria in electronic self-consistency and ionic
residual forces are 10 eV and 10° eV/A, respectively. A vacuum
space of 15 A was set to isolate neighboring periodic images and the
cut-off energy is set as 500 eV. The k-point mesh was sampled with
a resolution of 2m x 0.02 A~ [35]. The phonon dispersion curves
along the high-symmetry lines were computed by the density-
functional perturbation theory (DFPT) approach implemented in
the phonopy package [36], where the precision convergence criteria
for the total energy was set to 10” eV to ensure the accuracy of
calculations. The more accurate Heyd-Scuseria-Ernzerhof
screened hybrid functional (HSE06) [37] was employed to calculate
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the band structures and density of states (DOS) of the concerned
crystals.

The dynamic stabilities of the concerned species were
investigated by Born-Oppenheimer molecular dynamics (BOMD)
simulations for 30 ps using the CP2K program [38], with the
Goedecker-Teter-Hutter (GTH)-Perdew-Burke-Ernzerhof (PBE)
pseudopotential and DZVP-MOLOPT-SR-GTH basis sets
employed for B, C, and H. Chemical bonding analyses in 2D and
3D crystals were performed utilizing the solid-state adaptive natural
density partitioning (SSAANDP) program [39-41]. The results
were visualized using the VMD 1.9.3 program [42].

3 Results and discussions

3.1 Structures and stability

As shown in Fig. 1, using the aromatic icosahedral B,,H,,> and
CB, H,, as precursors, bottom-up approaches can be established
via partial dehydrogenations to form the 2D few-layered o-
rhombohedral borophanes (B},),Hy (a-1-5) in (111) direction (Fig.
1(a)) and (B,,),H, (a-6-10) in (001) direction (Fig. 1(b)), 2D y-
orthorhombic borophanes (B,,-B,),Hs (y-1-5) in (001) direction
(Fig. 1(c)), and carborophanes (CB,;-CBC),H; (0-1-5) in (010)
direction (Fig. 1(d)), with the number of icosahedral layers
changing between n = 1-5. The optimized 2D monolayer, bilayer,
trilayer, tetralayer, and pentalayer crystals all turn out to be true
minima of the systems without imaginary phonon frequencies, as
clearly shown in Fig. 2 and Fig. S1 in the Electronic Supplementary
Material (ESM). Extensive BOMD simulations performed at 1200
K in Fig. S2 in the ESM indicate that 2D monolayer B;,H, (a-6),
B,,Hg (y-1), and B,,C;H; (0-1) are all dynamically stable, with the
small average root-mean-square-deviations of RMSD =
0.11/0.11/0.10 A and maximum bond length deviations of MAXD
= 0.35/0.40/0.30 A at 1200 K, respectively. Other few-layered
borophanes and carborophanes and 3D a-B,,, y-B,, and CB,;-CBC
exhibit similar dynamical stabilities at high temperatures (Fig. S2 in
the ESM). Detailed PBE calculations indicate that these chemically
stable 2D few-layered nanomaterials are also mechanically stable,
with both their maximum and minimum Young’s modulus (N/m)
increasing almost linearly with the number of icosahedral layers in
the systems, as depicted in Fig. 3 and tabulated in Table S2 in the
ESM. More profoundly, these few-layered 2D borophanes and
carborophanes can be extended in vertical dimensions infinitely
(with n = o) via complete dehydrogenations to form the
experimentally known 3D a-B,,, y-B,g, and CB,;-CBC depicted at
the end of each row, respectively, setting up a more general strategy
to form low-dimensional boron-based nanomaterials based on their
icosahedral borane or carborane “seeds” B,,H,,> and CB,;H,, in
bottom-up approaches via partial or complete dehydrogenations.
The previously reported superatom-assembled 2D monolayer
borophane B,,Hg (a-1) (P3m1) in which each icosahedral Dy, B,,
cage is symmetrically surrounded by six equivalent B,, cages in the
(111) direction of a-B;, [29] can be extended in vertical direction
along the C; axis of the unit cell by ABC stacking to form 2D
bilayer B,,H, (a-2), trilayer B;sH, (a-3), tetralayer B,sH (a-4), and
pentalayer BgH, (a-5), respectively, with the approximate lattice
parameters of a = b ~ 487 A and y = 120° as detailed in
Fig. 1(a). The neighboring B,, layers in B,;H, (a-2), B;H, (a-3),
B,Hs (a-4), and BgHg (a-5) are interconnected via typical
interlayer B-B single bonds of about 1.66 A, with the top and
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Figure1 Bottom-up approaches to form the superatom-assembled (a) 2D few-layered a-rhombohedral borophanes (B,,),Hs (a-1-5) in (111) direction, (b) (B,,),H, (a-
6-10) in (001) direction, (c) 2D y-orthorhombic borophanes (By,-B,),Hs (y-1-5) in (001) direction, and (d) (CB,,-CBC),Hs (0-1-5) in (010) direction (n = 1-5) and 3D
crystals a-By,, y-Byg, and CB,;-CBC using the aromatic icosahedral B),H,,” and CBH,, as precursors at GGA-PBE level via partial or complete dehydrogenations, with
the B-B dumbells in y-1-5 and C-B-C chains in 0-1-5 serving as interstitial structural units to help stabilize the icosahedral B,, and CB,, cages.

bottom B,, layers symmetrically saturated by six B-H terminal
bonds in each unit cell. The 2D B,,Hg (a-1), B;,Hy (a-2), B;Hg (a-
3), BysH (0-4), and BgHg (a-5) in the same space group of P3ml
all turn out to be semiconductors in nature with the decreasing
band gaps of E,, = 2.25, 2.15, 2.00, 1.92, and 1.89 eV (Table S1 in
the ESM and Fig. 3), respectively. As indicated in Fig. 2(a), the band
gaps of the 2D few-layered a-rhombohedral borophanes (B,,),H (a-
1-5) decrease monotonically with the increasing numbers (1) of By,
layers in the systems, approaching to the band gap of E,,, = 1.85 eV
in 3D a-B,, gradually when n = oo. Projected densities of states
(PDOS) analyses in Fig. 2 indicate B 2p orbitals dominate the total
densities of states of all the concerned 2D few-layered structures.
Figure 1(b) shows the optimized structure of 2D monolayer o-
rhombohedral borophane B,H, (a-6) (Amm?2) obtained in the
(001) direction of 3D a-B,, with the optimized lattice parameters of
a=b=5070 A and y = 56.4°. Each C,, B,H, unit in it contains
two terminal B-H bonds symmetrically distributed on the top and
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bottom of the By, cage. It is a semiconductor with the calculated
indirect band gap of E,,, = 1.93 eV (Fig. 2(a)). The 2D monolayer a-
rhombohedral B;,H, can be extended in vertical direction to form
the bilayer B,,H, (C2/m) (a-7), trilayer BsH, (C2/m) (a-8), tetrayer
B,H, (C2/m) (a-9), and pentalayer Bg;H, (C2/m) (a-10) which all
appear to be semiconductors with the deceasing band gaps of E,,, =
1.84, 1.62, 1.59, and 1.50 eV (Table SI in the ESM and Fig. 3),
respectively, approaching to the band gap (1.21 eV) of silicon
gradually. The optimized hexalayer B,,H, (C2/m) (a-11) has a small
band gap of E,,, = 1.46 V. These 2D multilayer a-rhombohedral
borophanes all turn out to have obviously narrower band gaps than
that (2.25 eV) of the previously reported 2D monolayer B,,H; (a-1)
[29].

The more complicated 2D few-layered y-orthorhombic
borophanes (B,4),Hs (n = 1-5) (y-1-5) based on the structural
motif of 3D y-Byg are depicted in Fig. 1(c). Using I, B,,H ;> and D,,
B,H; as precursors, the 2D monolayer y-orthorhombic borophane
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Figure2 Calculated band structures, projected densities of states (PDOS), and phonon dispersion spectra of 2D monolayer (a) a-rhombohedral borophane B,H, (a-6),
(b) y-orthorhombic borophane B,;Hs (y-1), and (c) carborophane B,,C;Hg (0-1) with the band gaps of E,,,= 1.93,3.78, and 3.68 eV at GGA-HSE06 level, respectively.

B, Hg (P2/m) (y-1) can be obtained by partial dehydrogenations in
the (001) direction of y-B,g. Bj,Hg (y-1) possesses one icosahedral
B,, cage and one interstitial B-B dumbbell in each unit, with the
optimized lattice parameters of a = 5.081 A, b = 5661 A, and y =
90°. It contains four B-H terminal bonds and four B-H-B bridging
bonds in each unit cell to make the system satisfy its optimal
bonding requirements. 2D B,Hg (P2/m) (y-1) can be extended in
vertical direction by AB stacking to form the 2D y-orthorhombic
bilayer ByHjg (P2,2,2) (y-2), trilayer B,Hg (P2/m) (y-3), tetralayer
BsHg (P2,2,2) (y-4), and pentalayer B,(Hg (P2/m) (y-5) with the
interlayer B-B ¢ bonds of about 1.60 A. The 2D y-orthorhombic
borophane series (B,,),Hs all turn out to be semiconductors in
nature with the calculated band gaps of E,,, = 3.78, 3.17, 2.84, 2.78,
and 2.6 eV for n = 1, 2, 3, 4, and 5 (Table S1 in the ESM),
respectively. Their band gaps also decrease monotonically with the
increasing numbers of By, layers (Fig. 3(c)), gradually approaching
to the indirect bandgap of E,, = 2.35 eV calculated for bulk boron
y-B,g at the same theoretical level.

The most complicated 2D few-layered carborophanes (CB;-
CBC),H, (n = 1-5) based on structural pattern of 3D CB,;-CBC are

depicted in Fig. 1(d) which contains an icosahedral CB,, cage and
an interstitial C-B-C chain in each unit cell. Using the aromatic
icosahedral carborane C;, CB,;H;,” and linear D,; C,BH¢* chain as
precursors, the 2D monolayer carborophane B;,C;H; (P1) (0-1) can
be achieved in the (001) direction of 3D CB;;-CBC by partial
dehydrogenations. It contains five B-H terminal bonds and three
C-H terminal bonds to make the system satisfy its optimal bonding
requirements, with the optimized lattice parameters of a = 4.966 A,
b=5290 A, and y = 68.78° and the band gap of E,,, = 3.68 eV. It
can be extended in vertical direction to form the bilayer B,,C;Hg
(P1) (0-2), trilayer B3;CoHg (P1) (0-3), tetralayer BC,,Hg (P1) (o-
4), and pentalayer B¢C sHg (P1) (0-5) which, as semiconductors in
nature, have the calculated band gaps of E,,, = 1.74, 1.32, 1.29, and
126 €V, respectively. More intriguingly, the few-layered
carborophanes 0-3-5 (CB,-CBC),H; (n = 3-5) obtained herein
with band gaps between E,,, = 1.32-1.26 eV all appear to be well
compatible with traditional silicon semiconductors with E,,, =
1.21 eV in band gaps.

Figure 3 clearly indicates that the overall cohesive energies per
unit cell of 2D few-layered (B,,),H; (a-1-5) (a), (B},),H, (a-6-10)
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Figure3 Evolution of the unit-cell cohesive energies E, (in eV), band gaps E, (in V), and the maximum (Y,,,) and minimum (Y,,) Young’s modulus (in N/m) of the
2D few-layered (a) a-rhombohedral borophanes (B,,),Hs (1 = 1-5, a-1-5), (b) a-rhombohedral borophanes (B,,),H, (n = 1-5, a-6-10), (c) y-orthorhombic borophanes

(By),Hg (n = 1-5,y-1-5), and (d) carborophanes (B,,),C;Hs (1 = 1-5, 6-1-5).

(b), (B1y),Hs (y-1-5) (c), and (CB,;-CBC),H; (0-1-5) (n = 1-5)
increase almost perfectly linearly with the increasing numbers (1) of
icosahedral layers in the systems. More intriguingly, the slopes of
the linear relationships of 83.00, 82.97, 192.89, and 112.30 eV which
represent the average cohesive energy per unit cell per icosahedral
layer well correspond to the cohesive energy per unit cell of a-B,,
(-82.94 eV), y-Bys (-192.98 V), and CB,;-CBC (-112.58 eV) at the
same theoretical level, respectively, in which the unit cells of the
(B14),Hs (y-1-5) are doubled in size to match the unit cell of y-B,.

3.2 Bonding pattern analyses

To better comprehend the bottom-up approaches presented in this
work, detailed AANDP and SSAANDP bonding analyses [40, 41]
are performed on the much concerned 2D monolayer and bilayer
species and 3D crystals to unveil both the localized and delocalized
bonds in them in Fig. 4. The spherically aromatic icosahedral
B,H,,” and C;, B,;CH,, are well known to follow the n + 1 Wade’s
rule (n = 12) with the superatomic electronic configuration of
1S1P°1D"1F", as shown in Fig. S3 in the ESM.

As indicated in Fig. 4(a), each By, icosahedron in monolayer
B,H, (a-6) participates in 2 2c-2e B-H terminal bonds on the top

=
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and bottom of the icosahedral B, cage and 8 2c-2e B-B bonds with
six neighboring B,, cages around it, in the overall symmetry of C,,.
The remaining 26 valence electrons of the B, icosahedron forms 13
12c-2e skeleton bonds totally delocalized over the over the By, cage,
including 1 S-type bond, 3 P-type bonds, 5 D-type bonds, and 4 F-
type bonds in the aromatic superatomic electronic configuration of
1S1P1D"1F. Figure 4(b) indicates that the top B;,H unit in 2D
bilayer B,,H, (a-7) participates in 1 2c-2e B-H bond, 7 2¢c-2e B-B
bonds, and 3 3c-2e B-B-B bonds, with each B,, cage again
matching the electronic configuration of 1S’1P‘1D"1F®. Similar
bonding patterns exist in trilayer Bs;H, (a-8), tetralayer B,sH, (a-9),
and pentalayer BgH, (a-10). Such bonding patterns of the few-
layered a-rhombohedral borophanes (B,,),H, (n = 1-5) are well in
line with that of 3D a-B,, in which each B, unit cell participates in
6 2c-2e B-B on the top and bottom and 6 3c-2e B-B-B bonds
around it in the overall symmetry of Ds; with the remaining
26 electrons following electronic configuration of 1S°1P°1D"1F, as
clearly shown in Fig. 4(c). The unique arrangement of the 6 3c-2e
B-B-B bonds in which each B atom contributes 2/3 valence
electron helps to make each Ds; B, unit cell match the Wade’s rule.
As demonstrated in Fig. 4(d), each B,, cage in monolayer B,,Hy
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Figure4 SSAANDP bonding patterns of 2D (a) monolayer B,H, (a-6), (b) bilayer B,,H, (a-7), (d) monolayer B, ,Hy (y-1), () bilayer B,sHs (y-2), (g) monolayer B},C;Hg
(0-1), and (h) bilayer B,,CsHs (0-2), compared with their corresponding 3D crystals (c) a-By,, (f) y-B,g, and (i) B,;C-CBC.

(y-1) participates in 4 2c-2e B-H terminal bonds on the top and
bottom, 4 2c-2e B-B bonds with neighboring B,, cages and B-B
dumbbells, and 4 3c-2e B-H-B bridging bonds with neighboring
B-B dumbbells in the overall symmetry of C,;,, with the remaining
26 electrons follow the superatomic configuration of 1S21P°1D"1F.
It is the 4 3c-2e B-H-B bridging bonds in which each B contributes
half a valence electron that helps make the B, cage match the Wade’
s rule. The 2D bilayer B,sHg (y-2) has a similar bonding pattern
(Fig. 4(e)). Interestingly, as shown in Fig. 4(f), each B, icosahedron
in 3D y-B,g participates in 4 2c-2e B-B bonds with two neighboring
B, cages and two neighboring B-B dumbbells and 8 3c-2e B-B-B
bonds with the surrounding By, cages and B-B dumbbells. The B},
unit thus again follows the Wade’s rule in electronic configuration
of 1$1P°1D"1F. We address here that it is the 8 3c-2e B-B-B
bonds with the surrounding B), cages and interstitial B-B
dumbbells that help make each B, icosahedron in 3D y-B,; match
the Wade’s rule.
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Interestingly and intriguingly, Fig. 5(g) indicates that each
interstitial C-B-C chain in 2D monolayer B,C;Hg (o-1)
participates in 5 2c-2e B-C single bonds and 3 2c-2e C-H single
bonds, it therefore has one extra valence electron to donate, while
the CB,, icosahedron forms 12 2c-2e single bonds with its
neighbors, with one-electron’s deficiency to match the Wade’s rule.
The C-B-C chain in crystal thus donates one extra valence electron
to the neighboring CB,, icosahedron to make it satisfy the Wade’s n
+ 1 rule with the electronic configuration of 1S?1P°1D"1F*. Similar
situation happens to bilayer carborophanes B,,C;H; (0-2) which
also involves an electron transfer from the C-B-C chain to the CBy;
cage (Fig. 4(h)). Similarly, the positively charged [C-B-CJ*
interstitial chain in 3D CB;;-CBC participates in 2 2c-2e B-C single
bonds within the C-B-C chain and 6 C-B single bonds with the
CB,, cages around it, while the negatively charged [CB]°
icosahedron which forms 8 C-B bonds and 4 2c-2e B-B bonds
with its neighbors also turns out to follow the electron

¥4 4 i

inghua m.nm.

@ i | Sci®pen


https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288
https://www.sciopen.com/article/10.26599/NR.2025.94907288

Nano Research | Vol. 18, No. 4

Yan et al.

configuration of 1S21P°1D"1F* (Fig. 4(i)). The 3D CB,;-CBC crystal
is therefore a charge-transfer complex [CB,,]-[CBC]" in nature. It
is the charge transfer that makes the CB,; cage match the Wade’s
rule to help stabilize the system.

4 Conclusions

In summary, extensive DFT calculations performed in this work
present four bottom-up approaches to form the concerned
superatom-assembled 2D few-layered  borophanes  and
carborophanes and their corresponding 3D crystals based on
aromatic icosahedral B, and CB,;, with the B-B dumbbells and
C-B-C chains serving as interstitial structural units to help make
the icosahedra in the systems match the Wade’s rule. The
icosahedral B, and CB,; cages in these highly stable 2D and 3D
semiconductors based on the structural motifs of the
experimentally known 3D a-B,, y-B,, and CB;;-CBC all turn out
to have the universal electronic configuration of 1S1P°1D"1F,
rendering local spherical aromaticity and overall high stability to the
systems. Such chemically and mechanically stable low-dimensional
boron-based nanomaterials are possible to be realized in future
experiments with suitable dehydrogenation catalysts which deserve
more extensive and indepth explorations. More joint theoretical
and experimental investigations are invited to establish a general
strategy to form novel 1D and 2D boron-based nanomaterials and
all the experimentally known 3D bulk boron allotropes and carbide
crystals in bottom-up approaches matching certain electron
counting rules.

Electronic Supplementary Material: Supplementary material
(crystal structure information, Young’s modulus, band structures,
projected densities of states, phonon dispersion spectra, and
molecular dynamics simulations in Tables S1-S3 and Figs. S1-S3)
is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907288.
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