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Fig. 1. A series of bubble-like carbon nanostructures encapsulated by (a) 3-, (b) 4-, (c) 6-
membered carbon rings. (d) a bubble-like carbon nanostructure comprising 6-membered
rings with a larger size.
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Fig. 2. Top and side views of a series of new 2D carbon allotrope constructed by
incorporating bubble-like carbon nanostructures. (a)-(c) new carbon allotropes formed by
incorporating carbon bubbles shown in Figs. 1(a)-(c) into the networks of trigraphene, T-
carbon and graphene, respectively. (d) introducing bubble-like structure in Fig. 1(d) into the
monolayer graphene. The upper, middle and lower carbon atoms are represented by red,
brown and gray balls, respectively. The unit cells are marked by bule lines.
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R 1 B 1 E L (o, A), BRIET CI-C1. CI-C2. C2-C2. C2-C3 M C3-C3 2
K (d, A), BRIBEMERE (b, A) UL A ZERE (Econ, €V/atom).

Table 1. Lattice parameters (a, A), bond lengths between CI-C1, C1-C2, C2-C2, C2-C3, and C3-
C3(d, A), and cohesive energies (E.on, €V/atom) of the 2D carbon structures with in-plane arranged
carbon bubbles.

) a dcici dci-c2 dca-c2 dca-cs dcs.c3 h Econ
WIEEES 1 4.548  1.525 1483 1425 / / 2323 -7.809
WLEES 2 4572 1.553  1.507  1.459 / / 2.054  -8.080
WIS 3 8.266  1.374  1.480 / 1.617 1417 2302 -8.616
BRFES] 4 8359  1.492  1.439 / 1.444 1416 2278  -8.498
3.2 gttt

N T HER IR SRR SR RS EVE, ASCE et T 2 Pos DA e
FESIEERI BTN IR AE. 230 1 20 TR N RBEEcon) ITFE TR, HH Egpeer M1
Ecarbon 7 MARTE ZZERR A% R RE B AN — ML R 7 1 RE &, N AR )
BRI T HH

Econ=(Esneet — N X Ecarpon)/N (1)
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A S PR B I A0 4 A R T L BV B B 5 A ST AR S i R AR e . TR
TATETHE T — L2 H BT ORI ) £ 1) 4E B s (1 4 SR RE A SR AT X LG .
BAERR B, X BB B B 45 R e e AR TR AR IR T A SR A (-9.090
eV/atom), (HZBIERES] 3 F 4 (e EMEER T y-A 82k (-8.450 eV/atom)
PAJZ y-A1 SR (-8.176 eV/atom), [FI BT T 1T SRR BT il 5 (R A A B
JZ (-8.775 eV/atom). AN, FRE BRI LS FITE T NHEF B2 (52, BEAG BRI
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Fig. 3. (a)-(d) Phonon dispersion spectra of the series carbon allotropes with in-plane arranged

-

carbon bubbles presented in Figs. 2(a)-(d), respectively.
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Table 2. Elastic stiffness constants Cij (N/m), the in-plane Young’s modulus (N/m), and Poisson’s
ratio of the series carbon allotropes with in-plane arranged carbon bubbles presented in Figs. 2(a)-
(d), respectively.

T YESE Ci Cx Ci Css Y v
=TuH 147.3 147.3 106.8 20.25 69.9 0.725
VY TCI 4% 226.2 226.2 126.3 124.2 155.7 0.558
Ve 3 354.3 354.3 62.7 145.8 343.2 0.177
TRILFES 1 135.6 135.6 45.0 453 120.7 0.332
TRIIES 2 250.2 250.2 61.8 111.6 234.9 0.247
TRILFES 3 363.6 363.6 39.6 162.0 359.3 0.109
TILFES 4 379.8 379.8 37.8 171.0 376.0 0.099
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Fig. 4. (a)-(d) Electronic band structures and density of states (DOS) analyses of the series
carbon allotropes with in-plane arranged carbon bubbles presented in Figs. 2(a)-(d),
respectively. The Fermi level is set to zero.
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Fig. 5. (a)-(d) The calculated absorption coefficient (o) for the series carbon allotropes with in-
plane arranged carbon bubbles presented in Figs. 2(a)-(d), respectively. The polarization parallel
to the x-axis (E//x) and z-axis (E//z) is considered. The blue-shaded area indicates the visible-

light region.
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Effects of bubble-like carbon nanostructures on the
properties of 2D carbon allotrope: a first-principles study

LI Wentao® LI Zhehao ZHOU Qilin  LIN Zhuorui

School of Physics and Information Science, Shaanxi University of Science and
Technology, Xi' an 710021, China

Abstract

Designing and synthesizing novel, low-dimensional carbon allotropes, as well as
elucidating the inherent correlations between carbon network topologies and their
physical properties, remains a core research focus in materials science. This study
presents an effective strategy for constructing novel two-dimensional (2D) carbon
networks from known carbon allotropes. A series of bubble-like carbon nanostructures
composed of 3-, 4-, and 6-membered rings has been theoretically proposed, which are
suitable for embedding into sp>-hybridized 2D carbon frameworks. By integrating these
carbon nanostructures into three typical planar 2D carbon allotropes, i.e., trigraphene,
T-graphene, and graphene, distinct buckled networks with mixed sp?-sp® hybridization
are obtained. The robust structural stability of these bubble-decorated 2D networks is
verified through cohesive energy calculations, elastic constant assessments, and phonon
dispersion analyses. Computational results demonstrate that the incorporation of
bubble-like structures substantially alters the intrinsic physical properties of carbon
allotropes. Metallic or semiconducting behaviors, as well as flat-band characteristics,
emerge in these bubble-decorated carbon networks, enabling strong absorption in the
visible and ultraviolet spectra. Notably, the bubble-decorated carbon network exhibits
enhanced mechanical strength and outperforms graphene. Meanwhile, the introduction
of bubble structures significantly suppresses the lattice thermal conductivity of carbon
networks, providing an effective route to modulate thermal transport properties via the
arrangement of carbon bubbles. This study enriches the family of 2D carbon allotropes
and lays a material foundation for the design and fabrication of next-generation all-

carbon nanodevices.

Keywords: two-dimensional material, carbon material, graphene, first-principles

calculation
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    E  c o h = (   E  s h e e t − N ×   E  c a r b o n ) / N


    C 11   C 22 −   C 12 2 > 0


    C 66 > 0


  Y = (   C 11 2 −   C 12 2 ) /   C 11


  𝜈 =   C 12 /   C 11


  a  ( 𝜔 ) =  2 𝜔   [    𝜀 1 2  ( 𝜔 ) +   𝜀 2 2  ( 𝜔 ) −   𝜀 1 ( 𝜔 ) ]  1 / 2


    𝜅  − 1 =     𝜅 ∞  − 1   ( 1 +   𝜆  L )



