Carbon 252 (2026) 121320

Contents lists available at ScienceDirect

Carbon

journal homepage: www.elsevier.com/locate/carbon

Review article ' ;.) ‘
A concise review of recently synthesized 2D carbon allotropes: Amorphous e

carbon, graphynes, biphenylene and fullerene networks

R. Paupitz®®®, A.F. Fonseca ", M. Bessa ‘", G.S.L. Fabris "™, W.F. da Cunha ¢,
L.D. Machado ¢®, M.L. Pereira Junior ", L.A. Ribeiro Junior “¢¥, D.S. Galvao »"®-*

a Department of Physics, IGCE, Sdo Paulo State University (UNESP), Rio Claro, Sdo Paulo 13506-900, Brazil

b Universidade Estadual de Campinas (UNICAMP), Instituto de Fisica Gleb Wataghin, Departamento de Fisica Aplicada, 13083-859, Campinas, SP, Brazil
¢ Department of Physics, Federal University of Rio Grande do Norte (UFRN), Natal, Rio Grande do Norte 59078-900, Brazil

d Institute of Physics, University of Brasilia (UnB), Brasilia, Federal District 70910-900, Brazil

¢ Department of Electrical Engineering, College of Technology, University of Brasilia (UnB), Brasilia, Federal District 70910-900, Brazil

f Department of Materials Science and NanoEngineering, Rice University, Houston, TX 77005, United States

& Computational Materials Laboratory (LCCMat), Institute of Physics, University of Brasilia (UnB), Brasilia, Federal District 70910-900, Brazil

h Department of Applied Physics and Center for Computational Engineering & Sciences, University of Campinas (UNICAMP), Campinas, Sdo

Paulo 13083-970, Brazil

ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) carbon allotropes have received considerable attention due to their unique properties
Two-dimensional carbon allotropes and potential applications in several fields, including electronics, catalysis, energy storage, and sensing.
Amor];phous carbon monolayers Following the experimental realization of graphene, numerous other 2D carbon structures have been proposed
Graphynes

and, in some cases, successfully synthesized. This work presents a concise review of the recently experimen-
tally realized 2D carbon allotropes beyond graphene, including monolayer amorphous carbon, graphynes,
biphenylene-, and fullerene-based networks. For each class, we discuss structural characteristics, theoretical
predictions, and synthesis methods, with emphasis on the interplay between theory and experiment. We
also highlight instances where experimental studies overlooked relevant theoretical contributions. Finally, we
identify theoretically predicted structures that remain unexplored experimentally, suggesting opportunities for
synthesis-driven investigations.
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1. Introduction

Carbon, in addition to being the backbone of organic compounds,
stands out for its remarkable ability to form a wide variety of allotropes
across multiple dimensionalities and with distinct atomic hybridiza-
tions [1,2]. These structural forms range from zero-dimensional (0D)
fullerenes [3,4], one-dimensional (1D) carbon nanotubes [3,5] and
nanoribbons, two-dimensional (2D) graphene [6] and graphynes [7], to
three-dimensional (3D) graphite [8] and diamond [9], each exhibiting
markedly different physical and chemical properties. This versatility
makes carbon-based materials highly valuable for a broad range of
technological applications, many of which have become the subject of
intense recent research.

Among these allotropes, graphene [6] stands out due to its out-
standing properties across multiple domains. Despite its simple struc-
ture, composed of 2D carbon atoms arranged in a hexagonal lattice,
graphene exhibits remarkable electronic and structural characteris-
tics [10]. It is simultaneously lightweight and flexible, while being
one of the strongest materials known, enabling its use in mechanically
demanding devices [11]. Its high electrical [12] and thermal conductiv-
ity [13] make it an excellent candidate for nanoelectronic applications,
while its optical transparency opens opportunities in photonics [14].
Furthermore, its high surface-to-volume ratio renders it attractive for
energy storage, catalysis, and even biotechnology [15].

Due to these attractive properties, graphene has received consid-
erable attention from materials scientists and engineers. Nevertheless,
a key challenge limiting its broader applicability in optoelectronics is
its lack of an electronic bandgap [16]. While a tunable bandgap is
highly desirable for electronic devices, the intrinsic zero-gap nature
of graphene restricts its performance as an active layer in devices
such as organic light-emitting diodes (OLEDs) [17], organic photo-
voltaics (OPVs) [18], and organic field-effect transistors (OFETs) [19].
As a result, substantial efforts have been dedicated to discovering
alternative materials that could retain many of graphene’s desirable
properties while exhibiting a suitable semiconducting bandgap for
those applications.

In response, both theorists and experimentalists have worked over
the years to evaluate, propose, and experimentally realize new 2D car-
bon allotropes as potential materials for organic electronic devices [20].
Among these structures, graphene nanoribbons (GNRs) [21] stand out.
These narrow strips of graphene, obtained by controlled cutting along
specific crystallographic directions, exhibit intrinsic properties distinct
from those of their parent material. Depending on their symmetry,
GNRs can present a non-zero bandgap. However, the synthesis of GNRs
remains technically challenging, particularly in controlling the width,
length, edge type, and symmetry at a scale and quality compatible
with industrial and device-level applications. All these features directly
affect the electronic bandgap and transport behavior [22].

Another example is carbon nanotubes (CNTs) [23], which can be
viewed as rolled-up graphene sheets that form cylindrical structures
with periodic boundary conditions along their circumference. While
they show promise for nanoelectronic and optoelectronic technologies,
the production of high-purity, single-walled CNTs with precise chirality
and reproducible structural and electronic properties remains a sub-
stantial bottleneck [24]. Thus, beyond possessing a suitable bandgap
and preserving the desirable properties of graphene, a third critical
requirement emerges: the synthesis process must be reliable, repro-
ducible, and scalable.

In this perspective, given the inherent complexity and evolving
nature of synthesis techniques, exploring a broad range of theoreti-
cally proposed carbon-based 2D materials has proven to be a fruitful
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Fig. 1. Time evolution of annual publications mentioning graphene and other
2D carbon allotropes, indexed in the Scopus database.

strategy. Indeed, notable progress has been made in recent years by
following this path [25]. This is evidenced by the increasing number
of studies focused on 2D carbon allotropes with diverse topologies
and atomic arrangements [26]. Graphene, however, continues to serve
as the conceptual and experimental baseline in this area, remaining
central to ongoing developments.

This growing interest is well illustrated by the time evolution of
scientific publications on the topic. Fig. 1 shows the annual num-
ber of publications indexed in the Scopus database [27] related to
graphene and other 2D carbon allotropes. For graphene, a simple
Boolean search string was adopted: "graphene". In contrast, retriev-
ing publications concerning 2D carbon allotropes required a broader
bibliographic search strategy to capture their structural and termi-
nological diversity. The following Boolean expression was employed:
("carbon allotrope" OR "carbon" OR "carbon network" OR
"carbon sheet") AND ("2D" OR "two-dimensional" OR "two
dimensional" OR "2-dimensional" OR '"layered material"
OR '"monolayer'".

The data indicate that until 2012, the number of publications re-
lated to 2D carbon allotropes surpassed those focusing exclusively on
graphene. From 2013 onwards, graphene became the most frequently
published topic annually, a trend that remains consistent. As of the
latest query, more than 1.1 million documents related to 2D carbon
allotropes are indexed in Scopus, while entries explicitly mentioning
graphene total around 1.7 million.

This pattern suggests that interest in 2D carbon systems preceded
the consolidation of graphene as a central research object. However, the
experimental realization of graphene in 2004 [6] marked a significant
turning point. It is also important to note that there is considerable
overlap between both datasets, as most publications on 2D allotropes
cite graphene, often as a theoretical benchmark or reference mate-
rial. Therefore, the figures should not be interpreted as indicators of
competing research areas but rather as evidence of a coevolutionary
and interdependent process. The search for novel carbon allotropes is
motivated by the limitations of graphene in specific applications, such
as the absence of a bandgap. In contrast, graphene continues to serve
as a fundamental material both conceptually and technologically.

In this context, research efforts aimed at developing promising
monolayers of 2D carbon allotropes can be generally classified into
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two major categories. The first category includes studies that report
the experimental synthesis of new carbon allotropes without relying ex-
plicitly on theoretical predictions. These discoveries are often followed
by detailed characterization efforts using both experimental techniques
and computational modeling. An example is the case of graphene itself.
Although Wallace first described the electronic band structure of a
graphene monolayer in 1947 [28], his work focused on bulk graphite
rather than graphene as an isolated 2D system. Later theoretical studies
addressed graphene, but often within the scope of specific physical
phenomena. For example, Zheng and Ando explored Hall conductivity,
referencing graphene only incidentally [29].

It was not until the experimental realization and fundamental char-
acterization of graphene by Novoselov and colleagues in 2004, [6] that
graphene emerged as a central topic in materials research, ultimately
leading to the Nobel Prize in Physics in 2010. This milestone triggered
a surge of theoretical investigations, including the seminal 2009 review
by Castro Neto and collaborators [30], which thoroughly examined the
electronic properties of graphene.

The second research pathway is more result-oriented and involves
experimental synthesis efforts that are explicitly guided by theoretical
predictions. This strategy reduces the exploratory cost by targeting
materials that have already been identified as promising through sim-
ulations. A notable example is the experimental synthesis of graphene
nanoribbons, driven by the theoretical insights of Mitsutaka Fujita in
1996 [31], who predicted distinctive electronic behavior arising from
edge topologies.

It is essential to note that while studies employing the second ap-
proach generally acknowledge prior experimental work that validates
their predictions, the reverse is not always the case. Experimental
studies sometimes fail to cite earlier theoretical contributions that
were available at the time of their discovery. This gap often reflects
a lack of integration between theoretical and experimental commu-
nities. Closing this gap could accelerate progress in the field. One
aspect worth emphasizing in this context is the emergence of ma-
chine learning-driven approaches, which have rapidly expanded the
computational exploration and optimization of emerging 2D carbon al-
lotropes [32]. Machine learning interatomic potentials (MLIPs), trained
on ab initio datasets, enable simulations of structural stability, phonon
spectra, and thermal expansion with near Density Functional Theory
(DFT) accuracy at a fraction of the computational cost. These models
have been successfully applied to a wide range of carbon-based sys-
tems, including graphene derivatives, haeckelites, phagraphene, and
fullerene networks [33]. More recently, transferable MLIPs have been
developed, allowing accurate predictions of mechanical failure mech-
anisms and temperature-dependent responses in nanoporous carbon
nitride and related heteroatom-doped frameworks [34]. Together, these
advances demonstrate that machine learning approaches bridge the
gap between first-principles accuracy and large-scale molecular dy-
namics (MD) simulations, accelerating the computational design of
next-generation carbon nanomaterials.

In recent years, a number of comprehensive reviews have summa-
rized experimental advances and emerging directions in carbon-based
materials, providing a broader framework for understanding the rapid
evolution of this field. General overviews have discussed the structural
diversity, synthesis strategies, and multifunctional properties of carbon
materials, ranging from amorphous and porous frameworks to or-
dered 2D allotropes [32,34-36]. Complementary reviews have focused
on specific 2D systems, graphyne derivatives, and heteroatom-doped
carbon networks, highlighting advances in low-temperature synthesis,
interface engineering, and device integration [37-39]. Other recent
perspectives have examined the evolution of carbon allotropes beyond
graphene toward sustainable and functional materials, including their
prospects in photonics, catalysis, and energy-related applications [40-
43]. Together, these studies frame the synthesis breakthroughs dis-
cussed in this review within the broader landscape of contemporary
carbon materials science.

Carbon 252 (2026) 121320

Experimentally

Realized 2D
Carbon Allotropes

Fig. 2. Experimentally realized 2D carbon allotropes. The panels represent
different structures: (a) graphene, (b) monolayer amorphous carbon (MAC),
(c) y-graphyne (GY), (d) y-graphdiyne (GDY), (e) biphenylene network (BPN),
(f) graphenylene network (GP), (g) quasi-tetragonal phase Cg, (qTPCq), (h)
quasi-hexagonal phase Cg, (QHPCq,).

In this work, we present a critical review of experimentally realized
2D carbon allotropes, emphasizing their atomic structures, synthesis
routes, and physical properties. While the primary focus lies on exper-
imentally realized systems, we also consider theoretical contributions
that have either guided their discovery or proposed related nanostruc-
tures with potential technological relevance. The review is organized as
follows. The next section examines 2D amorphous carbon. A discussion
of graphyne lattices follows. Subsequently, biphenylene-based carbon
networks are analyzed, and 2D fullerene-derived structures are pre-
sented. The manuscript concludes with final remarks and perspectives
on current challenges and future directions for the field.

All experimentally realized 2D carbon allotropes discussed in the
present work are illustrated in Fig. 2. Throughout the text, graphene
(Fig. 2(a)) and monolayer amorphous carbon (MAC) (Fig. 2(b)) are
discussed in Section 2, y-graphyne (y-GY) (Fig. 2(c)) and y-graphdiyne
(y-GDY) (Fig. 2(d)) are discussed in Section 3, biphenylene-based mate-
rials, namely the biphenylene network (BPN) (Fig. 2(e)) and grapheny-
lene (GP) (Fig. 2(f)), are discussed in Section 4, while Cgqy-based net-
works, namely the quasi-hexagonal (qHPCg,) (Fig. 2(g)) and quasi-
tetragonal (qTPCgqy) (Fig. 2(h)) phases are presented in Section 5. The
figure highlights the structural diversity of these materials, includ-
ing graphene, MAC, graphyne derivatives, biphenylene- and fullerene-
networks.

2. Monolayer amorphous carbon

Beyond graphene, MAC is among the most remarkable examples
of the recently synthesized 2D carbon allotropes. A direct comparison
between Figs. 3(a) and 3(b), corresponding to graphene and MAC,
respectively, highlights the fundamental structural contrast between a
long-range crystalline lattice and a fully disordered atomic network that
nonetheless preserves short-range bonding correlations. In Fig. 3(b), the
atomistic model of MAC follows the structural framework originally
introduced by Toh et al. [44], which has since become a reference for
describing atomically thin amorphous carbon.
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Fig. 3. Atomistic representations of (a) graphene and (b) monolayer amor-
phous carbon, illustrating the contrast between the long-range crystalline order
and the disordered topology.

The synthesis routes leading to these distinct forms of carbon
are summarized in Figs. 4 and 5. Graphene synthesis relies on well-
established crystalline pathways, including mechanical exfoliation, epi-
taxial growth on metal or carbide substrates, and chemical vapor
deposition, which are designed to preserve long-range order and lattice
coherence [45,46]. In contrast, the synthesis of amorphous carbon sys-
tems follows a fundamentally different disorder-to-disorder paradigm,
in which reactive carbon species generated in a plasma environment
reorganize directly into an amorphous monolayer on nanograined Cu
substrates, bypassing any intermediate crystalline phase [47]. This
mechanism demonstrates that the absence of structural order in both
precursor species and substrate plays a key role in stabilizing atomically
thin amorphous carbon.

Despite its lack of long-range periodicity, MAC shares several key
properties with graphene, including high electrical conductivity, optical
transparency, large surface area, and mechanical robustness. Impor-
tantly, MAC exhibits a small but finite electronic bandgap, distinguish-
ing it from pristine graphene and expanding its potential for electronic
and optoelectronic applications. These features have attracted increas-
ing attention from both experimental [44,48] and theoretical [49-56]
communities. In this context, the remainder of this section focuses
primarily on MAC, emphasizing its structural characteristics, synthe-
sis mechanisms, and emerging physical properties within the broader
landscape of two-dimensional carbon materials.

Unlike crystalline solids, amorphous materials do not exhibit long-
range periodicity in their atomic arrangement [57,58]. Although lo-
calized regions may resemble crystalline motifs, finite unit cells are
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insufficient for capturing their structure fully. Techniques such as radial
distribution function (RDF) analysis are therefore widely used. Amor-
phous materials have found broad application in diverse scientific and
technological contexts [59-63].

A foundational model for such systems was introduced in 1932 by
Zachariasen [64], who proposed the continuous random network (CRN)
framework. This model describes disordered yet connected atomic
arrangements lacking translational symmetry, and it remains central to
understanding amorphous structures [65]. Nevertheless, recent studies
suggest deviations from the CRN model in specific systems, motivating
the development of refined approaches.

A breakthrough in the field occurred in 2019 when Toh et al. synthe-
sized and characterized MAC [44]. Using laser-assisted chemical vapor
deposition (CVD), a continuous monolayer was formed within minutes
at relatively low substrate temperatures (approximately 200 °C), in
contrast to the higher temperatures typically required for graphene
growth [66].

High-resolution transmission electron microscopy (HRTEM) con-
firmed the absence of crystalline periodicity, revealing a disordered
carbon network. The structure is best described by a crystallite-in-
Z-CRN model, where nanoscale domains of six-membered rings are
embedded in a continuous random network. These domains vary in
orientation and strain. The atomic arrangement includes pentagons,
heptagons, octagons, distorted hexagons, and regular hexagons, the
latter forming crystalline inclusions of approximately 1 nm in diameter.
Bond lengths ranged from 0.9 to 1.8 A, and bond angles spanned 90°
to 150°, reflecting significant structural variability.

The material also exhibited excellent film continuity, with no mul-
tilayer regions or wrinkles, and remarkable environmental stability,
maintaining its structure for over a year.

2.1. Theoretically predicted properties

Theoretical modeling of MAC was performed using a kinetic Monte
Carlo approach on a 40 x 40 A2 supercell with 610 carbon atoms,
followed by conjugate gradient relaxation. The AIREBO potential [67]
was used for interatomic interactions, implemented in LAMMPS [68].
Among over 60,000 configurations, the one that best matched the
HRTEM features was selected as the reference structure.

This model has been employed in multiple studies to explore MAC’s
mechanical, electronic, optical, and thermal properties [53,55,69-71].
Complementary DFT calculations using VASP [72] and transport simu-
lations with TranSIESTA [73,74] confirmed its room-temperature ther-
mal stability and revealed buckling in non-hexagonal regions. An opti-
cal bandgap of approximately 2.1 eV was also identified, underscoring
MAC’s promise in optoelectronics.

Following this foundational characterization, we extended the anal-
ysis to assess MAC’s mechanical and thermal behavior in comparison
to graphene [53]. Simulations using the same 610-atom MAC model
and a 640-atom graphene structure were subjected to uniaxial ten-
sion up to a strain of 100%. MAC exhibited a Young’s modulus of
approximately 323 GPa, compared to 881 GPa for graphene, under
the same conditions. While graphene reached a tensile strength of
approximately 228 GPa, MAC failed at around 61 GPa. The disordered
MAC structure allows more bond rearrangement and accommodates
strain more gradually, leading to extensive linear atomic chain (LAC)
formation upon rupture.

Thermal ramp simulations, spanning from 100 K to 10,000 K,
revealed collapse mechanisms in both systems. LAC formation was
observed at temperatures of approximately 4500 K for MAC and 5500 K
for graphene. Melting points were estimated to be approximately 3600
K for MAC and 4100 K for graphene.

To explore curvature effects, further investigations examined MAC
configured as nanotubes and nanoscrolls [55]. Density Functional-
based Tight Binding (DFTB) and DFT calculations revealed that rolling
the sheet resulted in small bandgap openings (90, 13, and 18 meV for



R. Paupitz et al. Carbon 252 (2026) 121320

Mechanical exfoliation

/_\/ Adhesive layer m

e o —

HOPG
loading
lTransfer
graphene
[ Q- — Epitaxial growth
8 adnesive romova “ml=™  on metals
. . adhesive removal
Chemical synthesis A\
' s 2y, 3 _Carbon surface
4 N2 ad-atoms
5
Epitaxial graphene

B bt reduon - Graphene synthesis adis

o — thod .o 7% - &annealing = e i
I © SRR raphegeisanas _Metl single st

iié powder Graphene oxide Reduced graphene oxide l \

Carbon precursor
molecules Annealing

Polycrystalline

- graphene islands  icyel'or copper fim  graphene film

Thermal graphitization
for SiC’

—
Epitaxial growth using g
Carbon dissolution Graphene growth carbon source
d CVD synthesis Cc Epitaxial growth on carbides

Fig. 4. Representative synthesis routes for graphene and related crystalline two-dimensional carbon materials, including mechanical exfoliation, epitaxial growth
on metals and carbides, and chemical vapor deposition.
Source: Reproduced with permission from Refs. [45,46] under the Creative Commons CC BY license.

d Single-crystal substrate
/‘\]
o \]/\
'\_/\_/[
e
[ ]
7N N
LA
NN

~ ~ R %
- e T

Disordered film (MAC)

Fig. 5. Disorder-to-disorder synthesis of ultraclean monolayer amorphous carbon (MAC), illustrating plasma-assisted growth on nanograined Cu substrates and
the resulting topologically disordered atomic network.

Source: Reproduced with permission from Ref. [47]

© 2025 Copyright Springer Nature



R. Paupitz et al.

tubes and scrolls). These systems absorb light from the infrared (IF) to
ultraviolet (UV), with reflectivity decreasing as the wavelength moves
toward the UV. Scrolls showed the largest optical response.

Using larger supercells (3660 atoms), MD simulations assessed the
thermal and mechanical properties of MAC-based nanotubes and nano-
scrolls [69]. Results confirmed that MAC exhibits comparable mechan-
ical behavior to its crystalline counterpart under curvature. Melting
temperatures varied between 5100 K and 5900 K, depending on the
geometry and strain distribution.

In addition to these characteristics, MAC presents a percolating =
network sustained by short-range order, which yields a finite density of
states at the Fermi level and metallic-like transport. This electronic be-
havior enables applications as transparent and flexible conductors [44].
By contrast, amorphous BN is best described as a compositionally
disordered pseudo-continuous random network containing pseudocrys-
tallites and noncanonical B-B and N-N linkages. Despite the pro-
nounced structural disorder, it remains insulating and thermally stable
at room temperature, which favors applications as ultrathin dielec-
tric or barrier layers rather than conductive films [75]. A distinct
disorder paradigm is observed in amorphous MoS,, where operando
experiments and theoretical studies reveal shortened Mo-S and Mo-Mo
bonds together with edge-like motifs that persist under electrochemical
bias. These structural features impart metallic character and enhanced
charge-transfer kinetics, which underpin high catalytic activity for
the hydrogen evolution reaction [76]. Taken together, these examples
demonstrate that disorder can either suppress or enable electronic
conduction depending critically on the bonding topology and chemical
composition, thereby delineating complementary functional niches for
amorphous two-dimensional materials.

3. Graphyne families materials

One of the earliest predictions of a one-atom-thick 2D carbon al-
lotrope family distinct from graphene is the structures named gra-
phynes (GY). In 1987, Baughman, Eckhardt, and Kertesz [7] proposed
seven new structures of periodic 2D carbon phases formed by acetylenic
chains (—C=C—), connecting aromatic rings or carbon-carbon bonds.
These can be conceptualized as systematic substitutions of carbon—
carbon bonds in graphene by acetylenic groups. There are innumerable
ways to generate structural GY motifs by connecting acetylenic chains
directly to themselves or through aromatic rings and sp? carbon-carbon
bonds. Among the seven GY structures originally proposed, those des-
ignated as a-, f-, y-, and 6,6,12-GY are the most investigated. The first
three members of the graphyne family exhibit hexagonal symmetry,
with y-GY being the densest of the graphyne family.

The GY structures can be created with different numbers of acetyl
enic chains, n (—C=C—),, n > 1), without changing the structural
symmetry. Structures having n = 2,3,4, are designated as graphdiyne
(GDY), graphtriyne, graphtetrayne (GTY), and so forth, respectively.
Fig. 6 presents the most representative GY structures. The atomic
arrangements of y-GY, -GDY, and -GTY are shown in Figs. 6(a-c), while
the theoretical phases a-, -, and 6,6,12-GY structures are shown in
Figs. 6(d-f), highlighting the diversity of ring topology and acetylenic
bonding motifs within the graphyne family.

3.1. Theoretically predicted properties

Interest in GYs emerged decades later, based on several works that
predicted that the physical properties of GYs are not only as special
as those of graphene [77], but in some aspects even more distinctive.
Similar to graphene, GYs have been predicted to exhibit high charge
carrier mobility, ranging from 0.2 to 5.4 x 10° cm?V-1s~! [78,79],
in contrast to values on the order of 2 x 10° cm?V~1s~! reported for
graphene [77]. Their mechanical response is also remarkable, with
predicted Young’s modulus values spanning from 0.1 to 0.7 TPa for
GYs [80,81], compared to approximately 1.1 TPa for graphene [77].
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Different from graphene, GYs present relatively low thermal conduc-
tivity, with reported values ranging from 18 to 82 Wm~1K~! [78,82],
in contrast to the high thermal conductivity of graphene, which can
reach values around 5000 Wm~K~! [77]. In addition, GYs are intrin-
sically porous [83] and exhibit a non-zero electronic bandgap [84—
86], features that are particularly attractive for electronic and opto-
electronic applications. Furthermore, their electronic properties can
be tuned [87], which also allows the design of new applications in
electronic devices. Finally, asymmetric GYs display null and negative
linear compressibilities [88,89], a property that could be exploited for
applications such as sensors and other mechanical actuators. These
properties underscore the rationale for considering GYs as a substitute
for graphene in electronic and other applications [90,91].

Recent literature has predicted that GYs possess additional attrac-
tive properties, including negative thermal expansion [92,93], Pois-
son’s ratio greater than 0.5 [88,93], interesting optoelectronic prop-
erties [94], magnetic hystereses [95], thermoelectric features [96,97],
enhanced elastocaloric effect [98] and thermal stability up to about
1000 K [99]. A number of computational studies have been con-
ducted to explore the existence and properties of GY scrolls [99],
nanoribbons [98,100], and nanotubes [101].

These theoretical works have contributed to the study of poten-
tially new applications of GYs. Examples include the development of
nanotransistors [102], gas separation and desalination [103-107], an-
ticancer and antibacterial agents [108,109], anodes for batteries [110,
111], hydrogen storage [112], supercapacitor electrodes [113,114],
and others [115-118].

3.2. Synthesized graphynes

Following the seminal contributions of Baughman, Eckhardt, and
Kertesz [7], numerous attempts have been documented in the literature
to synthesize GYs. The synthesis of GY oligomers and ethynylene-linked
molecules has been achieved. However, the yield has been limited to
small fragments [119-125].

The first successful experimental achievement of the GY family was
reported in 2010 by Liu et al. [126], with the y-GDY synthesis on a Cu
foil accomplished through the implementation of an in situ Glaser-Hay
coupling reaction [127-129] of hexaethynylbenzene (HEB) monomers
with pyridine as the organic solvent. The efficacy of Liu’s methodology
for obtaining y-GDYs can be attributed to the catalytic properties of Cu
ions dispersed in pyridine, which facilitate the Glaser reaction of the
HEB monomers. Additionally, the Cu foil serves as a template for the
growth of y-GDY, contributing to the method’s success.

After the initial report by Liu et al. research on y-GDYs has un-
dergone exponential growth, encompassing the development of novel
growth methods [130-134]. Several innovative synthetic strategies
have been developed to overcome the limitations of early GDY growth
methods, particularly for the experimentally realized y phase. Mat-
suoka et al. [130] reported liquid-liquid and gas-liquid interfacial
synthetic routes that promote carbon—carbon coupling reactions from
HEB monomers, enabling the formation of significantly thinner stacks
at room temperature. Zuo et al. [131] introduced a metal-catalyst-free
approach to synthesize y-GDY in air through a so-called popcorn-
like explosion phenomenon, in which rapid dehydrogenation-driven
coupling of HEB monomers occurs at temperatures as low as 90 °C.
Zhou et al. [132] employed an alternative coupling strategy based
on hexakis-[(trimethylsilyl)ethynyl]benzene (HEB-TMS) monomers on
graphene substrates, yielding y-GDY layers with thicknesses below
3 nm. Subsequently, Yin et al. [134] developed another catalyst-free
route in which a microwave-induced temperature gradient is applied to
a solution of HEB monomers dissolved in a toluene-hexane mixture on
a solid NaCl substrate, producing ultrathin films with thicknesses below
2 nm. While Gao et al. [133] provided a comprehensive review of syn-
thesis methods and potential applications of y-GDY, Kuang et al. [135]
have recently demonstrated an ultrafast, second-scale synthesis of large



R. Paupitz et al.

" : o
L Tl T
L@ ¢

P

Carbon 252 (2026) 121320

\ %
/.-.-.-" /.-.-'-1
-8 -

{
‘

’.

-

]
|

3 ’ 3
/.-'-.-“ /.-.-.-1
/.-O -

Fig. 6. Representative atomic structures of graphyne-based allotropes. Panels show (a) y-GY, (b) -GDY, and (c) -GTY. (d) a-, (e) -, and (f) 6,6,12-GY. The
different arrangements of acetylenic linkages and polygonal rings illustrate the structural diversity within the graphyne family.

quantities of this material via electron-beam irradiation of HEB-TMS
compounds, using copper(Il) acetate and N,N-dimethylformamide as
catalyst and solvent, respectively.

The synthesis of y-GTY, i.e., a GY with n = 4 in the y-phase,
was reported almost a decade later by Gao et al. [136] and Pan
et al. [137]. These works have received comparatively less attention
in the literature than those of y-GDY, which may be attributable to
the challenges associated with their synthesis. The Sonogashira reaction
method [138] was employed in both works to describe an intermediate
step analogous to that utilized in the synthesis of y-GDY. This step
involves the synthesis of monomers composed of a carbon ring with
four acetylenic arms. Subsequently, the y-GTY were grown on copper
foils through reactions analogous to Glaser-Hay.

The synthesis of y-GDY and y-GTY represents a significant break-
through in the field. However, their large porous nature imposes certain
limitations on their properties. Nevertheless, the difficulties associated
with synthesizing graphyne with n = 1, have been recently surmounted.
Li et al. [139] were the first to report the synthesis of y-GY (n = 1),
through a mechanochemical synthesis method.

Four years later, in 2022, Barua, Saraswat, and Rao [140], and
Rodionov et al. [141] reported successful synthetic approaches, based
on Sonogashira crosslinking reactions, for the production of the y-GY.
The synthesis of another form of GY with n = 1, termed Holey y-GY,
has also been reported by Liu et al. [142]. In a recent study, Song
et al. [143] reported the wet chemistry synthesis of y-GY based on
a metal-free crosslinking method. This method involves the combina-
tion of fluoro-(hetero)arenes and alkynyl silanes in the presence of
tetrabutylammonium fluoride. According to Song et al. their method is
capable of producing y-GY, ranging from grams to the sub-microscopic
level.

Li and Han [118] posit that among the various methods of syn-
thesizing y-GY, the mechanochemical approach is suboptimal due to
its inability to adequately control reactions and remove impurities,
resulting in substandard product quality.

In a recent study, Rodionov et al. [144] tried to replicate the
mechanochemical method for synthesizing y-GY. The validity of the
achievement was challenged by showing that applying the same method

under equivalent conditions yielded disordered structures in the ab-
sence of carbon-carbon triple bonds. Consequently, the Sonogashira
reaction methods can be regarded as the most suitable approach to
obtain high-quality y-GY samples [118]. Nevertheless, Li and Han [118]
have noted that a methodology for producing y-GY with a variable
number of layers, size, and stacking modes remains to be developed.

The synthesis of the other members of the GY family remains to be
achieved. However, the identification of a method for producing the
other structures could be expedited by that of y-GY. The synthesis of the
Holey y-GY [142] and the recent production of precursors of the 6,6,12-
GY [145,146] suggest the feasibility of synthesizing additional n = 1
GYs. Fig. 7 depicts the schemes of the main synthetic routes to produce
y-GY and -GDY. At the top, a schematic illustration of one synthetic
route to the production of large-area y-GDY films via a cross-coupling
reaction using hexaethynylbenzene is shown [126]. In the middle of
the figure, the illustration shows a proposed synthetic route to obtain
7-GY under mild conditions through a cross-linking strategy [140]. On
the bottom of Fig. 7, one can see a simplified representation of the
synthesis of graphynes through a crystallization-assisted irreversible
cross-coupling polymerization [141].

A fast and scalable synthesis of large-area y-GDY has been achieved
[126,135]. Despite the successful synthesis of small-domain y-GYs and
extended GDY sheets, the scalable growth of crystalline graphyne-based
materials remains a key bottleneck. The bottom-up in situ coupling of
acetylene-rich precursors often suffers from slow reaction kinetics and
limited molecular diffusion, restricting domain sizes to the micrometer
scale [139,141,147]. Recent studies suggest that interfacial coupling
synthesis at liquid-liquid or gas—solid boundaries, as well as on-surface
polymerization on Cu or Ag substrates, can significantly improve lateral
uniformity and control over stoichiometry, approaching the require-
ments for wafer-scale fabrication [139,141,147]. The most proximate
achievements in y-GY have been reported by Song et al. [143], who
reported the synthesis of high quantities (on a gram scale) of y-GY,
albeit in the form of stacks, not single layers.

Although experimental data on key physical quantities, such as the
band gap, elastic modulus, and coefficient of thermal expansion, for
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GYs are scarce, a comparative analysis between predicted and measured
properties of the GY structures can be made.

The band gap of y-GY (y-GDY) has been theoretically predicted to
range from 0.454 to 2.23 eV [78,133] (from 0.44 to 1.47 eV [133]).
Experimentally, the three most significant works reporting the synthesis
of y-GY measured band-gap values of 2.23 eV [140], 0.48 eV [141], and
0.62 eV [143]. For y-GDY, experimental band-gap values of 1.47 eV
[134] and 1.48 eV [132] have been reported.

The only mechanical property of y-GDY that has been measured
experimentally is the elastic modulus of thin y-GDY films, as reported
by Xiao et al. [148]. Using atomic force microscopy, a mean Young’s
modulus of 218.5 GPa was determined for y-GDY films with thick-
nesses ranging from 10 to 30 nm. In contrast, classical MD simulations
predict substantially higher elastic moduli for graphyne-based systems.
Cranford and Buehler [80] and Zhang, Pei, and Wang [81] reported
values between 500 and 700 GPa for different graphyne lattices, while
Kanegae and Fonseca [88] obtained a Young’s modulus of 341.2 GPa
for y-GDY using a similar classical MD approach.

Thermal properties further illustrate the gap between theory and
experiment. Hernandez and Fonseca [93] predicted negative linear
thermal expansion coefficients for y-GY and -GDY, with values of
—-1.2x107% K~! and —-2.05x 107> K1, respectively. More recently, Kong
et al. [149] experimentally measured the thermal expansion coefficient
of y-GDY, obtaining a value of —0.718 x 10~ K~1. This experimentally
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determined value is approximately half the magnitude of classical
simulation predictions, underscoring the need for further experimental
validation.

In Section 3.1, some predicted applications of GYs and GDYs were
cited. Here, we present several examples of experimentally demon-
strated applications developed to realize these predictions.

For instance, in 2011 Long et al. [102] predicted the semiconduct-
ing properties of GDYs, highlighting their potential for nanotransistor
applications. Five years later, Qian et al. [150] developed a synthesis
route to produce y-GDY films on arrays of ZnO nanorods, demonstrating
high carrier mobility and the feasibility of fabricating field-effect tran-
sistors (FETs). Subsequently, Li et al. [151] refined this approach by
producing y-GDY-based FETs with carrier modulation induced by light
and heat. Zhang et al. [152] introduced GDY inks and demonstrated
direct printing of GDY-based FETs on flexible substrates. More recently,
Liu et al. [153] developed organic FETs in which y-GDY particles
function as nano-floating gates.

The intrinsic porosity of y-GY and -GDY renders them suitable
for applications in gas separation and desalination [103-107]. Zhou
et al. [154] were the first to investigate gas permeation through y-GDY
membranes. Liu et al. [155] developed a y-GDY-based filter capable of
completely removing lead ions from contaminated water. A combined
theoretical and experimental study by Yuan, Xiong, and Shen [156]
demonstrated that y-GDY shows strong potential for selective sepa-
ration of actinides and lanthanides in the nuclear fuel cycle. Chen
et al. [157] succeeded in producing porous submicrometer-thick y-
GDY membranes on porous copper hollow fibers, achieving 99.9% NaCl
rejection with ultrahigh water permeability. A recent review by Li,
Zhao, and Wang [158] provides further insight into advances in this
field.

With respect to the potential of y-GDY as antibacterial agents [108,
109], research in this area remains at an early stage. Two independent
studies report contrasting conclusions regarding antibacterial activity.
Zhang et al. [159] reported superior antibacterial performance of y-
graphdiyne oxide (y-GDYO) against Escherichia coli and Staphylococcus
aureus. In contrast, Zhu et al. [160] demonstrated that pristine y-
GDY exhibits higher antibacterial efficiency, suggesting that excessive
oxidation may suppress the intrinsic catalytic activity of graphdiyne-
based systems. Bi et al. [161] further showed that boron-doped GDY
(B-y-GDY) is effective against both Gram-positive and Gram-negative
bacteria, an effect attributed to enhanced catalytic activity induced by
boron incorporation [162]. Wang et al. [163] demonstrated the efficacy
of y-GDY-TiO, composites in preventing orthopedic implant-associated
infections.

Regarding anticancer applications, one of the earliest studies in-
volved the synthesis of bovine serum albumin (BSA)-modified y-GDY
nanoparticles [164]. These nanoparticles were shown to eliminate free
radicals, reduce radiation-induced DNA damage, and prolong cell sur-
vival under ionizing radiation. Subsequent studies have explored y-
GDY-based systems for therapies targeting glioblastoma [165] and
prostate cancer [166]. Despite the early stage of this research area, it
is regarded as promising due to the optical properties of y-GDY that
enable photothermal degradation of cancer cells [167]. Comprehensive
discussions can be found in recent reviews by Huang et al. [168], Yu
et al. [169], and Wu et al. [170].

Energy-related applications represent one of the most actively in-
vestigated directions for y-GDY. Their potential as advanced anode
materials has attracted considerable attention [110,111]. y-GDY have
also been explored for hydrogen storage [112] and as supercapacitor
electrodes [113,114]. Shen et al. [171] demonstrated that nitrogen-
doped y-GDY-based lithium-ion and sodium-ion capacitors exhibit en-
ergy densities exceeding those of pristine y-GDY and many other carbon
materials. Wang et al. [172] investigated aminated y-GDY for methanol
fuel cell applications. Liu, Wang, and Jin [173] synthesized y-GDY
nanolamella electrodes for supercapacitors, which retained their capac-
itance after more than 11,000 charge-discharge cycles. A recent review
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by Xie, Jia, and Huang [174] summarizes advances in GDY-based
energy conversion and storage technologies.

Despite these advances, the scalable growth of crystalline GY-
based materials remains a central challenge. While y-GDY films with
centimeter-scale lateral dimensions and gram-scale yields have been
reported [126,135], the controlled synthesis of large-area, single-layer
y-GY and -GDY with long-range order is still limited by slow coupling
kinetics, precursor diffusion constraints, and substrate effects. Recent
strategies based on interfacial synthesis, on-surface polymerization
on Cu or Ag substrates, and irradiation-assisted routes have shown
promise in improving lateral uniformity and throughput, pointing
toward feasible pathways for wafer-scale fabrication [139,141,143,
1471].

Comprehensive overviews of the potential and experimentally real-
ized applications of y-GDY can also be found in recent reviews [147,
175,176].

In relation to the thermal metastability of y-GY [99], a recent study
has demonstrated that stacks of y-phase undergo an irreversible trans-
formation into planar, nongraphitic, pure sp? carbon crystals [177].
The transformation occurs exothermically at ambient pressure over the
temperature range 160 °C to 310 °C. This finding suggests a novel
approach for synthesizing new 2D carbon phases.

4. Biphenylene based monolayers

The molecule known as biphenylene consists of two hexagonal
carbon rings connected by two covalent bonds that form a 4-membered
ring. Due to its single and double bonds configuration, it combines
aromatic and anti-aromatic properties [178,179], being at the same
time chemically stable [180] and presenting interesting physicochemi-
cal properties, which several authors explored in the last decades [181—
185].

BPN exhibit an intrinsic metallic character together with predicted
Young’s modulus values in the range of 0.61-0.72 TPa [35]. These
values are comparable to those reported for graphynes and only slightly
lower than those of graphene, reflecting a balance between mechan-
ical rigidity and structural flexibility arising from the mixed 4-6-8
ring topology. Moreover, the metallic density of states and optical
absorption coefficients on the order of 2.5x 10* cm~! [186] underscore
the potential of BPN for applications such as transparent electrodes,
nanoelectronic interconnects, and gas sensors, where the simultaneous
presence of electrical conductivity and mechanical robustness is a key
requirement.

This, along with the rise of interest in 2D materials, motivated
several groups, both theoretical and experimental, to investigate the
possibility of obtaining technologically promising materials based on
periodically arranged 2D structures formed using biphenylene as the
repeating unit. It is worth noting that, in 1968 and 1989, Balaban and
collaborators proposed several carbon-based structures that were later
“reinvented” with different names in more recent studies. Among the
various theoretically predicted configurations, two will be discussed
in this section, BPN [187,188] and GP [189,190] shown in Figs. 8(a)
and 8(b) respectively, as described in detail in the next section.

4.1. Theoretically predicted properties

Different 2D lattices can be constructed by periodically connecting
biphenylene units, leading to distinct biphenylene-based carbon net-
works. Two experimentally realized configurations are exemplified in
Fig. 8. In Fig. 8(a), the BPN forms an extended lattice composed of
alternating four-, six-, and eight-membered rings, resulting in a metallic
and topologically nontrivial framework. In contrast, Fig. 8(b) shows GP,
in which biphenylene motifs are arranged into a porous lattice domi-
nated by six- and twelve-membered rings, yielding a semiconducting
structure with regularly spaced pores.

Carbon 252 (2026) 121320

The material known as BPN is shown in Fig. 8(a), forming a rect-
angular lattice in which the repeating unit is a biphenylene molecule.
The lattice constants are 3.75 A and 4.52 A in the horizontal and
vertical directions in Fig. 8(a), respectively. The lattice is found to be
relatively stable, with cohesive energy E_, = —7.55 eV/atom, although
being less stable than graphene, and its work function is estimated as
@ = 430 eV [186]. BPN is predicted to be a better fit for lithium-
ion batteries than most 2D carbon materials, since the adsorption of
that metal would be more energetically favored than in graphene or
graphyne, for instance [191].

The unique combination of 4-, 6-, and 8-membered rings in BPN
introduces pronounced topological and electronic anisotropy that is
absent in conventional hexagonal carbon allotropes [192]. This di-
versity of polygonal motifs modulates the z-conjugation and gen-
erates distinct electron delocalization pathways along the armchair
and zigzag directions [193]. As a result, BPN exhibits anisotropic
charge transport and direction-dependent current-voltage characteris-
tics. Quantum-transport calculations predict a monotonic increase of
current along the zigzag direction and the emergence of negative differ-
ential resistance along the armchair direction, arising from variations
in band dispersion and effective mass associated with different ring
domains [193]. Substitutional doping with boron or nitrogen has been
shown to further tune the electronic structure, enabling a transition
from metallic to semiconducting behavior and broadening the range of
potential device applications [194,195]. Although the atomic structure
of BPN has been experimentally realized [196], most insights into its
electronic anisotropy and transport properties remain theoretical and
await direct experimental validation.

As an experimentally synthesized material, the interest in BPN-like
structures has increased. In the last few years, several studies have
been reported on experimental methods for their synthesis and possible
technological applications [192,196-199].

It is interesting to note that these materials behave like a metal
when presented as a sheet or a nanotube. In contrast, they become
semiconductors when functionalized or cut as nanoribbons [200,201].
This tunability of physical properties makes them versatile candidates
for various applications, including gas storage, gas separation, and op-
tical sensors [202], as well as nanoelectronic devices and nanosensors
of different types.

On the theoretical side, studies regarding BPN have shown that
armchair and zigzag nanoribbons [203] have distinctive electronic
and optical properties compared to other carbon allotropes. Armchair
nanoribbons can present conducting or semiconducting character, with
high mobility (~ 57.174 em®V~!s~!) depending on the number of unit
cells [204]. GW and Bethe-Salpeter-based calculations suggest that, for
BPN nanoribbons, absorption peaks due to excitons are located in the
visible range. Additionally, the more relevant bound excitons are found
to present a strong electron-hole interaction, which can be relevant for
photovoltaic applications [203,205].

Other works suggest their electronic properties can be engineered,
achieving a strain-induced metal-insulator transition at relatively high
strain values, opening a I'-X indirect electronic band gap [206]. Fur-
thermore, BPN networks demonstrate high mechanical stability and
flexibility [207,208]. Additionally, the high anisotropy of its thermo-
electric properties has been highlighted [206], reinforcing its potential
for electronic applications.

Another relevant 2D lattice created using biphenylenes and already
experimentally realized is shown in Fig. 8(b), known as GP. This
material features a unique geometrical structure composed of four-,
six-, and twelve-membered rings. Its unit cell belongs to the P6/mmm
space group with one irreducible atom. The central nanopore, formed
by a dodecagon ring, has a diameter of 5.47 A [209]. Its cohesive
energy (—9.7 eV) is close to values found for graphene (-10.4 eV),
suggesting slightly lower stability [210].

The GP structure reveals seven high-symmetry points, including
hollow adsorption sites within the rings and edges between rings.
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Fig. 8. Two experimentally obtained biphenylene-based 2D materials. (a)
Biphenylene Network, where it is possible to identify the four-, six-, and
eight-membered rings. (b) Graphenylene lattice, composed of four-, six-, and
twelve-membered rings.

These sites are critical for applications such as gas separation and
sensing, as they influence the diffusion barriers that ions, atoms, or
molecules encounter as they pass through pores. The interaction of
chemical species with these sites can also influence the adsorption
energies of small molecules or atoms interacting with the membrane,
thereby altering the material’s adsorption capacity. Mechanically, GP
demonstrates remarkable properties, surpassing some 2D materials due
to its symmetry-driven elastic constants, which yield a Young’s Modulus
of 648.8 GPa and a Poisson’s ratio of 0.259. Although GP’s modulus is
lower than that of graphene (1 TPa), its mechanical versatility remains
significant [209].

Mechanical stability is a key factor governing the practical use of
porous 2D carbon networks in devices such as gas-separation mem-
branes and electrodes for energy storage. MD studies [211,212] indi-
cate that graphenylene exhibits a high in-plane Young’s modulus in
the range of 0.45-0.65 TPa, while preserving flexibility and elastic
recoverability up to approximately 10% strain before structural failure.
This combination of stiffness and elastic resilience allows graphenylene
membranes to withstand pressures exceeding 10 MPa without pore
collapse, supporting their operation under moderate to high pressure
conditions relevant to selective gas permeation [212,213]. In electro-
chemical applications, this mechanical robustness is also advantageous
for maintaining structural integrity under repeated charge-discharge
cycles.

A clear contrast is observed when comparing BPN with its struc-
tural counterpart composed of larger polygonal rings, such as GP. The
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presence of 12-membered rings, in contrast to the 8-membered rings
in BPN, leads to significant differences in C-C bond angles, thereby
modifying steric repulsion and aromaticity. These geometric variations
are sufficient to induce fundamental changes in the electronic structure,
rendering GP semiconducting, in contrast to the metallic character
predicted for BPN. In the literature, GP is reported to present a direct
electronic bandgap below 1 eV [189,190] at the K point, differing fun-
damentally from graphene’s Dirac cone structure. Its electronic bands,
being almost parabolic close to the K point, result in excellent electronic
mobility, with effective masses for electrons (m*/m, = 0.26) and holes
(m*/m;, = 0.33), making GP a promising intrinsic semiconductor [189].

This 2D porous material exhibits two important characteristics
[189] that should be observed in an ideal carbon-based 2D semiconduc-
tor: on one side, an intrinsic electronic bandgap close to that of usual
semiconductors; on the other side, GP presents a reasonable electronic
dispersion, resulting in electronic delocalization and high charge mo-
bility. Excitonic properties of GP were also investigated, revealing that
its optical excitation can lead to bright and dark excitons with binding
energies of 530 meV, indicating BP as a candidate for applications in
solar energy and quantum information technology [214].

The dodecahedral pore of GP exceeds the kinetic diameter of certain
molecules, enabling efficient gas diffusion. Song et al. [215] con-
cluded, via DFT calculations, that H, exhibits a low energy barrier
(0.20 eV) for diffusion, unlike CO (0.99 eV), CO, (1.05 eV), and
N, (1.01 eV). GP also shows promise in cryogenics, particularly for
separating helium isotopes (*He and “He) owing to its high perme-
ance and quantum-tunneling properties. It was also confirmed that
GP outperforms inorganic graphenylene (IGP) [216], with superior
separation factors and permeance (10~8 molm=2s~!bar~!) at high
temperatures [217]. Moreover, improved separation efficiency under
steady-state conditions poses IGP as more effective than GP at elevated
temperatures. Strain tuning further enhances GP’s performance. Zhu
et al. [218] demonstrated a sixfold increase in H, permeance (2.6 X
102 mols~!m=2Pa~!) under 3.04% strain, strains of 3.04%-4.20%
enable CO, separation, while 5.12-10.78% improves methane (CH,)
separation. These findings suggest GP has great potential as a tunable
material for technological applications.

Addressing high non-renewable energy consumption and toxic gas
removal is critical, and carbon-based catalysts, enhanced by anchored
metals, are effective in mitigating atmospheric pollutants.[219,220]
Chen et al. [221] demonstrated via first-principles calculations that GP
doped with single Ru and Mo atoms, facilitates CO and NO oxidation
through the Eley-Rideal (ER) mechanism, which is more efficient than
the Langmuir-Hinshelwood (LH) model. Tang et al. [222] showed that
Pt and Pd anchored on GP exhibit low energy barriers (< 0.35 eV) for
the ER mechanism during CO, and N, production. Transition metals
(Mn, Co, Ni, Cu) also function effectively as single-atom catalysts on GP
surfaces [223]. Furthermore, Fe anchored on GP demonstrates strong
catalytic performance in CO oxidation and multifunctional gas sensing
(CO, NO, NO,, O,) due to its magnetic and electronic properties.

The limitations of traditional anode materials, such as graphite, with
a specific capacity of 372mAh g~!, highlight the need for alternatives.
Yu [224] demonstrated that graphenylene (GP) offers superior lithium
mobility and storage capacities — 1116 mAhg~! (Li;C) and 930 mAh g~!
(Liy 5C¢) — through DFT studies. However, single-sided Li adsorption
reduces capacity to 487mAhg~!. GP also shows promise for sodium-
ion batteries (SIBs), achieving 729.89 mAh g~! (NaC;),[225] which sur-
passes graphite (100mAh g~!') and doped graphene (308 mAh g~1).[226]
Additionally, Hussain et al. [227] found that GP doped with alkali
metals stabilizes 20 H, molecules, enhancing hydrogen storage. In
water desalination, fluorinated GP membranes achieve high water per-
meability (11.032Lm=2h"!bar™!) and 99.4% salt rejection, proving
their efficacy for water cleaning applications [228]. Jahangirzadeh
et al. [212] showed that GP has an excellent ability to separate salt ions
under high pressures, with a permeability of 251.351Lm~2h~! bar™!
and salt rejection of 98.8%.
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Another realm in which GP can be considered a promising alter-
native to standard materials is the construction of nanoscale electronic
devices. Villegas-Lelovsky and Paupitz [229] demonstrated that doping
GP enables electronic transport tuning, forming pn junctions suitable
for low-dimensional devices such as diodes, with a conducting thresh-
old of ~ 1.5eV. The possibility of Zener-like configurations was also
discussed in that paper. Additionally, ab initio calculations highlight
GP/MoX, van der Waals heterostructures (X = S, Te, Se) for diodes with
high rectification factors (103-10*) and optical absorption spectrum in
the range of visible light, making them promising for photonics and
nanoelectronics [230]. Liu et al. [231] showed GP’s functionalization
via hydrogenation and halogenation, achieving band gap energy ranges
of 0.075-4.98 eV and 0.024-4.87 eV, respectively, posing GP as a
versatile material for band gap engineering.

GP and similar materials have also been identified as high-order
topological insulators [232]. Due to a zero dipolar moment, their
characterization is somewhat more sophisticated than that of regular
topological insulators, bringing the necessity of taking into account
higher order moments, like quadrupoles and octupoles [232-235].
Furthermore, these materials are promising for the study of higher-
order topological superconductors. Such a rich set of topological prop-
erties suggests that this class of materials should be considered in
future investigations regarding the proposition of nanodevices, espe-
cially those designed for the use of topological properties in quantum
computing [236,237].

4.2. Synthesis of biphenylene-based networks

A bottom-up synthesis of the BPN was attempted by several groups
over several years, yielding several studies reporting interesting but
only partial experimental realizations. Despite theoretical proposals
for its practical synthesis, such as using uniaxial tension to convert
penta-graphene into BPN [208], these approaches have not yet been ex-
perimentally demonstrated. Early experimental efforts predominantly
yielded linear structures or narrow nanoribbons, which typically ex-
hibit semiconducting behavior, in contrast to the metallic character-
istics predicted for an extended two-dimensional BPN lattice [197,
201].

A major breakthrough in this field was achieved in 2021, when Fan
and co-workers [196] successfully synthesized extended, atomically
precise BPN monolayers on a gold surface using an interpolymer
dehydrofluorination reaction, commonly referred to as HF-zipping.
As illustrated in Fig. 9, this strategy relies on a two-step, surface-
confined process. Initially, dihalogenated terphenyl (DHTP) monomers
undergo Ullmann coupling on the metal surface, thereby forming
aligned polyphenylene chains. Subsequently, an HF-zipping reaction
between adjacent chains induces the formation of four-membered
carbon rings, giving rise to the characteristic 4-6-8 ring topology
of BPN. This approach represented a decisive advance compared to
earlier on-surface synthesis attempts, such as those reported by Schliiter
et al. [197], which were limited to short BPN segments formed from
tribromoterphenyl (TTBP) monomers on Cu(111). Fig. 9 further con-
trasts the atomic structural model of BPN with the corresponding STM
images, highlighting the close agreement between theoretical lattice
models and experimentally resolved atomic arrangements.

Beyond the initial realization of monolayer BPN, subsequent stud-
ies have explored the response of this non-benzenoid carbon lattice
to external stimuli. In particular, pressure-dependent investigations
have revealed that BPN undergoes significant structural and electronic
modifications under compression [238]. More recently, alternative syn-
thesis routes have been proposed, including polymerization processes
triggered at room temperature by applied pressure, which can in-
duce additional structural transformations at elevated pressures around
3 GPa and 14 GPa [198]. These findings underscore the structural
flexibility of BPN and suggest that pressure may serve as an effective
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parameter for tuning its properties and possibly enabling the synthesis
of larger-area sheets.

In parallel with the development of BPN, considerable attention
has been devoted to the synthesis of GP. The concept of GP was first
proposed by Balaban and collaborators in 1968 [239]. Later theoretical
analyses by Baughman et al. suggested that its formation from graphyne
would be thermodynamically unfavorable [240]. Following the exper-
imental realization of graphene [6], renewed interest in alternative
carbon allotropes motivated further theoretical studies of graphenylene
and related porous networks [189,190,241].

Experimental progress toward GP-like structures was significantly
stimulated by the synthesis of a porous, one-atom-thick polyphenylene
network reported by Bieri and co-workers in 2009 [242]. This insu-
lating molecular network was fabricated via surface-assisted aryl-aryl
coupling of hexaiodo-substituted cyclohexa-m-phenylene (CHP) on an
Ag(111) substrate. STM measurements revealed an ordered superlattice
with a uniform nanopore spacing of approximately 7 A and an average
pore diameter of 5.8 A. Subsequent theoretical works proposed that
this polyphenylene network could, in principle, transform into a carbon
allotrope composed of alternating hexagonal and square rings [189,
243].

A decisive experimental realization of this concept was reported in
2017 by Du et al. [244], who synthesized a crystalline two-dimensional
carbon material consisting of four- and six-membered rings, which
they termed 4-6 carbophene. As summarized in Fig. 10, the synthesis
proceeds via dehydration reactions of 1,3,5-trihydroxybenzene and can
follow two distinct pathways. In the intramolecular dehydration route
(left side, panel (a)), dehydration generates reactive fragments that
combine into graphenylene-like building blocks. In the intermolecular
dehydration route (left side, panel (b)), dehydration occurs between
neighboring molecules, thereby enabling rapid coupling, whereas panel
(c) illustrates a representative crystalline structure formed by the bond-
ing of such fragments. The synthesis was carried out under an argon
atmosphere at temperatures between 350 and 380 °C in a quartz tube
furnace, using y-Al,O; as a dehydrating agent [245,246].

Fig. 10 compiles the key experimental evidence supporting the
formation, transfer, and structural integrity of graphenylene (4-6 car-
bophene) films. Figs. 10(a) and 10(b) schematically illustrate the two
possible polymerization pathways based on intra- and intermolecular
dehydration of 1,3,5-trihydroxybenzene mediated by Al,05 at 350 °C,
while panel (c) depicts the resulting crystalline 4-6 ring network.
Optical photographs in Fig. 10(d) show a clean copper foil and a foil
partially covered by the GP film, evidencing successful growth on the
metallic substrate, whereas Fig. 10(e) presents a pristine quartz glass
sheet alongside a quartz substrate partially covered by the transferred
GP film. Scanning electron microscopy images in Figs. 10(f) and 10(g)
further document the morphology and continuity of the detached mem-
branes, including GP films separated from copper and freestanding GP
membranes after transfer from quartz substrates. Finally, panels (h)
and (i) of Fig. 10 show macroscopic images of the transferred 4-6
carbophene films, confirming their mechanical integrity, continuity,
and stability after handling and transfer.

Together, these experimental advances establish biphenylene-based
networks as a rapidly evolving family of non-benzenoid two-dimensional
carbon allotropes. While the controlled synthesis of large-area, defect-
free sheets remains a central challenge, the demonstrated feasibility of
BPN and graphenylene highlights the expanding structural landscape
accessible through on-surface chemistry and solid-state polymerization
strategies.

5. Fullerene based 2D networks

2D Fullerene networks are formed by joining fullerene molecules
into a monolayer of interconnected units. Depending on the intermolec-
ular connection, different phases can be obtained, such as rhombohe-
dral (R), quasi-hexagonal (QHPCg), tetragonal (T), or quasi-tetragonal
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Fig. 9. Representative synthesis routes and structural relationships involved in the formation of biphenylene-based two-dimensional networks.
Source: Reproduced with permission from Ref. [196] and adapted from Ref. [46].

Fig. 10. Synthesis and characterization of GP (4-6 carbophene), including schematic dehydration pathways and representative photographs/SEM images of film

growth and transfer.

Source: Reproduced with permission from Ref. [244], under the Creative Commons CC BY license.

(qTPCgq) ones [247-250]. There are different methods to induce the
polymerization of adjacent Cg( units to create a network [251], using,
for example, photons [252,253], electron-beam [254], plasma [255,
2561, pressure, and pressure-temperature [257-259]. Fig. 11 displays
the structure of two experimentally obtained 2D fullerene networks,
which are discussed in the present work.

12

Fig. 11 provides a top view of the atomic structures of the two
experimentally realized monolayer fullerene networks. Panels (a) and
(b) correspond to the gH and qT phases, respectively. The qTPCg( phase
is characterized by [2+2] cycloaddition bonds extending along both in-
plane directions, giving rise to a nearly square lattice. In contrast, the
gH phase exhibits [2 + 2] cycloaddition bonds along a single direction,
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Fig. 11. Top view of the atomic structure of the two experimentally obtained
monolayer fullerene networks. (a) and (b) display the qHP and qTP monolay-
ers, respectively.

combined with diagonal ¢ bonds between carbon atoms, resulting in a
hexagonal arrangement [260]. In both phases, the [2+2] cycloaddition
bonds connect adjacent Cg, units through four-membered rings, as
highlighted in the figure [249].

5.1. Theoretically predicted properties

From 1993 to 1995, theoretical studies investigated the polymer-
ization of Cgy molecules, although the formation of dimers, trimers,
tetramers, or 3D FCC solids dominated the early research [261-266].
However, the experimental synthesis of a structure composed of stacked
planes of polymerized fullerene molecules (similar to graphite) [257,
267], stimulated theoretical investigation on a 2D rhombohedral phase
of interconnected fullerenes [247]. Using a carbon tight-binding po-
tential, the authors predicted a semiconductor behavior for the lowest
energy configuration of this phase. The structure had energy 2.71
eV/molecule higher than pristine Cg and an equilibrium distance of
9.17 10\, in close agreement with the experimental value of 9.22 A [257].
Subsequently, theoretical predictions on the energetic stability and the
electronic structure of R and T phases of Cgy polymers were conducted
by Okada and Saito [268], using DFT calculations. According to their
results, networks in both phases are semiconductors with small indirect
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gaps. In addition, due to the small interlayer distance, both networks
feature a 3D electronic structure, in agreement with the results of
Davydov and colleagues [269].

More recently, after the successful synthesis of qHPCg, several the-
oretical studies considered various properties and applications of this
material. For example, using DFT, Tromer et al. [270,271] investigated
the mechanical and optoelectronic properties of the qHPCg, monolayer.
Their calculations revealed that this fullerene network exhibits an
anisotropic elastic modulus and predicted that it could be utilized as
a UV collector for photon energies up to 5.5 eV. In the same year, Yu
et al. [272] also investigated this same structure. Their DFT simulations
predicted a direct electronic band gap of 1.55 eV, which is consistent
with the experimental results. They also observed that the optical,
thermoelectric, and mechanical properties of qHPCg( are anisotropic.
In addition, they identified that this anisotropy was due to asymmetry
in the bridging of Cg units.

Posterior theoretical calculations suggested the use of monolayer
qTP- and qHPCg, as photocatalysts for water splitting [273]. Using
semilocal DFT and hybrid functional simulations, this work found that
the monolayer could act as either an electronic donor (qHP) or a recep-
tor (qTP) in photocatalysis. Both materials exhibited excellent exciton
binding energies, and it was verified that the overall water splitting
could occur spontaneously in qTPCg, upon photon excitation at room
temperature and acidic conditions. Furthermore, Y. Tong et al. [274]
examined the suitability of the tetragonal phase fullerene monolayer
for hydrogen separation. The authors found that it exhibited the best
pore size match and entropic selectivity, suggesting promise for this
material in applications such as H, purification and water splitting.

Recently, using first-principles calculations, Peng and Pizzochero
[260] tested and confirmed the outstanding, and highly tunable, prop-
erties of experimentally observed fullerene structures. In that study,
the authors investigated the structural stability of monolayer phases,
thermal expansion behavior, and several mechanical properties. Fur-
thermore, that study investigates the photocatalytic properties of such
systems, which are supported by experimental evidence.

The effect of external electric field modulation on the photoelec-
tric properties of the qTP- and qHPCg, monolayers was also investi-
gated [275]. The authors observed the sensitivity of the optoelectronic
properties of the monolayers to an applied voltage, finding a transition
from a semiconducting to a conducting state for voltages of 25.5 V
(qHP) and 30 V (qTP). Their results showed that the visible light
absorption peak in a qT phase was first redshifted and then blueshifted
as the electric field intensity increased. Meanwhile, for the qH phase,
the UV peak was blueshifted. Their results show that both materials
could potentially be employed in optoelectronic devices, as external
electric fields modulate their photoelectric properties.

Later theoretical works also confirmed the superior mechanical
[276,277] and thermoelectric properties [248] of monolayer fullerene
networks. Furthermore, recent studies have significantly advanced the
understanding of the properties and possible applications of monolayer
Cgo Phases [278-286].

In the theoretical field, machine learning techniques are becoming
essential tools for predicting the structural, thermal, mechanical, elec-
tronic, and optical properties of 2D fullerene networks [277,286-289].
Mortazavi et al. employed a combined framework based on DFT, classi-
cal MD, and MLIP to investigate the thermal and mechanical responses
of a large set of 2D fullerene networks, selected from thousands of
candidates according to their energetic stability [277]. Their results
revealed lattice thermal conductivities on the order of 10 Wm~! K~!
across several low-energy structures, highlighting the suitability of
these networks for thermal-management and thermoelectric applica-
tions.

More recently, Alekseev et al. [286] employed MD simulations
with machine learning-based interatomic potentials, specifically the
Gaussian approximation potential GAP-20, to investigate the thermal
stability and fracture behavior of qTP and qHP monolayers. In contrast
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to earlier theoretical expectations, the qT phase was found to be
slightly more thermally stable than qHP. Both phases were reported
to decompose into individual Cg, cages at temperatures on the order
of 1200 K, with decomposition temperatures of approximately 1050 K
for qHP and 1100 K for qTP.

Machine learning approaches have also been used to explore
fullerene formation mechanisms. Han et al. [289] investigated the
formation and interconversion of fullerenes under different growth
environments, including carbon vapor and iron—carbon systems. Their
results showed that fullerene formation is favored in low-density carbon
vapor environments, whereas higher carbon densities promote the
formation of amorphous carbon particles, providing valuable insight
into the growth pathways of fullerene-based nanostructures.

Beyond structural and thermal considerations, the qHP and qT
phases of 2D fullerene networks exhibit distinct electronic and optical
characteristics. The qH phase is generally predicted to display a smaller
band gap and a higher elastic modulus than qTP, and most studies
indicate that qHP remains stable up to higher temperatures, with only
isolated exceptions reported in the literature [286]. From an optical
perspective, theoretical calculations predict weak anisotropy in the
absorbance of qHP, in contrast to the pronounced anisotropy expected
for qTP. In addition, optical absorption is typically suppressed below
approximately 1.5 eV for qHP and 2.0 eV for qTP, reflecting differences
in their electronic structures and suggesting distinct optoelectronic
response regimes for the two phases [273].

5.2. Synthesized fullerene networks

The first report on polymerized fullerene networks dates back to
1993, when Rao et al. reported the creation of a covalently bonded
FCC structure from Cg, molecules through photopolymerization in-
duced by visible or UV light [252]. In the following year, Iwasa
et al. [257] achieved the synthesis of 3D fullerene networks through
a high-pressure, high-temperature (HPHT) route. Using a cubic-anvil
apparatus, pristine Cg, was subjected to pressures of 5 GPa and tem-
peratures ranging from 300 to 800 °C, leading to the formation of two
distinct metastable polymerized phases. A face-centered cubic phase
(FCC-pCg() was obtained between 300-400 °C, with a lattice parameter
a = 13.6 f\, while a rhombohedral phase (rh-pCq,) formed between
500-800 °C, characterized by lattice parameters a = 9.22 Aandc =
24.6 A. In both cases, the intermolecular distances were sufficiently
reduced to promote covalent bonding between adjacent Cg, cages,
resulting in partially cross-linked fullerene frameworks. Spectroscopic
analyses using infrared, Raman, and '3C nuclear magnetic resonance
techniques confirmed a pronounced reduction in the original icosahe-
dral symmetry of the Cqy molecules, together with the emergence of
new vibrational features consistent with polymerization. These HPHT-
derived networks exhibit enhanced structural rigidity and reduced
solubility, are metastable, and revert to pristine Cg, upon annealing
above 300 °C, representing a key milestone toward the realization of
3D covalently bonded fullerene architectures.

In 1995, Nuiez et al. [267] were one of the first to report the
synthesis of 2D fullerene phases. They obtained three new Cg, phases,
which included an orthorhombic (O) 1D chain (spacegroup Immm). The
other phases were 2D: one rhombohedral (Immm) and one tetragonal
(R3m). Synthesis was achieved through a 2 + 2 cycloaddition reaction
of double bonds, utilizing moderately high pressures and temperatures.
This resulted in a product with a mixture of phases, which was resolved
by electron diffraction patterns and X-ray techniques.

In 1998, the tetragonal phase was investigated by Davydov et al.
[290,291]. Until then, the T phase was obtained only in mixtures
containing O and R phases and was considered metastable. By using
different temperature and pressure paths, targeted at 873 K and 2.2
GPa, the authors successfully synthesized a 3D solid composed almost
entirely of T-phase layers [291]. In the following years, Chen et al.
performed the first single-crystal X-ray refinement on the structure
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of both T [292] and R [293] phases. For the T phase, their X-ray
structural analysis revealed that the polymer actually crystallized in the
orthorhombic space group (Immm). For the R phase, they found that
Cgo polymerization occurred two-dimensionally along the (111)-plane
of the FCC lattice, suggesting that this process should proceed rapidly
once it starts at high pressure and temperature.

In 2003, Narymbetov et al. [259] obtained single crystals of the
2D polymerized Cgq T phase without oriented domains under high
temperature and pressure. They obtained interlayer distances between
T films contrary to previous theoretical predictions [247,294,295], due
to partial disorder in the structure, which consisted of 84% P4,/mmc
and 16% Immm layers. In 2009, Kazachenko and Ryazanov [296] inves-
tigated fullerene thin films obtained via the electron-beam dispersion
(EBD) method, which combined an electron-induced sublimation of
the Cg solid (fullerite) with an electron-assisted polymerization. They
obtained thin films with varying proportions of polymerized and nearly
pristine Cgps.

By 2010, structures composed of polymerized fullerenes were well-
established. However, a number of those were not pure Cg, polymers,
having other species (as alkali metals) or polymers inducing the con-
nection between Cg, units [250,254,293,297,298]. Furthermore, an
all-carbon network had not been isolated as a 2D material or produced
in significant quantities [249,293].

It was only in 2022 that the synthesis of a pure carbon 2D fullerene
network was successful when Hou et al. obtained large single-crystals
of monolayer quasi-hexagonal-phase fullerene (QHPCg). In the same
article, they also reported the synthesis of a few-layer quasi-tetragonal
phase fullerene (qTPCgq) [249]. This study proposed an organic cation
slicing procedure to exfoliate the 2D layers from the bulk material, as
it cannot be mechanically exfoliated nor cleaved in polar solvents due
to the strong Mg-C interaction. Note that the Mg ions were introduced
during the synthesis of the bulk crystal, thereby linking adjacent layers,
but were removed during exfoliation.

The key experimental routes leading to the realization of cova-
lently bonded fullerene networks are summarized in Fig. 12. Panel
(a) illustrates the organic cation slicing strategy introduced by Hou
et al. [249], in which a layered bulk precursor of polymerized Cg
is exfoliated into monolayer sheets through electrostatic stabilization
by tetrabutylammonium (TBA') cations. In this approach, magnesium
ions are incorporated during bulk crystal growth, promoting interlayer
coupling, and are subsequently removed during exfoliation, yielding
negatively charged polymeric C{; nanosheets arranged in gHP and
qTP lattices. This method enabled, for the first time, the isolation
of large-area monolayer fullerene networks composed exclusively of
carbon.

Fig. 12(b) presents a complementary synthesis route based on chem-
ical vapor transport (CVT), reported by Roy et al. [299]. In this process,
reactions between Cgq powder and magnesium vapor at temperatures
between 500 and 600 °C lead to the crystallization of layered Mg, Cq
graphullerene structures. Atomic-resolution inverse fast Fourier trans-
form (iFFT) images and atomic force microscopy (AFM) topography
confirm the layered morphology, while temperature-dependent elec-
trical conductivity measurements reveal thermally activated transport
with an activation energy of approximately 121 meV, consistent with
semiconducting behavior in covalently bonded fullerene networks. To-
gether, these approaches demonstrate how molecular fullerenes can
be transformed into extended 2D and 3D carbon frameworks through
controlled covalent polymerization.

In 2023, evidence for the excellent performance of few-layer
fullerene networks as catalysts for water splitting into H, was reported
by Wang and colleagues [300]. In their work, they synthesized the
2D qHPCg, network following the method by Hou et al. and then
conducted photocatalytic experiments in pure water. They confirmed
that gHPC¢, nanosheets display great activity, unlike both pristine Cg
and bulk Mg,-Cgq. Their results confirmed the theoretical predictions of
Peng [273] and Tong [274]. In the same year, another breakthrough
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Fig. 12. Representative synthesis routes and structural characterization of covalently bonded fullerene networks. (a) Organic cation slicing approach for monolayer
Cgo networks. (b) Chemical vapor transport growth of layered Mg,Ce, graphullerene structures.
Source: Reproduced with permission from Ref. [299], under the Creative Commons CC BY license.

was reported by Meirzadeh and colleagues [301]. They developed a
chemical strategy to grow macroscopic thin flakes of the qH phase
that could be mechanically exfoliated. They called these monolayers,
which have crystal sizes in the order of hundreds of micrometers,
graphullerene.

Another exciting discovery occurred in 2024 when X. Chen et al.
[302] reported the experimental synthesis of a porous fullerene mem-
brane. This was achieved by modifying a qHP sheet, using 600 °C heat-
ing to promote depolymerization of Mg-intercalated qHPCg. Their pro-
cess introduced nanopores with diameters ranging from 1.2 to 5.3 nm,
enabling ultrafast permeation of organic solvents. A similar process
was also reported by Pan et al. [303]. He and collaborators [304]
reported further advancements in the synthesis of nanoporous fullerene
networks, where a centimeter-sized nanoporous 2D carbon monolayer
was obtained by rapid pyrolysis of a fullerene monolayer.

Most recently, in 2025, Zhang et al. [305] reported a facile electro-
chemical process for the gram-scale synthesis of Cq, monolayers. The
process was similar to that employed by Hou et al. [249], with the
addition of a hydrogen-assisted electrochemical exfoliation strategy.
The authors reported high-quality, high-yield production of qHPCg.
Their scalable process achieved production rates of up to 5 g/day, en-
abling large-scale exploration of Cg, polymeric monolayers. Advances
in synthesis methods, coupled with declining Cg prices (20 USD/gram
in 2024 [299]), are driving research on 2D fullerene networks.

These systems exhibit excellent optoelectronic properties [270,272],
in addition to remarkable structural and thermal stability [248,271,
276,277]. As a result, they have been proposed for use in optical
devices such as UV collectors, photocatalysts for water splitting, and
solar cells, as well as in thermoelectric devices and membranes for hy-
drogen separation [270,273,274]. Furthermore, owing to their tunable
electronic band gaps and relatively high carrier mobility, monolayer
fullerene networks are also promising candidates for semiconducting
and optoelectronic device applications [260,275].
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6. Conclusions

The field of 2D carbon allotropes has evolved significantly beyond
graphene, encompassing a growing family of experimentally realized
networks with diverse structural and electronic characteristics. In this
review, we have discussed the experimentally realized 2D carbon ma-
terials, including MAC, y-GY and -GDY, BPN and GP, and qTPCg, and
qHPCg. Each of these materials exhibits unique topological motifs,
synthesis routes, and physical properties, thereby expanding the design
space for carbon-based nanotechnologies.

To provide a concise comparative overview of the discussed two-
dimensional materials, Table 1 summarizes representative structural,
mechanical, electronic, and optical properties reported for the mono-
layers. The listed parameters include lattice symmetry, Young’s mod-
ulus, electronic band gap, optical absorption range, carrier mobility,
and effective mass values, which were compiled from experimental and
theoretical studies. Whenever applicable, intrinsic monolayer values at
zero strain and room temperature are reported, with ranges indicating
variability across different methods or measurements. This comparison
highlights the diversity of mechanical, electronic, and optical responses
among emerging 2D carbon allotropes and related materials.

The diverse structural motifs and bonding configurations of re-
cently synthesized 2D carbon allotropes lead to distinct technological
prospects. MAC combines metallic character, isotropic flexibility, and
optical transparency, making it particularly promising for flexible elec-
tronics, transparent conductive films, and wearable devices, where
mechanical resilience and electrical conductivity must coexist [44,
326,327]. In contrast, y-GY exhibits direction-dependent charge trans-
port and a moderate, tunable band gap [87], supporting applications
in high-speed field-effect transistors [328], chemical sensors [329],
and energy storage devices [79,330]. BPN network display intrin-
sic metallic conductivity together with exceptional mechanical stiff-
ness, offering immediate potential for transparent electrodes [322],
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Table 1

Carbon 252 (2026) 121320

Representative structural, mechanical, electronic, and optical properties of the 2D carbon allotropes discussed in this work. The table compiles reported values
for monolayers at room temperature, including lattice symmetry, Young’s modulus, band gap, optical absorption range, carrier mobility, and effective masses,
with ranges reflecting variations across experimental and theoretical studies. Representative literature sources are cited for each entry.

Material Symmetry Y (TPa) Band gap (eV) Absorption H Mg (Xmgy)
(10* cm™» (em? V1 s71)
Graphene Hexagonal ~ 1 [307] Gapless [6] ~39 2x103-3.5x 10° Massless [310]
(Dgj,, P6/mmm) UV region [10,240,309] (0.01-0.04) [311]
[306] [308]
MAC - ~ 0.3 [53] Metallic [52] 1.6-1.8 - -
Visible
[52]
y-GY Hexagonal ~0.3-0.7 ~04-1.2 ~0.1-0.36 ~0.2-5.4 % 10° m, ~ 0.07-0.41
(P6m) [93,313,314] [141,315] Near-IR [78,79] my, ~0.1-1.24
[312] [316] [317]
y-GDY Hexagonal ~ 0.3-0.45 ~ 0.47-1.47 2.17 2.0x 10*-2.0 x 10° m, ~ 0.08-0.17
(P6m) [88,93] [132,134,319] Visible and [102] my, ~0.14-0.24
[318] near-UV [102,321]
[320]
BPN Orthorhombic ~0.61-0.72 Metallic [186] ~25 ~57.2 [233] m, ~0.18-0.22
(Pmmm) [35,237] uv my, ~0.20-7.70
[322] [186] [323]
GP Hexagonal ~0.65 [209] 0.83-1.05 ~ 1.61 pe ~(0.6—-1.4)x 10° m, ~0.26
P6/mmm [209,214] Visible py ~ (1.0-2.0)x 103 my, ~0.33
[209] [214] [189]
[324]
qHPCg,/qTPCg, qTPCq, (P2/m) ~0.2-0.4 1.6-1.9 2.6-2.8 7.20 [291] m, ~ 1.40-1.64
qHPCg, (Pc) [298,300] [298,303] Visible and my, ~ —(0.58 —0.10)
[303] near-UV
[303] [325]

nanoelectronic interconnects [193], supercapacitor electrodes [331],
and sensing applications [332,333]. GP, characterized by its regu-
larly spaced pores, has been proposed as a promising material for
lithium and sodium storage as well as for water desalination, ow-
ing to its high ionic mobility and storage capacity [212,224,228].
In addition, its intrinsic semiconducting nature and optical absorp-
tion profile make it attractive for photonic and nanoscale electronic
devices [189,190,214,229]. Recent studies have further identified spe-
cific BPN-based structures as high-order topological insulators [232],
opening additional opportunities in quantum and topological elec-
tronics. Finally, qHPCg, and qTPCg, networks exhibit semiconduct-
ing band gaps and strong visible-light absorption, positioning them
as suitable candidates for photovoltaic and optoelectronic applica-
tions, hydrogen storage, photocatalysis, advanced lithium-sulfur and
sodium-sulfur batteries, volatile organic compound sensing, and ther-
moelectric devices [303,334-337]. Together, these allotropes expand
the design space of carbon-based nanomaterials, providing complemen-
tary platforms ranging from metallic conductors to semiconductors for
next-generation technologies.

Looking ahead, recent experimental advances suggest that sev-
eral newly discovered 2D carbon allotropes may progress beyond
laboratory-scale demonstrations toward practical device applications.
As synthesis methodologies mature, including bottom-up coupling,
interfacial polymerization, and scalable chemical vapor deposition, the
transition from proof-of-concept studies to functional devices is ex-
pected to accelerate. Among the allotropes reviewed here, GDY appears
particularly promising in the near term due to its tunable electronic
gap, rich surface chemistry, and growing number of experimentally
demonstrated electronic, sensing, and energy-related applications. BPN
networks also stand out for their combination of intrinsic metallic
conductivity and mechanical robustness, making them attractive for in-
terconnects and transparent electrodes. Monolayer amorphous carbon,
with its metallic transparency and mechanical flexibility, may enable
earlier adoption in flexible and transparent electronic platforms. While
further advances in large-area synthesis, stability, and integration are
still required, the complementary properties of these materials indi-
cate that carbon-based 2D technologies are likely to expand beyond
graphene toward more diverse device architectures in the near future.
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Taking into account the discussions presented throughout this re-
view, it is clear that the past decade has witnessed remarkable advances
in the synthesis and characterization of new 2D carbon allotropes,
progressively bridging the gap between theoretical predictions and ex-
perimental realizations. Nevertheless, several key challenges must still
be addressed before these materials can reach technological maturity.

Across all these material classes, cross-cutting challenges include the
incorporation of machine-learning-driven materials design, the imple-
mentation of in situ and operando characterization techniques, and the
development of scalable fabrication strategies compatible with flexible,
hybrid, and large-area devices. Together, these directions outline a real-
istic roadmap for advancing 2D carbon allotropes from laboratory-scale
demonstrations toward functional technologies.

Overall, the growing landscape of 2D carbon allotropes presents
a rich platform for fundamental research and emerging technologies,
marking a golden new era in carbon-based materials science.
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