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Abstract: Graphyne, a hypothetical carbon allotrope comprising sp and sp2 hybridized
carbon atoms, has garnered significant attention for its potential applications in next-
generation technologies. Unlike graphene, graphyne’s distinctive acetylenic linkages
endow it with a tunable electronic structure, directional charge transport, and superior me-
chanical flexibility. This review delves into the structural variety, theoretical underpinnings,
and burgeoning experimental endeavors associated with various graphyne allotropes,
including α-, β-, γ-, and 6,6,12-graphyne. It examines synthesis methods, structural and
electronic characteristics, and the material’s prospective roles in diverse fields, such as
nanoelectronics, transistors, hydrogen storage, and desalination. Additionally, it high-
lights the use of computational modeling techniques—density functional theory (DFT),
GW approximation, and nonequilibrium Green’s function (NEGF)—to anticipate and vali-
date properties without fully scalable experimental data. Despite substantial theoretical
progress, the practical implementation of graphyne-based devices faces several challenges.
By critically assessing current research and identifying strategic directions, this review
underscores graphyne’s potential to revolutionize advanced materials science.

Keywords: graphyne; structure; α-graphyne; β-graphyne; γ-graphyne; applications

1. Introduction
Men have developed various techniques to make life easier and find new ways to

produce energy. This era is known as the modern era, and a lot of new technologies
have been developed to check the performance of materials. There are a lot of materials
that exhibit higher values against various properties, such as thermal [1], electrical [2],
dielectric [3], electronic [4], sensing [5], storage [6], antimicrobial [7], etc. Carbon and
carbon-based materials are promising materials for the above-mentioned properties. The
presence of various states of hybridization (sp, sp2, sp3) results in the formation of dif-
ferent carbon allotropes with diverse covalent bonds between carbon atoms. Diamond
and graphite are the most natural allotropes of carbon, and they have hybridization states
of sp2 and sp3, respectively. Carbon is present in almost every walk of life and provides
the basis of life on Earth. Materials scientists are exploring new ways of synthesizing
(theoretically and experimentally) carbon allotropes to discover new carbon phases with
unique properties and bonding with higher stability [8]. In 1987, Baughman first pub-
lished a report on accidentally forming a new form of carbon [9]. After the discovery of
graphene (G) [10] in 2004, many researchers explored its various properties that are benefi-
cial for the applications of electronics: EMI shielding, supercapacitor, electrical, dielectric,
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antibacterial, sensing, etc. [11]. After this, in 2010, Li et al. worked on Cu cross-coupling
with GO and found GDR with high surface area [12]. New methodologies were searched
out for the synthesis of GDR [13]. On ZnO nanorod arrays, various thicknesses of GDR
were synthesized [14]. Using the eco-friendly synthesis method, GDR can be synthesized
in the form of nanowalls, nanotubes, and nanowires [15–18]. The GDR shows manifesting
results in ion batteries, solar cells, catalysis, and water purification applications [19–26].

With a honeycomb lattice structure [27], G is known as the strongest material among
all known elements with a tensile strength greater than 100 GPa, and a tensile modulus
of 1 TPa [28]. Due to its higher conductivity and mechanical properties, in comparison
with other materials that have 2D structures in hexagonal lattices [29–31], G showed some
manifesting results of electrical, mechanical, storage, EMI shielding properties, etc. [32–48].
After the discovery of GDR, it caught the attention of scientists because of its thermal,
mechanical, structural, and electronic properties [49–51]. As novel forms of allotropes of
carbon, GO, graphyne (GR), graphdiyne (GDR), and G are considered the best materials
for various applications of intriguing electronic and mechanical properties, optical energy
storage, and promising nanoelectronics [52–57].

Due to this property, carbon can be synthesized in the form of nanorods, G, carbon nan-
otubes (CNT), nanobuds, fullerenes, nanorings, etc. [8,10,58–65]. Synthesis of fullerene [61],
CNT [62], and G are one of these [10]. Baughman et al. [9] proposed a new family member
of carbon-based materials, GR, which consists of sp2 and sp carbon atoms with one atom
thickness, by replacing the aromatic bond with an acetylenic group (-C≡C-) in G to pro-
duce GR [55]. After the concept of GR, several researchers tried to synthesize and find the
electronic properties of the GR [55,66–69].

The search for advanced materials with exceptional properties has led to the continu-
ous evolution of carbon-based structures, renowned for their diverse hybridization states
(sp, sp2, and sp3) and broad functional versatility. While natural allotropes like graphite
and diamond are well-known, synthetic carbon materials—such as fullerenes, carbon nan-
otubes, graphene, and more recently, graphyne—have opened new directions in materials
science. Among these, graphene has gained immense attention due to its outstanding
mechanical strength, high electrical conductivity, and zero-band-gap semimetallic behavior.
However, its lack of an intrinsic band gap limits digital electronic applications requiring
precise on/off switching.

Graphyne, a theoretically predicted two-dimensional carbon allotrope composed
of sp and sp2 hybridized carbon atoms, has emerged as a promising complement to
graphene. By integrating acetylenic linkages into hexagonal carbon frameworks, gra-
phyne introduces tunable band gaps, directional charge transport, and anisotropic physical
characteristics—features that are largely absent in graphene. These structural modifications
enable unique electronic, optical, and mechanical responses, positioning graphyne as a
potential material for semiconductors, hydrogen storage, membranes for desalination, and
energy harvesting devices.

1.1. Overview of the Article

This review article comprehensively explores graphyne, a novel carbon allotrope
composed of sp and sp2 hybridized carbon atoms arranged in a two-dimensional lattice.
The article delves into the unique structural forms of graphyne, including α-, β-, γ-, and
6,6,12-graphyne, and their remarkable electronic, mechanical, thermal, and optoelectronic
properties. It critically examines theoretical approaches, such as Density Functional Theory
(DFT), GW approximation, and Nonequilibrium Green’s Function (NEGF), and experimen-
tal methods for synthesizing graphyne, highlighting their advantages and limitations.
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The review emphasizes how graphyne’s tunable band gap, directional charge trans-
port, and mechanical flexibility make it a promising material for applications in nanoelec-
tronics, energy storage, water desalination, hydrogen storage, and sensors. Despite these
promising features, significant challenges remain, including large-scale synthesis, material
purity, and integration into practical devices. The article concludes that continued research
and collaboration are essential to overcome these challenges and translate graphyne from a
theoretical curiosity to a practical technology (Figure 1).

Figure 1. Schematic overview of the review structure, highlighting the relationship between graphyne
types, theoretical models, experimental approaches, and application domains.

1.2. Scope

This article aims to provide a critical and comprehensive review of graphyne’s struc-
tural, electronic, mechanical, thermal, and functional characteristics. Unlike conventional
reviews, this work integrates theoretical insights from advanced computational models
(DFT, GW, NEGF) with experimental developments, offering a balanced perspective on
predicted and realized properties. It systematically analyzes various graphyne allotropes
(α, β, γ, and 6,6,12) and their influence on fundamental properties, such as band structure,
carrier mobility, elasticity, and thermal conductivity. Furthermore, this review evaluates
the challenges in synthesis, scalability, and material stability, while identifying emerging
application domains, including nanoelectronics, supercapacitors, desalination membranes,
hydrogen storage, and sensors. The scope is designed not only to summarize the current
state of research but also to outline future directions and highlight critical gaps, positioning
graphyne as a versatile candidate in next-generation technologies (Figure 2).

Figure 2. Scope of the review article, emphasizing the integration of structural properties of graphyne
with its synthesis techniques and emerging applications.



Int. J. Mol. Sci. 2025, 26, 5140 4 of 35

1.3. Introduction to Graphyne

GR is a hypothesized carbon allotrope that resembles G but has a distinct arrangement
of carbon atoms grouped in a two-dimensional lattice structure. The lattice structure of GR
is identical to the honeycomb structure of G, except the C-C bonds are occasionally replaced
with -C≡C- bonds. GR can have many lattice configurations because such substitutions can
occur at different C-C bonds. The structures of GR are categorized into four types based on
the distinct combinations of -C≡C-, namely, α-graphyne, β-graphyne, γ-graphyne, and
6,6,12-graphyne [70].

Except for 6,6,12-graphyne, which has rectangular symmetry, and the initial cell has a
rectangular shape with in-plane anisotropy, most GRs have hexagonal symmetry like G.
Among them is α-graphyne, which can be created by replacing all carbon-carbon bonds
in graphyne with acetylenic (-C≡C-) links. β-graphyne is formed when two-thirds of the
carbon-carbon bonds in G are replaced by acetylenic linkages, and γ-graphyne is formed
when one-third of the carbon-carbon bonds in GR are replaced by acetylenic links. An
α-graphyne has the greatest percentage of acetylenic links (100%). The percentage of
acetylenic links in β-graphyne, γ-graphyne, and 6,6,12-graphyne is 66.67%, 33.33%, and
41.67%, respectively [71].

Graphyne is an allotrope of carbon consisting of a one-atom-thick sheet of sp and sp2

hybridized bonding in the crystal lattice. GR features a two-dimensional crystal lattice
and is expected to be synthesized in the future, as only its molecular fragments have been
produced so far [72,73]. Due to various arrangements of double and triple bonding, there
are discrete types of GR [9,65,74,75]. Because of its structure and applications, a study of
graphyne with its application is presented in Figure 3 from 2017 to 2024. Prior to 1960, the
existence of GR was only hypothesized. However, following the discovery of fullerene, GR
began to attract significant attention from materials scientists [76]. Since 1980, scientists
have been working on finding the synthesis method and theoretical properties of the GR.
Due to an acetylenic linkage that connects the hexagons, G converts into GR. Compared
with graphite and diamond, the GR has a slightly different electronic structure and shows
some manifesting properties compared with other materials [65]. There are various types
of GR (Figure 4), but γ-GR is known as the common form of GR. The γ-GR has 12 carbon
atoms in a unit cell.

Figure 3. Visualization of the methodological evolution and application areas of graphyne research
from 2015 to 2024. (Created by VOSVIEWR).
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Figure 4. (a) Functionalization of graphene to conversion into n-type graphyne. (b–f) Molecular
structures of α-, β-, and γ-graphyne and γ-graphdiyne showing differences in carbon-carbon bond-
ing patterns due to varying acetylenic linkages. Reproduced with permission from reference [77]
@ 2024 Elsevier.

In the form of infinite sheets or nano-flakes, GR shows extraordinary mechanical prop-
erties that attracted research to investigate them [77,78]. Cranford and Buehler synthesized
GR flakes and investigated the mechanical properties by utilizing ReaxFF interatomic poten-
tial [77,78]. For accurate values, a time step of 2 fs was considered to calculate mechanical
properties against higher frequency [79].

Due to the electronic (Dirac cone-like) and mechanical properties of GR, the application
of G is limited in field-effect transistors with a high on-off ratio because of its zero-band-gap
properties. Additionally, it is used in logic and high-speed switching devices [78–81]. By
utilizing the hydrogenation process, the band gap of the G can be increased [82–86]. By 100%
hydrogenation, the G can be converted into GR and is known as a theoretical nonmagnetic
semiconductor (SC) with a stoichiometry of CH [87]. Due to the hydrogenation process,
the sp2 hybridization was converted into sp3, and the hydrogen atom changed its direction
along the G sheet. In the annealing process, the G can be retrieved from GR [87]. This
feature of switching from one state to another makes it a promotable material for various
applications like thermal conductivity, magnetization, hydrogen storage, and electronic
properties [70,88–90]. It can be considered as a future electronic material. The magnificent
mechanical properties exhibit that GR can be the future material for mechanical applications
compared to other polymer-based membranes.

2. Computational Approach
To accurately predict and understand the fundamental properties of graphyne, espe-

cially in the absence of widespread experimental data, computational modeling has become
indispensable. Among the most employed methods is Density Functional Theory (DFT), a
quantum mechanical framework that simplifies the complex many-electron problem by
focusing on electron density rather than wave functions. DFT is widely used for calculating
electronic band structures, charge distribution, and mechanical responses. However, stan-
dard DFT often underestimates the electronic band gap due to its approximate treatment
of exchange-correlation energies, which limits its predictive accuracy for semiconducting
materials like graphyne.
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To overcome this limitation, the GW approximation is employed—named after the
Green’s function (G) and the screened Coulomb interaction (W). The GW method pro-
vides a more accurate description of quasiparticle energies by accounting for many-body
electron-electron interactions that DFT neglects. This is particularly important for materials
like graphyne, where precise band gap values and electronic transitions determine their
suitability for applications in transistors, photovoltaics, and sensors. For instance, while
DFT may predict a small or zero band gap in some graphyne forms, the GW approximation
can reveal a nonzero band gap that aligns better with potential semiconductor behavior.

Additionally, tight-binding models are used for their computational efficiency, es-
pecially in exploring large or complex graphyne systems. These models use predefined
parameters to approximate the electronic structure and are useful for studying trends across
different graphyne derivatives. For charge transport analysis, the Nonequilibrium Green’s
Function (NEGF) formalism becomes critical. NEGF enables the simulation of current flow
in nanoscale devices under bias, making it ideal for assessing graphyne’s performance in
electronic applications such as field-effect transistors (FETs).

Together, these computational tools provide a multiscale understanding of graphyne’s
structure-property relationships—DFT for general electronic and mechanical properties,
GW for accurate quasiparticle energy predictions, tight-binding for efficient band structure
analysis, and NEGF for transport and device-level simulations. They collectively guide the
design (Figure 5), doping strategies, and application potential of graphyne-based materials.

Figure 5. Computational modeling approaches for graphyne analysis, including Density Functional
Theory (DFT), GW approximation, tight-binding methods, and Nonequilibrium Green’s Function
(NEGF) formalism.

2.1. Density Functional Theory

Density Functional Theory (DFT) is a powerful tool that has revealed that the electron
density of a many-electron system can determine the properties of this system. In DFT,
the many-body problem is transformed into a single-particle Kohn–Sham equation [91,92].
DFT is exact in principle, but the actual form of the exchange-correlation energy term (Exc)
is unknown. Hence, approximate functionals for Exc are usually used [92,93]. Local density
approximation (LDA) assumes that the Exc functional depends only on the value of local
electronic density. In contrast, generalized gradient approximation (GGA) considers both
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the electron density and its gradient. LDA and GGA are widely used to investigate the
properties of materials. Still, they underestimate the band gap, resulting from the missing
derivative discontinuity of total energy at integer particle numbers. Hybrid functionals,
such as HSE [94], mix nonlocal Hartree-Fock exchange with LDA or GGA energy and
provide better band gaps than LDA or GGA, but at a higher computational cost.

2.2. GW Approximation

The many-body perturbation theory based on the one-body Green’s function is cur-
rently considered the most suitable approach to study electronic quasi-particle excita-
tions [95]. In this approach, the nonclassical many-body effects are incorporated by the
energy-dependent and nonlocal self-energy term Σxc. The GW method approximates the
Σxc by utilizing its first-order expansion concerning the dynamically screened Coulomb
interaction W and the Green’s function G [95,96]. The quasi-particle energies are calculated
as a first-order correction to the single-particle eigen energies, which are often obtained by
computing W and G based on the eigenstates of a reference single-particle Hamiltonian.
Although the GW method has been successfully applied to calculate quasi-particle band
structure properties for a wide range of materials, it suffers from convergence issues and
unfavorable scaling of the computational cost with respect to the system size.

2.3. Semi-Empirical Tight-Binding Method

The tight-binding method is a valuable approach for calculating a material’s band
structure. It employs atomic orbitals as the basis for expanding the single-electron wave
functions of the system. The Hamiltonian matrix elements between these atomic orbitals are
considered adjustable parameters [97], which are fitted to experimental or first-principles
calculation results. The eigenvalues and eigenvectors are then obtained through the diago-
nalization of the Hamiltonian matrix. Despite its relative simplicity, the tight-binding model
can offer good qualitative results with significantly lower computational costs than DFT
calculations. However, its reliance on fitted parameters can result in poor transferability to
other systems, thereby limiting its utility in some cases.

2.4. Non-Equilibrium Green’s Function Method

The Nonequilibrium Green’s Function (NEGF) formalism is a widely utilized method
for determining electron or phonon transport properties of extended systems. This ap-
proach involves the construction of a simulated system with two semi-infinite leads serving
as electron or heat baths, connected by a central conductor region [98]. The transmission
of an electron or phonon is calculated based on the Green’s function for the center region
and the self-energy of the leads, which describes the lead-center interaction [99]. The
NEGF method offers a distinct advantage. It preserves quantum mechanical effects such
as tunneling and diffraction, providing a highly accurate description of nanoscale devices.
However, it is worth noting that the NEGF method can be computationally expensive for
larger devices.

3. Experimental Approach
The overview of the synthesis process is displayed in Figure 6.

3.1. Synthesis of GR

Li et al. produced the first successful process for synthesizing GR in 2010 on the copper
surface through the cross-coupling reaction of hexaethynylbenzene [12]. Since then, much
progress has been made in the synthesis of GR, and a broad summary of the synthesis
techniques for various types of GR is elaborated here.
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Figure 6. General schematic of graphyne synthesis pathways, including experimental and chemical
methods, such as cross-coupling reactions, mechanochemistry, and ultrasonic-assisted synthesis.

3.2. α-Graphyne

Till today, the synthesis of α-graphyne, a theoretical carbon allotrope, has been a
subject of interest, but there were no documented experimental procedures for its synthesis.
There could have been additional breakthroughs in the field since then. If scientists have
succeeded in synthesizing α-graphyne, the methods would most likely include manipu-
lating and assembling carbon atoms into the particular acetylenic bonds and hexagonal
carbon rings that characterize α-graphyne. Chemical vapor deposition, molecular self-
assembly, and other advanced synthetic processes could be used to create this unusual
carbon allotrope.

3.3. β-Graphyne

β-graphyne, like α-graphyne, had not been synthesized experimentally [68,69,100].
β-graphyne is also a theorized carbon allotrope with distinct structural features that in-
clude acetylenic bonds and hexagonal carbon rings. Researchers were mostly focused on
theoretical studies at the time [101], and experimental synthesis procedures had not yet
been devised.

3.4. γ-Graphyne

After the theoretical prediction of γ-graphyne, lots of successful methods, such as
mechanochemical, ultrasonic methods, ball milling, catalyzed coupling reaction, etc., have
been adopted for the synthesis. Some interesting, applied techniques, along with possible
mechanisms, have been demonstrated here. For example, Yang et al. [102] synthesized
γ-graphyne using a modified mechanochemical technique and then used it as an adsor-
bent to clean wastewater dyes. The synthesis process used calcium carbide (CaC2) and
hexabromobenzene (PhBr6) as precursor materials and employed the ball milling method
for the synthesis of γ-graphyne (as presented in Figure 7). According to them, initially,
high mechanical stress breaks the lattice structure and molecular bonds of CaC2, producing
an abundance of [C≡C]2− and Ca2+ in the medium. Then, highly negatively charged
[C≡C]2− having strong surface energy reacts with carbon atoms of PhBr6, leading to the
formation of C-C bonds between them. Later, Br atoms in the PhBr6 were gradually ousted
by C≡C bonds. Furthermore, partially substituted hexabromobenzene retains its high
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activity due to the electron-withdrawing impact of C≡C groups, and cross-coupling nucle-
ophilic substitution persists. Ultimately, acetylene bonds replace every Br atom to create
γ-graphyne. In another work, Li et al. [103] also synthesized γ-graphyne through a similar
mechanochemical method using benzene as a precursor material. They convert benzene
into γ-graphyne by reacting it with CaC2 through solid-liquid interphase reaction in the
presence of ball milling (Figure 8). The prepared materials were used as electrocatalysts
for the oxygen evolution reaction (OER). The authors estimated the Gibbs free energy
change in this synthesis reaction and found that it is below zero at a standard temperature,
demonstrating a spontaneous process in thermodynamics. Ding et al. [104] also synthesized
γ-graphyne using CaC2 and PhBr6 as a starting material, but they employed ultrasonic
force instead of ball milling as a driving force for the cross-coupling reaction. The plausible
steps of the reaction are schematically presented in Figure 9 (Red arrows in the figure
represent nucleophilic substitution.). The reaction pathway in the ultrasonic method is
similar to that of the synthesis of γ-graphyne ball milling, as mentioned previously. Here,
only instead of ball milling forces, ultrasound irradiation may rapidly disperse big particles
of raw materials into small sizes, considerably increasing the contact area of the reactants.
Meanwhile, the high energy given by ultrasonic irradiation’s acoustic cavitation can fully
initiate the chemical interaction between CaC2 and PhBr6. In another work, Yang et al. [105]
employed mechanochemistry to synthesize γ-graphyne by cross-coupling reaction utilizing
calcium carbide and 1,3,5-tribromobenzene as starting material.

Figure 7. Mechanistic diagram of γ-graphyne synthesis using CaC2 and hexabromobenzene via ball
milling, illustrating bond formation and substitution steps during the mechanochemical reaction.
Reproduced with permission from reference [102] @ 2022 Elsevier.

Figure 8. Schematic of γ-graphyne synthesis from benzene and CaC2 under a solid–liquid
mechanochemical interface reaction, used for electrocatalytic applications.
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Figure 9. Proposed reaction mechanism for the sonochemical synthesis of γ-graphyne, highlighting
the acoustic cavitation-driven activation and enhanced molecular interaction. Reproduced with
permission from reference [104] @ 2020 Elsevier.

Recently, He et al. [106] employed a one-pot pproach for the synthesis of γ-graphyne
utilizing hexabromobenzene and acetylenedicarboxylic acid through a Pd-catalyzed de-
carboxylative coupling process (as presented in Figure 10). Without a particular substrate
or template, the reaction conditions are simple to manage and inexpensive. Compared to
previously discussed mechanical ball milling or ultrasonic-assisted synthesis methods, it
could obtain γ-graphyne in high yield with minimum equipment requirements, success-
fully meeting mass production needs. Later, Pd nanoparticle clusters were decorated over
the synthesized γ-graphyne sheets, which exhibit excellent catalytic activity towards the
reduction of 4-nitrophenol (4-NP) because of the synergistic effect of Pd nanoparticles with
the high surface area of γ-graphyne.

 
Figure 10. Catalyzed coupling reaction route for γ-graphyne preparation using hexabromobenzene
and acetylenedicarboxylic acid in a Pd-catalyzed one-pot reaction. Reproduced from reference [106].

In another work, using 1,3,5-tribromo-2,4,6-triethynylbenzene (TBTEB), Tetrakis
(triphenylphosphine) palladium(0) [Pd(PdPh3)4], and pyridine as the monomer, catalyst,
and solvent, respectively, Desyatkin et al. [107] synthesised multilayer γ-graphyne through
the Sonogashira coupling reaction. TBTEB broke down in heated pyridine without the
need for catalysts, producing an amorphous carbonaceous substance. The TBTEB in hot
pyridine was treated to a stoichiometric quantity of Pd(PdPh3)4 and a Cu foil, resulting
in a black, glossy material with submicron-sized crystalline domains oriented randomly.
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Upon utilizing Pd(PdPh3)4 and copper iodide (CuI), the reaction produced hexagon-shaped
flakes of γ-graphyne, indicating significantly increased crystallinity (as demonstrated in
Figure 11). The γ-graphyne produced through the Sonogashira coupling reaction has better
quality and purity in comparison to the mechanochemically synthesized γ-graphyne.

 

Figure 11. Effect of modified Sonogashira coupling conditions on the crystallinity of γ-graphyne
synthesized from 1,3,5-tribromo-2,4,6-triethynylbenzene (TBTEB), demonstrating improved flake
morphology with catalyst-assisted polymerization. Reproduced from Reference [107] @ 2022 ACS.

Liu et al. [108] synthesized holey graphyne (HGY) from 1,3,5-tribromo-2,4,6-
triethynylbenzene as a monomer through a Castro–Stephens-type coupling reaction. For
the synthesis of HGY, the interface technique between two immiscible liquids was em-
ployed. Copper acetate (CuOAc) and pyridine were present in the upper aqueous solvent
layer. They served as a catalyst for the acetylenic homocoupling reaction, and the monomer
was present in the lowest organic layer of dichloromethane (DCM). The reaction was then
able to avoid the catalyst and monomer chance contact by adding a buffer layer of water in
the middle portion, and the carbon-carbon coupling reaction at ambient temperature was
conducted for 48 h in an inert argon environment for the synthesis of HGY. Additionally,
alkyne metathesis is another method for the synthesis of γ-graphyne. Using this method,
the synthesis of γ-graphyne was suggested employing 1,2,3,4,5,6-hexapropynylbenzene
(HPB) as a monomer, but the first attempts failed due to the difficulties of the fabrication
of an efficient catalyst [109]. Later, Hu et al. [110] created an efficient process via alkyne
metathesis to produce highly crystalline bulk γ-graphyne. They were first trying to prepare
γ-graphyne from HPB monomer only, and they obtained an amorphous solid with unde-
sired side products. Then, 1,2,3,4,5,6-hexakis [2-(4-hexylphenyl) ethynyl]benzene (HHEB)
was used as a comonomer with HPB, and they were very successful in the synthesis of
highly crystalline γ-graphyne. According to them, HHEB significantly improved the solu-
bility of γ-graphyne oligomers, allowing them to develop into larger ordered domains prior
to precipitation, leading to highly crystalline material [110,111]. Until now, few methods
have been developed for synthesizing γ-graphyne, and the developed methods have some
limitations, such as complex methods, expense, time consumption, low yield, etc. [111,112].
Thus, there is still a need to create more straightforward and economical processes for
producing γ-graphyne in large quantities.

3.5. 6,6,12-Graphyne

6,6,12-graphyne has been only theoretically investigated, and still now, experimentally,
it has not yet been synthesized. At the time, like α-graphyne and β-graphyne, scientists
primarily concentrated on theoretical investigations, and experimental synthesis processes
had not yet been developed. Researchers are continuously working on developing syn-
thesis methods for α-graphyne, β-graphyne, and 6,6,12-graphyne, and we can expect that
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soon, the synthesis method will be explored along with their characteristic properties
and applications.

4. Properties of GR
The properties of graphyne are presented in a graphical Figure 12.

Figure 12. Graphical representation of graphyne’s core physical properties, including structural
symmetry, band gap, thermal conductivity, and mechanical flexibility.

4.1. Structure

The structure of GR consisted of sp and sp2 hybridized rings in the hexagonal lattice
structure (Figure 13). Its symmetry looks like G, but the length of the acetylenic linkage
can be different. GDR (GR-2) is the first member of this group that was experimentally
synthesized [12]. GR-n (in which n indicates the presence of a -C≡C- bond) shows a lower
stability because of the insertion of acetylenic linkage (Figure 13a,b) in the carbon hexagonal
structure, which causes a reduction in the cohesive energy [9].

Figure 13. Crystal structures of (a) α-graphyne, (b) β-graphyne, and (c) γ-graphyne showing
variations in hybridized carbon bonding (sp/sp2) and lattice symmetry. The figure is adopted from
reference [113] @ 2018 MDPI.

The energy reduction in the unstrained scheme shows a constant value, with link
lengths of 1.48 Å for single bonds, 1.49 Å for aromatic bonds, and 1.19 Å for double
bonds [51]. The study used two different approaches to calculate the moduli of armchairs
and zigzag sheets of material Figure 14.
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Figure 14. (a,b) Elastic modulus calculations of graphyne sheets in armchair and zigzag directions
using two modeling approaches: (c) virial stress (left) and energy minimization (right). Carbon atoms
with sp and sp2 hybridization are represented in grey and black balls, respectively. The rhombohedral
unit cell is highlighted in red, while the rectangular unit cell is shown in blue. Reprinted with
permission from reference [114] @ 2016 Elsevier.

The first approach [115] involved straining the sheet at a constant rate and calculating
the virial stress for the interior volume of the sheet to avoid any boundary effects. Using
this approach, the armchair modulus was found to be 532.5 GPa, and the zigzag modulus
was found to be 700.0 GPa. The second approach [116] involved energy minimization,
which gave different results of 629.4 GPa and 772.0 GPa for the armchair and zigzag moduli,
respectively. The difference in results obtained from the two approaches was significant.

With the use of the modulation potential “Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO)” (the potential that can be used to make or break the bonds or
has the ability to make bonds modulate at various orders), Zhang et al. synthesized
GR by molecular dynamics (MD) [117]. Cranford and Buehler used the ReaxFF method
to calculate the ultimate stress of GR in zigzag and armchair directions and calculated
49.78 GPa and 46 GPa, respectively [115]. Compared with Cranford and Buehler [115],
Zhang et al. calculated the ultimate stress of 63.17 GPa in the armchair direction instead
of 46 GPa and in the zigzag direction 49.78 GPa instead of 104 GPa. This difference is
observed due to the selection of the calculation method. Cranford and Buehler utilized the
ReaxFF method while Zhang et al. used the AIREBO scheme. The ReaxFF method is much
more accurate than AIREBO because ReaxFF uses data from the first principle of quantum
mechanics, and it has a more accurate description of atoms’ interactions with respect to
AIREBO. Still, this computational technique is much more expensive than AIREBO [117]. It
has been observed that Zhang et al. calculated their values with a finite-size sheet called
“ribbon” in contrast to the infinite sheet considered by Cranford and Buehler [115].

4.2. Electronic Properties

The electronic properties of the GR were calculated through the finite width of nanorib-
bons with the first-principles method (Figure 15), and it is noticed that the GR falls in the
SC group with the band gap range of 0.59 to 1.25 eV [118]. The width of the calculated
ribbons was 1 repeat unit to eight repeat units [118]. In the case of infinite sheets, the
mechanical strain affects the band gap of GR [56]. It has been observed that the total value
of the band gap increased 1 eV by increasing the tensile strain of 0.15 and decreased by
0.3 eV by reducing 1 compressive strain [56].
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Figure 15. The structures of α-, β-, and γ-graphynes include: (a) 6,6,12-graphyne, (b) 6,6,14-
graphyne, (c) 14,14,14-graphyne, (d) 12,12,12-graphyne, (e) 14,14,18-graphyne (also referred to as
β-graphyne), and (f) 18,18,18-graphyne (commonly known as α-graphyne). The figure is adopted
from Ref. [119] @ 2015ACS.

In GR, the presence of double- and triple-bonded carbon atoms shows a potential for
a Dirac cone. Because of this cone, a linear way is observed in the atomic structure. At
the Fermi level, conduction and valence bands are overlapped and show a linear fashion.
Because of this scheme, in case of no mass, electrons behave as energy, which is directly
proportional to the momentum of electrons. GR has the same properties as G, and it shows
independent electric properties against the direction of electrons. It is just because of the 6,
6, 12 symmetry in rectangular shape. The electrical grating is observed at the nanoscale
due to the dependency of directional symmetry of 6, 6, 12. By controlling this directionality,
GR is a considerable material for faster transistors and electronic components in a one-way
current process.

The previous study provides information on the changes in chemical properties due to
transition metal doping on GR sheets [120]. GR changes its SC properties to spin-polarized
metal properties when adsorbed with iron and chromium [120]. Furthermore, a narrow
band gap or a spin-polarized half SC behavior was noticed while adsorbed with other
transition metals. This property confirms that the transition metals are absorbed on the
sheets of GR. Studies have been conducted by researchers to analyze the dielectric real
and complex function of the materials that provide information about energy adsorbed in
parallel and perpendicular directions [56]. Previously there were two cases studied and
a 9-eV mark was used to find the difference among parallel and perpendicular electric
fields [56], (i) If the energy is below 9 eV then the parallel electric field shows the greatest
response against sensing and (ii) if above 9 eV then the perpendicular electric field shows
the greatest response against sensing.

4.3. Mechanical Properties

The two main parameters for elastic properties in 2D-type materials are in-plane
stiffness and Poisson’s ratio. They are represented by C and ʋ, respectively, and by utilizing
the below-mentioned equation. The value of C can be calculated.

C = (
1
S0

)

[
∂2E
∂ε2

]
(1)
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S0, ε, and E represent the equilibrium area, uniaxial strain, and total energy of the
system [87]. This explains how much a 2D material can tend along an axis and the value of
deformation in the direction of the axis. ʋ shows the relationship between transverse strain
and uniaxial strain and is represented by

ν = − εtrans

εaxial
(2)

For the hexagonal structure, the isotropic parameters are used, but for the structures
6,6,12-GR, the anisotropic parameters have been adopted. GR has a smaller stiffness with
respect to G, see Table 1.

Table 1. Various parameters of graphene, graphadiyne, and graphyne family.

Name
Ultimate
Strength
σx (N/m)

Ultimate
Strength
σy (N/m)

Poisson’s
Ratio vx

Poisson’s
Ratio vy

In-Plane
Stiffness
Cx (N/m)

In-Plane
Stiffness
Cy (N/m)

Ultimate
Stain εx

(%)

Ultimate
Stain εy

(%)

Graphyne 17.84 [121] 18.83 [121] 0.417 [56],
0.416 [122] 0.42 [123] 166 [56],

170.4 [115]
224.0 [115],

169.2 20 [121] 20 [121]

16.68 [117] 21.16 [117] 0.429 [121],
0.42 [123] 0.38 [124] 166.3 [122].

162.1 [121]
162.5 [123],
159.6 [124] 11.2 [117] 14.8 [117]

14.34 [115] 31.97 [115] 0.39 [124] 150 [125],
170.2 [117] 8.19 [115] 13.24 [115]

14.44 [125] 20.47 [125] 164 [123],
163.0 [124] 11.2 [125] 17.7 [125]

Graphadiyne 10.71 [116] 13.54 [116] 0.446 [122],
0.4 [124] 0.40 [124] 123.1 [122],

150.2 [116]
185.2 [116],
117.5 [124] 6.3 [116] 8.0 [116]

9.54 [125] 20.84 [125] 0.453 100 [125],
118.6 [124] 10.9 [125] 20.8 [125]

121.8 [126]

α-
Graphyne 10.88 [117] 12.18 [117] 0.863 [113],

0.87 [114] 0.72 [124] 39.9 [117],
24 [113]

40.2 [117],
42.4 [124] 15.6 [117] 17.8 [117]

0.874 [127],
0.72 [124]

21.98 [114],
22.48 [127]

42.8 [124]

β-
Graphyne 12.75 [117] 15.50 [117] 0.49 [128],

0.647 [113] 0.51 [124] 87.1 [117],
83 [128]

87.4 [117],
92.1 [124] 13.0 [117] 16.2 [117]

0.67 [114],
0.52 [124]

77 [113],
73.07 [114]

93.6 [124]

6,6,12-
Graphyne 13.09 [117] 20.64 [117] 0.39 [124] 0.49 [124] 117.3 [117],

121.1 [124]
149.1 [117],
152.1 [124] 11.6 [117] 14.7 [117]

Graphene 34.71 [117] 41.94 [117] 0.164 [122],
0.169 [129]

347.0 [122],
348 [129],
333 [117]

0.134 [117] 0.191 [117]

30.15 [130] 35.85 [130] 0.18 [114] 341.09 [114] 0.13 [130] 0.2 [130]

This can be explained with two terms: (1) In G, every C atom has a coordination
number NC of 3, and in GR, acetylenic linkage reduces the coordination number NC. Due
to a small coordination number, a smaller number of atoms are present in the GR. (2) GR
has a smaller atomic mass density in comparison with G. The calculation of stiffness of the
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GR-n structure was proposed by Buehler et al., and a linear model scaling was proposed in
the study [116]. They proposed a formula [116].

Cn = C1(
a1

an
) (3)

where Cn is utilized to represent GR in-line stiffness and an is showing lattice constant. In
another study, Fonseca proposed that the mass density is proportional to in-plane stiffness
C~ρp [124]. The Poisson’s ratio for GR is from 0.39 to 0.8, and these values are much higher
in comparison with G. The upper bound value of 2D materials is 1.0 [131], and it means that
the material cannot change its area under uniaxial strain. The value of 0.87 for α-graphyne
may result in the ability to preserve its sheet area.

With this effect, by changing the properties of mechanical strength, the chemical prop-
erties changed their behavior, so it is noticed that by changing the mechanical properties,
chemical studies have been explored. Because of the -C≡C- presence, the GR shows a
lower value of strength with concern to G. On the other hand, GR has a higher ultimate
strength value against common polymer-based membranes. In Table 2, various values
of the graphene family are presented. In the zigzag direction, GR shows a higher value,
while in the direction of the armchair, GR shows a lower value of ultimate strength. The
ultimate strength of the GR is dependent on acetylenic linkage and is proportional to the
% of -C≡C-, and a scaling law is also proposed for ultimate strength [116]. It is analyzed
that the fracture process in the sheet starts from the fracture in C≡C- linkage due to the
weak bonding between carbon atoms [117]. The GR also presents extended net strains in
the range of 10%, hence, they can hold the artifact under a large strain.

While calculating the elastic energy density, the methodology of the energy minimiza-
tion method stretched the sheet by a particular amount and ran the methodology on the
stretched system. This methodology of calculation of elastic energy density was adopted
due to the strain rate because this system is not contingent on the strain rate. In order
to calculate the elastic energy density, the energy minimization approach stretched the
sheet to a predetermined degree and then minimized energy on the strained system. This
methodology is not dynamically true because the dynamically available system cannot
calculate the density of the non-stretched GR. The approximate values are 104 GPa and
46 GPa for zigzag and armchair directions, respectively [115]. This difference in values
demonstrates Young’s modulus dependence on the strain rate; moreover, the similarity of
the net stresses shows that it does not impact the breakdown capability of the material.

4.4. Band Properties

GR possesses a nonzero band gap that is not present in G [55,56,132]. By utilizing LDA
and GGA approaches (Figure 16a), the band gap of graphyne-n was calculated to be about
0.5 eV, and it shows a small dependence on acetylenic linkage [55,56,122]. The HSE or GW
approaches that have self-interaction correction were utilized to calculate the band gap of
GR with the comparison of silicon, and the calculated value was ~1 eV [56,122,132,133]. It
has been observed that GR allows a high radiative recombination rate over Si and a light
absorption rate over Si because of the direct band gap. From DFT results, the location of the
conduction band minimum and valence band maximum was calculated, and it has been
located at the M point of the Brillouin Zone of the hexagonal structure. To understand the
projected band structure of graphyne, it can be divided into two parts, i.e., sp2 and sp [133].
It can be seen (Figure 16) that at the band edges the wide Pzπ to π∗, deep-lying σ to σ∗

bands are situated, and the inside Pzπ to π∗ consists of another band Px − Pyπ to π∗ [56].
In sp–sp interaction, it originates the Px − Pyπ to π∗ interaction that is not present in G.
This leads to anisotropic optical properties in GR [56]. In the range of band gap energy
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from 0 to 8 eV, this structure adsorbs more energy when in-plane polarized light falls on
the material with respect to out-of-plane polarized light [56].

Figure 16. (a–c) Electronic band structures of α-, β-, and 6,6,12-graphyne. The figure is adapted
from reference [113] @ 2018 MDPI. (d) Band structure of γ-graphyne calculated using HSE and
GGA methods showing direct band gap nature. The figure is adapted from reference [134].
(e) Projected electronic states of sp and sp2 carbon atoms The figure is reprinted with permission
from reference [49] @ 2013 Elsevier.

According to the results of first-principles calculations [65], the Dirac cone is also
present in α, β, and γ-graphyne Figure 16e. In α GR the Dirac cone is located at higher
symmetry points K and K’, while in β- and γ-graphyne, the Dirac cone is situated at
lower symmetry points. It has been observed that in 6,6,12-graphyne the Dirac cone is
located below and above the Fermi level, which means that it has the property of self-
doping [65,135]. This shows that the Dirac cone can be found at any point, and it is not
associated with a hexagonal structure, and also it is not limited to G.

Various studies have explored the presence/absence of Dirac cones, and many studies
have explored the importance of binding Pzπ to π∗ [133,135–138]. This idea proposed that
the impact of acetylenic linkage -C≡C- is rival to the renormalized direct hopping term
among vertex atoms. Because of this bonding, a tight-binding model can be applied to all
types of GR, whereas GR has a hexagonal structure like G. With the existence of Dirac cones,
the magnitude and combination of renormalized hopping terms can be determined. By
utilizing the above-mentioned model, with the presence of Dirac cones, the new GR-based
structures are also predicted. Graphyne 14, 14, 14 has a rhombic symmetry, and it acts the
same as deformed G in the direction of the armchair direction (Figure 17). The 14,14,18-
graphyne is another that has a rectangular symmetry, and the slope band dispersion shows
5.0 eV/Å on the X-axis and 4.1 eV/Å on the Y-axis with anisotropy linear band dispersion
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(Figure 18) [133]. A complicated tight-binding model was proposed to check the effect of
spin-orbit coupling (C-O-S) on Dirac cones [139]. This model also includes the σ bonding
and its effects, which makes it more complicated. By utilizing intrinsic SOC, the nontrivial
gap can be opened in α-, β-graphyne. A comparison of graphene, graphyne (α,β,γ) and
graphdiyne is presented in Table 2.

Figure 17. (a) Optimized atomic models of armchair-edged graphene nanoribbons (AGNRs) with
increasing ribbon widths of n = 1, 2, and 3. (b) Corresponding zigzag-edged graphene nanoribbons
(ZGNRs) with widths of n = 1, 1.5, and 2, highlighting the variation in edge geometry and peri-
odicity with respect to ribbon width. The figure is adopted with permission from reference [136]
@ 2015 Elsevier.

4 6 8 10 12 14 16 18 20 22 24 26 28 30

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6

O
pt

ic
al

 B
an

dg
ap

 (e
V)

Width (Angstrom)

 Armchair
 Zigzag

Figure 18. Variation in band gap of graphyne nanoribbons with changing ribbon width, indicating
the effect of quantum confinement. Reprinted with permission from reference [136] @ 2015 Elsevier.
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Table 2. Graphene, graphyne (α, β, γ), and graphdiyne.

Property Graphene α-Graphyne β-Graphyne γ-Graphyne Graphdiyne

Carbon Hybridization sp2 sp + sp2 [113] sp + sp2 [113] sp + sp2 [113] sp + sp2 [70]

Lattice Structure Hexagonal Hexagonal [105] Hexagonal [105] Hexagonal [105] Hexagonal [54]

Acetylenic Linkage % 0% 100% [70] 66.67% [70] 33.33% [70] Varied (more than
γ) [54]

Band Gap 0 eV ~0.44 eV [106] ~0.52 eV [106] ~0.47 eV [106] 0.5–1.1 eV [54,121]

Carrier Mobility
(cm2/V·s) ~105 [128]

High, anisotropic
[128] High [128] High (5 × 105)

[128]
Moderate–High

[129]

Thermal Conductivity ~5000 W/m·K
[132]

Lower than
graphene [140] Lower [140] Lower (~50

W/m·K) [140]

Much lower
(~10–20 W/m·K)

[140]

Mechanical Strength ~1 TPa [47] Moderate [78] Moderate [78] Moderate [78] Lower than
graphene [106]

Synthesis Status Scalable [9] Theoretical [70] Theoretical [141] Synthesised
[94–99] Synthesised [54,56]

Stability High Low (due to 100%
triple bonds) [105] Medium [105] Medium–High

[105] Medium [54]

Applications

Transistors,
sensors,

composites
[33–35]

Theoretical
electronics [70]

Theoretical
semiconductors

[70]

Catalysis,
desalination,
batteries [94–

98,139,142,143]

Sensors,
photovoltaics,
membranes

[54,61,67]

4.5. Electronic Transport Properties

G shows the best carrier mobility at 105 cm2/Vs [142]. It is suggested that, from
theoretical studies, because of extrinsic carrier mobility, GR has some advantage over
G from the view of electronic properties. It can be seen that from Table 2, in y-direction
6,6,12-graphyne shows the highest values against all the other structures. By utilizing the
Boltzmann transportation equation, with deformation potential theory and relaxation time
approximation, Shuai et al. studied the electronic properties of the material [142,143]. This
method provides the information that because electron-acoustic phonon coupling at the
lower level of energy can cause high carrier mobility, and this mobility is considered as
an upper limit of the system. From a device application view, the structure that consists
of delocalized electronic states shows an approximated calculation of carrier mobility at
3 × 105 cm2/Vs with this method for G [142].

From Table 3, it can be observed that all mentioned structures have considerable carrier
mobility in the range of 104 cm2/Vs to 105 cm2/Vs. Due to the rectangular symmetry,
γ-graphyne has obvious anisotropy [142]. The γ-graphyne shows higher carrier mobility
in one direction as compared to G, and it shows mobility values of electrons and holes
in the range of 5.41 × 105 cm2/Vs and 4.29 × 105 cm2/Vs, respectively. Because of
two Dirac cones in the Brillouin zone with weak electron-phonon coupling can be a cause
of this higher mobility [142].

Table 3. Mobility of electrons and holes for graphene, graphdiyne, and graphyne family [142].

Name Direction µh (×104 cm2/Vs) µe (×104 cm2/Vs)

Graphene X 35.12 32.02

Y 32.17 33.89



Int. J. Mol. Sci. 2025, 26, 5140 20 of 35

Table 3. Cont.

Name Direction µh (×104 cm2/Vs) µe (×104 cm2/Vs)

Graphdiyne X 1.91 17.22

Y 1.97 20.81

6,6,12-Graphyne X 12.29 24.48

Y 42.92 54.10

β-Graphyne X 0.856 0.798

Y 1.076 0.892

α-Graphyne X 2.960 2.716

Y 3.316 3.3277

4.6. Thermal Properties

The thermal studies were analyzed with the help of various equations and theories
such as the Green–Kubo formula with the Boltzmann transport equation, nonequilib-
rium molecular dynamics, NEGF, and equilibrium molecular dynamics [141,144–147],
GR shows a much lower value of thermal conductivity than what? Previously studied
work [141,144–147] shows that at room temperature, GR has a thermal conductivity of
18–82 W/m K while G shows ~1 × 103 W/m K [146,147]. It has been noticed that as the
value of n in GR-n increases, thermal conductivity decreases [145,147]. For graphyne-10
the value of thermal conductivity reaches 8 W/m K [145,147] at room temperature. The
behavior of the lower thermal conductivity of GR was studied with phonon normal mode
analysis [145,147].

From Figure 19a, it can be seen that due to the combination of linkage atoms to
lower frequency phonons, this combination dominates the heat transfer against the atoms
present in the hexagonal ring, and as a result, lower thermal conductivity values of GR are
observed [144]. The other reason is that due to these combinations, there is a mismatch
observed between the hexagonal ring and linkage vibrations and a low value of energy
transferred from one part to another. By increasing the linkage length, an enhancement
is observed in mismatch vibrations [144–146], and a decrement is observed in phonon
vibrational density because this density overlaps with the linkage and ring [147]. A higher
linkage length causes lower values of thermal conductivity. It has been observed that
some low-frequency coherent phonons (f ~ 0 THz) produce the same effect as linkage and
ring atoms produced [147]. At lower temperatures (<30 K), the coherent phonons due to
excitation produced a greater effect than that of delocalized low-frequency modes in G [145].
The same effect of dependence on linkage is observed in GR nanotubes (GRNT) [148]. The
GRNT shows weak dependence on orientation, but in the case of GR nanoribbons (GRNR),
because of the edge effects, the orientation can affect the thermal conductivity of GRNR.
GRNR demonstrated that the thermal conductivity of the zigzag NR is much smaller
than that of the armchair NR even though both have the same width (Figure 19b,c). The
anisotropy factor of thermal conductivity is insensitive to temperature. In narrow GRNRs
30% more thermal conductivity was observed as compared to NRs that have a 5-nm width.
This difference between GRNRs and GRNT’s exhibited that the edge effect has an important
impact on thermal conductance.
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Figure 19. (a) Thermal conductivity of graphyne-n and graphene in both zigzag and armchair
directions. (b) Phonon density of states for GR-1. (c) Phonon density of states for GR-10. The figures
are adapted with permission from reference [147] @ 2015 Elsevier.

4.7. Thermoelectric Effect

Thermoelectric outcomes are another interesting property of the GR family. The
graphyne-n can increase its Seebeck coefficient with a band gap [149]. This can cause a
higher thermoelectric performance, which meets the criteria of optimized ZT. The most
important thing is that the value of optimized ZT is dependent on the calculation method.
At 300 K, with the NEGF method, the values of optimized ZT for the G sheet are 0.16 [149].
With respect to the edge effect, the GYTs show a 3–13 times greater value as related to
G NRs [150]. Later, Tan et al. suggested that the values calculated through the NEGF
method were overestimated because, in this method, phonon-phonon interactions were
neglected and an overestimated value of optimized ZT was calculated [146]. By applying
deformation theory with the Boltzmann transport equation, the optimized value of ZT for
p-type doping is smaller than n-type doping. At 760 K, the maximum values are 2.92. In
another study, Jiang et al. proposed that due to the neglect of phonon scattering in defor-
mation theory, an overestimated value of relaxation time and thermoelectric performance
was calculated [141]. To resolve this problem, they utilized density function perturbation
theory with the Wannier interpolation technique to calculate the relaxation time of phonon
electron interaction and the contribution of all phonons. With the above calculation meth-
ods, a peak of ZT was calculated at 0.77 for n-type doping at 600 K [141]. All these studies
demonstrated that GR has much better thermoelectric performance compared to G. This
effect is also observed in other types of GR, and by introducing defects in β-graphyne, the
optimized ZT value can be increased by decreasing phonon thermal conductivity [151].
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5. Applications
The applications of graphyne are presented in Figure 20:

Figure 20. Schematic overview of diverse application areas of graphyne, including transistors, sensors,
desalination, energy storage, and catalysis.

5.1. Nanofillers

GR has secured a good score in mechanical properties and is considered the best
candidate for nanofillers in composite materials [8,115]. The stiffness and strength can
be increased by spreading the flakes of GR on a polymer matrix [8,115]. The literature
provides information about the support of GR sheets for the adhesion of fillers on the
matrix and increases the effectiveness of the filler by inhibiting the division of the matrix
and flakes [8,115]. This forestalls one of the basic unfortunate modes of composites, i.e.,
the breakup of the scrubby matrix from the utmost performance fiber. Another auspicious
indication is the utmost surface adherence energy of GR, 223.5 mJ/m2 [8,115], which
provides a second mechanism to bind the GR flakes to the matrix. Though GR flakes show
anisotropic behavior, mixing into the matrix gives an outcome in the haphazard orientation
of the flakes, sharing the resulting composite isotropic properties [8,115]. In this way, GR
can be substituted for existing fillers specified as short carbon-based fibers [8,115].

5.2. Transistors

For electronic device fabrication, carrier mobility is considered the main part of mate-
rials applications. By providing an externally applied field, the high mobility material’s
carriers respond quickly and this type of fast response is considered best for high-field effect
devices [152]. Computational studies show that the SC behavior of GR can be changed by
doping, and the band gap is controllable. It can be used in various transistor applications
depending on the band gap, for example, on-off ratio. It is also suggested that by adding
GR in conventional SC at the time of fabrication, the various properties of the conventional
SCs can be modified, such as on-off ratio, high low voltage control, etc. The numerous
properties of GR SCs are dependent on the fabrication size.

5.3. Sensors

For various SC devices, electromechanical coupling is a desirable property that can
enhance the sensing properties of SCs [153]. For a specific application, mechanical strain can
easily modify the material and be easily applied to the material. Because of its high electric
strain property, the material can be reshaped after applying the force without permanent
deformation. The material can strain again, enabling electromechanical coupling to achieve
desirable properties that are good for temperature sensing.
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5.4. Metal Hybrids SC

GR is proving to be an incredibly useful material in creating narrow-band SCs and
spin-polarized half SCs. This is because the SC phase is substantially different from
the metal phase, opening up the possibility of making SC metal hybrids on a single
monolayer, using GR for both transistors and interconnecting metals in very-large-scale
integration fabrication [154]. What’s more, GR’s excellent mechanical properties are a
significant advantage in preventing mechanical failure that can result from repeated thermal
expansion [115] and contraction that occurs with current technology. Because GR is a single
sheet, chemical treatment can be performed as a final step in the fabrication process without
the limited penetration that would occur with three-dimensional materials.

5.5. H2 Storage

Metal-decorated GR, like Ca-decorated GR, has shown promising potential for hydro-
gen storage. Studies have found that Ca binds strongly to GR due to the presence of the
px-pyπ/π* states, and each Ca can bind up to six H2 molecules (Figure 21a,b), resulting
in a maximum hydrogen storage capacity of 9.6 wt% with an average hydrogen binding
energy of ~0.2 eV, which is suitable for practical applications. Moreover, Ca-decorated GRs
have been found to be thermodynamically stable. In comparison with G, Ca-decorated
G has a lower hydrogen storage capacity of 8.4 wt%, while on the other hand, Li-decorated
GR shows higher values w.r.t G [155]. Li-decorated GR is also a promising system for
H2 storage, as Li has the smallest atomic mass among different metals, and it has a high
binding energy with H2 (Figure 21c,d). In fact, the maximum storage capacity reported for
Li-decorated GR is 18.6 wt%, as shown by Guo et al. [156].

Figure 21. (a,b) Diffusion path and energy barriers of Ca atoms on γ-graphyne surface for hydro-
gen storage. (c) Charge density difference upon H2 adsorption. (d) Molecular configuration of
H2 adsorbed onto Ca sites. The figure is adopted with permission from reference [157] @ 2011 ACS.

5.6. Desalination

A total of 97.5% of the global water is saltwater or seawater on Earth [158]. The
desalination process can obtain clean water from salt/seawater. This can solve the problem
of normal water necessary for industry, drinking, agriculture, etc. The size of holes that are
created in GR due to the double and triple bonding of carbon atoms is of the order of chains,
and the water molecules can pass through the membrane made of GR. However, it is too
small for sodium and chlorine ions surrounded by electrically attracted water molecules
(Figure 22).
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Figure 22. The salination process of GR viewed systematically from a computational perspective,
involves allowing water molecules to pass under external pressure.

The GR can block approximately 100% of all types of ions (Figure 22), such as Ca2+,
Na+, Cl−, K+, and Mg2+ [159]. The calculations run with the help of the first principle
modeling and MD simulations gave roughly two orders of magnitude higher than that
of commercialized state-of-the-art turnabout osmosis membranes with a salt blockage of
98.5% [159]. The GR shows the blockage of ions (Figure 23), which is independent of ion
concentration and operating pressure. It is suggested that these stopping barriers of GR
produce energy barriers that are higher for salt ions than water [159].
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Figure 23. Rejection of various salt ions (e.g., Na+, Cl−, Ca2+, Mg2+) by graphyne membranes under
a pressure gradient of 50 MPa. Similar kinds of results were published in references [160].

5.7. Anode Applications

An ideal anode material for a lithium- or sodium-ion battery requires high mobility
and a high storage capacity of ions. Theoretical calculations indicate that GFMs can fulfill
these requirements. It has been shown that due to the special atomic structure of bulk GR,
three-dimensional Li diffusion can be achieved (Figure 24), and for sodium storage in GR
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and GDR, the calculated capacities are NaC4 and NaC3, respectively. The small barrier of
about 0.4 eV enables two-dimensional fast Na diffusion on GR and GDR. All these studies
suggest that GFMs can have excellent performance as the anode of lithium or sodium
ion batteries.

 

 

(e) 

(f) 

Figure 24. (a,b) In-plane diffusion pathways of Li ions in bulk graphyne. (c,d) Out-of-plane diffusion
barriers indicating 3D ion mobility for energy storage. Reprinted with permission from Reference[161]
@ 2011ACS. (e) Top view and (f) side view of the optimized atomic configuration of LiC4, illustrating
lithium atoms intercalated within the graphyne lattice. The arrangement highlights the spatial
positioning of Li ions in relation to the sp/sp2 carbon framework, with lithium residing both above
and within the hexagonal carbon layers. Reprinted with permission from Reference [161] @ 2011ACS.

5.8. Electrocatalyst

Graphyne has recently garnered attention in electrocatalysis owing to its conjugated
π-electron system, high surface area, and tunable electronic properties through doping or
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structural modifications. Its unique sp–sp2 hybridized network introduces active sites suit-
able for redox reactions, especially when decorated with transition metals or heteroatoms.
Among various graphyne forms, γ-graphyne has shown promising activity in oxygen
evolution reactions (OER), hydrogen evolution reactions (HER), and carbon dioxide re-
duction due to its modifiable band structure and favorable adsorption energy for catalytic
intermediates (Figure 25).

Advanced computational investigations have demonstrated that graphyne-based ma-
terials, when functionalized with elements such as Fe, Co, or Ni, exhibit comparable or
superior activity to traditional catalysts [162]. For instance, density functional theory (DFT)
calculations reveal that Fe-doped γ-graphyne significantly reduces the Gibbs free energy
of hydrogen adsorption, thus enhancing HER kinetics. Furthermore, palladium nanopar-
ticles anchored on γ-graphyne frameworks have shown improved catalytic behavior in
4-nitrophenol reduction, emphasizing the synergistic effect between metal centers and the
extended conjugation of the graphyne sheet [163,164].

These findings underscore the potential of graphyne derivatives as next-generation
electrocatalysts [165]. Their conductivity, coupled with abundant binding sites and chemical
tunability, positions them as strong candidates for sustainable catalysis in energy conversion
systems such as water-splitting cells and fuel cells. However, to transition from theoretical
insights to practical implementation, challenges related to structural stability, synthesis
scalability, and long-term electrochemical performance must still be addressed.

 

Figure 25. (a,b) Reaction energy diagrams for *CO2 → *CO and *COOH → *CHO conversions on
various M-GY catalysts. (c,d) Projected density of states (PDOS) of CO adsorbed on Cr-GY and
Mn-GY, showing interaction between CO states and the metal sites. The Fermi level is set to 0 eV. The
figure is adopted with permission from reference [166] @ 2021 Elsevier.

6. Summary
The structure of GR can be seen as a two-dimensional (2D) network of hexagonal

carbon rings (sp2 hybridized) linked by acetylenic connections (sp hybridized). Baugh-
man et al. [9] proposed graphyne as a structure in which one-third of the C-C bonds in
G are substituted with one acetylene unit, and it has been proven to be structurally stable
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and synthetically accessible. Acetylene groups are shown to lower binding energy and
modify optical and electrical characteristics in a diverse manner [55,125]. GR has a similar
hexagonal symmetric structure to G. The number of acetylenic bonds can vary, resulting in
n number of GR structures, where n is the number of -C≡C- bonds in the linkage. The sta-
bility of GR structures is lower than that of G owing to the introduction of acetylenic bonds
in the structure, resulting in a lowering of cohesive energy. As the number of acetylenic
bonds increases in the G structures, the cohesive energy decreases, leading to a decrease in
the stability of the compound [9,167]. G and GR have similar out-of-plane deformation and
interfacial adhesion, despite GR having just half of G’s density [112]. In theory, GRs have
superior and exceptional electronic characteristics than G because of their natural band
gap of 0.44–2.23 eV. The existence of a triple carbon-carbon bond in GR enables reversed
chirality features and momentum shifts of their Dirac cones, allowing for tunability of their
energy gap [168]. In addition, GR is expected to exhibit remarkable spatial flexibility, low
thermal conductivities, and electron transfer capabilities equivalent to G due to its covalent
bonding. Additionally, its band structure sets it apart from other carbon allotropes that are
currently in use, which makes it a potential material for lithium storage, SC components,
and electron mobility, and among other uses, also [169]. Zhang et al. [144] examined the
thermal conductivity of four different GRs. They found that it is much lower than G. The
acetylenic linkages presence in the GRs led to an excess reduction in thermal conductivity
because of the weak single bonds and corresponding low atom density in the structures.
The most pronounced directional anisotropic thermal conductivity has been observed in
6,6,12-graphyne, and along with tension and rising temperatures, has a negative effect on
the thermal conductivity of GRs. While there are some similarities between G and GR,
GRs have a few extra benefits. The chemical structure of 6,6,12-graphyne is especially
notable since it demonstrates that the creation of Dirac fermions that resemble G does
not depend on the presence of hexagonal symmetry. The directional anisotropy in carrier
mobility of the 6,6,12-graphyne indicates its uniqueness [170]. It has been noticed that
G adopts a maximum in-plane stiffness. Then, when we move from GR to GDR, this
parameter diminishes. As a result, the Poisson’s ratios rise in the same order. The most
straightforward explanation for this behavior is that when compared to the most compact
structure, G, long acetylenic (and later diacetylene) linkages for G (and subsequently for
GDR) cause a progressive structural weakness (a decrease in the atomic bond energy for
more loose structures), with the degree of reduction being proportional to the percentage
of linkages [117]. Furthermore, the numerical estimates for GR show that independent
elastic constants and the Young’s modulus decline by 24.8% and 24.6%, respectively, as the
temperature rises from 0 K to 1200 K. These losses are significantly greater than those for G,
which only experienced a 3.5% and 4.5% decrease in these parameters. Consequently, the
mechanical properties of GR soften noticeably as temperature rises, in contrast to G, which
maintains its outstanding mechanical qualities even at high temperatures [49]. With their
high mechanical strength, electrical conductivity, and adaptability, GRs, in comparison
with their family, hold great potential for groundbreaking developments in electronics,
materials science, and energy applications. However, obstacles to the broad commer-
cial use of GRs include issues with scalable production techniques and integration with
current technologies.

7. Future Prospects
The study of graphyne is still in its nascent stages, and substantial efforts are needed

to realize its full potential in practical applications. A primary challenge lies in the con-
trolled and scalable synthesis of graphyne with high structural purity and reproducibility.
Although γ-graphyne has been synthesized via various methods, including mechanochem-
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ical, ultrasonic, and coupling reactions, these techniques are often hampered by low yields,
complex procedures, or prohibitive costs. Future research should prioritize the develop-
ment of streamlined, low-temperature, and catalyst-efficient methods to produce large-area
graphyne films with minimal defects.

From a computational perspective, integrating high-accuracy simulations, such as den-
sity functional perturbation theory, time-dependent DFT, and machine-learning-enhanced
models, can enhance predictions of band structures, phonon behavior, and defect tolerance
across different graphyne allotropes. Moreover, collaborative studies that combine theo-
retical predictions with experimental validation are crucial for understanding transport
properties, such as carrier mobility and thermoelectric efficiency, particularly in doped or
heterostructure systems.

Integrating graphyne into devices presents another significant challenge. Embedding
graphyne into flexible substrates, hybrid electrodes, or membranes necessitates addressing
issues related to interfacial stability, mechanical anchoring, and long-term environmental
durability. Emerging application areas, including electrocatalysis, wearable electronics, en-
ergy harvesters, and desalination technologies, hold great promise for innovation, provided
that material synthesis can meet the performance demands of these fields.

Lastly, the development of functional graphyne-based heterostructures, composites
with transition metals, and defect-engineered configurations can unlock properties that
are unattainable with graphene alone. Long-term success in this domain will hinge on
interdisciplinary collaboration among chemists, physicists, and engineers to surmount
existing obstacles and translate graphyne’s unique attributes into viable technologies.

8. Conclusions
Below is an insightful review of the latest theoretical advancements in GR’s funda-

mental properties and potential applications. GR is a remarkably strong material with
impressive strain capabilities, making it an incredibly sturdy substance. Depending on
how sp and sp2 carbon atoms are arranged, GR can be displayed as semiconductors or
semimetals with Dirac cones, presenting highly adjustable band structures that can be
manipulated through structural engineering, strain, doping, and electric field techniques.
GR’s high intrinsic carrier mobility and rich quantum and spin transport properties make
it an excellent option for numerous nanoelectronic devices. Although GR experiences
lower thermal conductivity than graphene due to vibrational mismatches between atoms
in hexagonal rings and acetylenic linkages, it delivers superior thermoelectric performance
with a high figure of merit.

Until now, few methods have been developed for synthesizing γ-graphyne, and
the developed methods have some limitations, such as complex methods, expense, time
consumption, low yield, etc. [8,9]. Thus, there is still a need to create more straightfor-
ward and economical processes for producing γ-graphyne in large quantities. Theoretical
calculations suggest various applications for GR, including transistors, metal hybrid su-
percapacitors, water desalination and purification, battery anode materials, and hydrogen
storage. Although there are a few challenges, such as the need for experimental valida-
tion of theoretical predictions, the development of scalable synthesis techniques, and the
exploration of GR’s properties in heterostructures and composites, there is no denying
that GR boasts vast potential. It is crucial to maintain continued collaboration between
experimentalists and theorists to expedite GR research and realize its potential applications
in electronics, catalysis, and energy.



Int. J. Mol. Sci. 2025, 26, 5140 29 of 35

Author Contributions: Conceptualization, Methodology, Writing—Original Draft, Software, Data
Curation, Resources, Funding Acquisition, M.D.A.; Writing—Review and Editing, Validation, For-
mal Analysis, Funding Acquisition, Supervision, A.S.; Conceptualization, Writing—Original Draft,
Funding Acquisition, Resources, Data Curation, T.K.D.; Conceptualization, Writing—Review & Edit-
ing, Resources, Data Curation, Funding Acquisition, M.J. All authors have read and agreed to the
published version of the manuscript.

Funding: M.D.A., A.S., T.K.D. and M.J., express gratitude to the Silesian University of Technology
for granting the resources and financial backing essential for conducting research at the Division of
Solid State Physics, Institute of Physics—Centre for Science and Education (BK-208/RIF1/2025). This
investigation receives partial funding from the Silesian University of Technology (Gliwice, Poland)
and the Rector’s Pro-Quality Grant Program: 14/010/RGJ24/0015 (T.K.D.), and 14/010/RGJ25/0019
(M.J.). This research is also partially funded by Excellence Initiative—Research University (IDUB)
program for the Silesian University of Technology (Gliwice, Poland) 14/010/SDU/10-4-01 (T.K.D.,
M.J. and M.D.A.). This research is also partially funded by Excellence Initiative—Research University
(IDUB) program for the Silesian University of Technology (Gliwice, Poland) 32/014/SDU/10-27-26
(M.D.A.).

Data Availability Statement: Data will be made available upon request.

Acknowledgments: M.D.A., A.S., T.K.D. and M.J. gratefully acknowledge the Silesian University of
Technology for providing the necessary resources and financial support that enabled their research at
the Division of Solid State Physics, Institute of Physics—Centre for Science and Education.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Weidmann, E.; Anderson, J. Structure and growth of oriented tellurium thin films. Thin Solid Film. 1971, 7, 265–276. [CrossRef]
2. Fu, B.; Abid, M.; Liu, C.-C. Systematic study on stanene bulk states and the edge states of its zigzag nanoribbon. New J. Phys.

2017, 19, 103040. [CrossRef]
3. Majid, F.; Wahid, I.; Ata, S.; Bibi, I.; Ali, M.D.; Malik, A.; Alwadai, N.; Iqbal, M.; Nazir, A. Cationic distribution of nickel doped

NixCoX-1Fe2O4 nanparticles prepared by hydrothermal approach: Effect of doping on dielectric properties. Mater. Chem. Phys.
2021, 264, 124451. [CrossRef]

4. Wang, Q.K.; Kalantar-Zadeh, A.; Kis, J.N.; Coleman, M.S. Electronics and Optoelectronics of Two-Dimensional Transition Metal
Dichalcogenides. Nat. Nanotechnol 2012, 7, 699. [CrossRef]

5. Liu, H.; Neal, A.T.; Zhu, Z.; Luo, Z.; Xu, X.; Tománek, D.; Ye, P.D. Phosphorene: An unexplored 2D semiconductor with a high
hole mobility. ACS Nano 2014, 8, 4033–4041. [CrossRef]

6. Zhuang, J.; Xu, X.; Peleckis, G.; Hao, W.; Dou, S.X.; Du, Y. Silicene: A promising anode for lithium-ion batteries. Adv. Mater. 2017,
29, 1606716. [CrossRef]

7. Mirza, F.S.; Aftab, Z.-e.-H.; Ali, M.D.; Aftab, A.; Anjum, T.; Rafiq, H.; Li, G. Green synthesis and application of GO nanoparticles
to augment growth parameters and yield in mungbean (Vigna radiata L.). Front. Plant Sci. 2022, 13, 1040037. [CrossRef]

8. Hirsch, A. The era of carbon allotropes. Nat. Mater. 2010, 9, 868–871. [CrossRef]
9. Baughman, R.; Eckhardt, H.; Kertesz, M. Structure-property predictions for new planar forms of carbon: Layered phases

containing sp 2 and sp atoms. J. Chem. Phys. 1987, 87, 6687–6699. [CrossRef]
10. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.-E.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect

in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef]
11. Ali, M.D.; Aslam, A.; Zeeshan, T.; Mubaraka, R.; Bukhari, S.A.; Shoaib, M.; Amami, M.; ben Farhat, I.; ben Ahmed, S.; Abdelhak, J.

Robust effectiveness behavior of synthesized cobalt doped Prussian blue graphene oxide ferrite against EMI shielding. Inorg.
Chem. Commun. 2022, 137, 109204. [CrossRef]

12. Li, G.; Li, Y.; Liu, H.; Guo, Y.; Li, Y.; Zhu, D. Architecture of graphdiyne nanoscale films. Chem. Commun. 2010, 46, 3256–3258.
[CrossRef]

13. Jia, Z.; Li, Y.; Zuo, Z.; Liu, H.; Huang, C.; Li, Y. Synthesis and Properties of 2D Carbon Graphdiyne. Acc. Chem. Res. 2017,
50, 2470–2478. [CrossRef]

14. Qian, X.; Liu, H.; Huang, C.; Chen, S.; Zhang, L.; Li, Y.; Wang, J.; Li, Y. Self-catalyzed growth of large-area nanofilms of
two-dimensional carbon. Sci. Rep. 2015, 5, 7756. [CrossRef] [PubMed]

https://doi.org/10.1016/0040-6090(71)90073-3
https://doi.org/10.1088/1367-2630/aa8c46
https://doi.org/10.1016/j.matchemphys.2021.124451
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1021/nn501226z
https://doi.org/10.1002/adma.201606716
https://doi.org/10.3389/fpls.2022.1040037
https://doi.org/10.1038/nmat2885
https://doi.org/10.1063/1.453405
https://doi.org/10.1126/science.1102896
https://doi.org/10.1016/j.inoche.2022.109204
https://doi.org/10.1039/b922733d
https://doi.org/10.1021/acs.accounts.7b00205
https://doi.org/10.1038/srep07756
https://www.ncbi.nlm.nih.gov/pubmed/25583680


Int. J. Mol. Sci. 2025, 26, 5140 30 of 35

15. Li, G.; Li, Y.; Qian, X.; Liu, H.; Lin, H.; Chen, N.; Li, Y. Construction of Tubular Molecule Aggregations of Graphdiyne for Highly
Efficient Field Emission. J. Phys. Chem. C 2011, 115, 2611–2615. [CrossRef]

16. Qian, X.; Ning, Z.; Li, Y.; Liu, H.; Ouyang, C.; Chen, Q.; Li, Y. Construction of graphdiyne nanowires with high-conductivity and
mobility. Dalton Trans. 2012, 41, 730–733. [CrossRef]

17. Zhou, J.; Gao, X.; Liu, R.; Xie, Z.; Yang, J.; Zhang, S.; Zhang, G.; Liu, H.; Li, Y.; Zhang, J.; et al. Synthesis of Graphdiyne Nanowalls
Using Acetylenic Coupling Reaction. J. Am. Chem. Soc. 2015, 137, 7596–7599. [CrossRef] [PubMed]

18. Gao, X.; Li, J.; Du, R.; Zhou, J.; Huang, M.; Liu, R.; Li, J.; Xie, Z.; Wu, L.; Liu, Z.; et al. Direct Synthesis of Graphdiyne Nanowalls on
Arbitrary Substrates and Its Application for Photoelectrochemical Water Splitting Cell. Adv. Mater. 2017, 29, 1605308. [CrossRef]

19. Zhang, S.; Liu, H.; Huang, C.; Cui, G.; Li, Y. Bulk graphdiyne powder applied for highly efficient lithium storage. Chem. Commun.
2015, 51, 1834–1837. [CrossRef]

20. Huang, C.; Zhang, S.; Liu, H.; Li, Y.; Cui, G.; Li, Y. Graphdiyne for high capacity and long-life lithium storage. Nano Energy 2015,
11, 481–489. [CrossRef]

21. Wang, S.; Yi, L.; Halpert, J.E.; Lai, X.; Liu, Y.; Cao, H.; Yu, R.; Wang, D.; Li, Y. A novel and highly efficient photocatalyst based on
P25–graphdiyne nanocomposite. Small 2012, 8, 265–271. [CrossRef] [PubMed]

22. Li, J.; Gao, X.; Liu, B.; Feng, Q.; Li, X.-B.; Huang, M.-Y.; Liu, Z.; Zhang, J.; Tung, C.-H.; Wu, L.-Z. Graphdiyne: A metal-free
material as hole transfer layer to fabricate quantum dot-sensitized photocathodes for hydrogen production. J. Am. Chem. Soc.
2016, 138, 3954–3957. [CrossRef] [PubMed]

23. Gao, X.; Zhou, J.; Du, R.; Xie, Z.; Deng, S.; Liu, R.; Liu, Z.; Zhang, J. Robust superhydrophobic foam: A graphdiyne-based
hierarchical architecture for oil/water separation. Adv. Mater. 2016, 28, 168–173. [CrossRef] [PubMed]

24. Liu, R.; Zhou, J.; Gao, X.; Li, J.; Xie, Z.; Li, Z.; Zhang, S.; Tong, L.; Zhang, J.; Liu, Z. Graphdiyne filter for decontaminating
lead-ion-polluted water. Adv. Electron. Mater. 2017, 3, 1700122. [CrossRef]

25. Kuang, C.; Tang, G.; Jiu, T.; Yang, H.; Liu, H.; Li, B.; Luo, W.; Li, X.; Zhang, W.; Lu, F. Highly efficient electron transport obtained
by doping PCBM with graphdiyne in planar-heterojunction perovskite solar cells. Nano Lett. 2015, 15, 2756–2762. [CrossRef]

26. Xiao, J.; Shi, J.; Liu, H.; Xu, Y.; Lv, S.; Luo, Y.; Li, D.; Meng, Q.; Li, Y. Efficient CH3NH3PbI3 perovskite solar cells based on
graphdiyne (GD)-modified P3HT hole-transporting material. Adv. Energy Mater. 2015, 5, 1401943. [CrossRef]

27. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.; Firsov, A.A. Two-dimensional
gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200. [CrossRef]

28. Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science
2008, 321, 385–388. [CrossRef]

29. Peng, Q.; Crean, J.; Dearden, A.K.; Huang, C.; Wen, X.; Bordas, S.P.; De, S. Defect engineering of 2D monatomic-layer materials.
Mod. Phys. Lett. B 2013, 27, 1330017. [CrossRef]

30. Xu, M.; Liang, T.; Shi, M.; Chen, H. Graphene-like two-dimensional materials. Chem. Rev. 2013, 113, 3766–3798. [CrossRef]
31. Ali, M.D.; Majid, F.; Aslam, A.; Malik, A.; Wahid, I.; Dildar, S.; Waseem, S.; Dahshan, A. Dielectric and electrical properties of

synthesized PBGO/Fe3O4 nanocomposite. Ceram. Int. 2021, 47, 26224–26232. [CrossRef]
32. Peng, Q.; Ji, W.; De, S. Mechanical properties of the hexagonal boron nitride monolayer: Ab initio study. Comput. Mater. Sci. 2012,

56, 11–17. [CrossRef]
33. Peng, Q.; De, S. Tunable band gaps of mono-layer hexagonal BNC heterostructures. Phys. E Low-Dimens. Syst. Nanostructures

2012, 44, 1662–1666. [CrossRef]
34. Peng, Q.; Zamiri, A.R.; Ji, W.; De, S. Elastic properties of hybrid graphene/boron nitride monolayer. Acta Mech. 2012,

223, 2591–2596. [CrossRef]
35. Peng, Q.; Ji, W.; De, S. First-principles study of the effects of mechanical strains on the radiation hardness of hexagonal boron

nitride monolayers. Nanoscale 2013, 5, 695–703. [CrossRef]
36. Peng, Q.; Chen, X.J.; Ji, W.; De, S. Chemically tuning mechanics of graphene by BN. Adv. Eng. Mater. 2013, 15, 718–727. [CrossRef]
37. Peng, Q.; Liang, C.; Ji, W.; De, S. A first principles investigation of the mechanical properties of g-TlN. Model. Numer. Simul. Mater.

Sci. 2012, 2, 76–84. [CrossRef]
38. Peng, Q.; Liang, C.; Ji, W.; De, S. A first principles investigation of the mechanical properties of g-ZnO: The graphene-like

hexagonal zinc oxide monolayer. Comput. Mater. Sci. 2013, 68, 320–324. [CrossRef]
39. Peng, Q.; Chen, X.-J.; Liu, S.; De, S. Mechanical stabilities and properties of graphene-like aluminum nitride predicted from

first-principles calculations. RSC Adv. 2013, 3, 7083–7092. [CrossRef]
40. Peng, Q.; Liang, C.; Ji, W.; De, S. A first-principles study of the mechanical properties of g-GeC. Mech. Mater. 2013, 64, 135–141.

[CrossRef]
41. Peng, Q.; Liang, C.; Ji, W.; De, S. Mechanical properties of g-GaN: A first principles study. Appl. Phys. A 2013, 113, 483–490.

[CrossRef]
42. Peng, Q.; Wen, X.; De, S. Mechanical stabilities of silicene. Rsc Adv. 2013, 3, 13772–13781. [CrossRef]

https://doi.org/10.1021/jp107996f
https://doi.org/10.1039/C1DT11641J
https://doi.org/10.1021/jacs.5b04057
https://www.ncbi.nlm.nih.gov/pubmed/26046480
https://doi.org/10.1002/adma.201605308
https://doi.org/10.1039/C4CC08706B
https://doi.org/10.1016/j.nanoen.2014.11.036
https://doi.org/10.1002/smll.201101686
https://www.ncbi.nlm.nih.gov/pubmed/22125227
https://doi.org/10.1021/jacs.5b12758
https://www.ncbi.nlm.nih.gov/pubmed/26962887
https://doi.org/10.1002/adma.201504407
https://www.ncbi.nlm.nih.gov/pubmed/26551876
https://doi.org/10.1002/aelm.201700122
https://doi.org/10.1021/acs.nanolett.5b00787
https://doi.org/10.1002/aenm.201401943
https://doi.org/10.1038/nature04233
https://doi.org/10.1126/science.1157996
https://doi.org/10.1142/S0217984913300172
https://doi.org/10.1021/cr300263a
https://doi.org/10.1016/j.ceramint.2021.06.030
https://doi.org/10.1016/j.commatsci.2011.12.029
https://doi.org/10.1016/j.physe.2012.04.011
https://doi.org/10.1007/s00707-012-0714-0
https://doi.org/10.1039/C2NR32366D
https://doi.org/10.1002/adem.201300033
https://doi.org/10.4236/mnsms.2012.24009
https://doi.org/10.1016/j.commatsci.2012.10.019
https://doi.org/10.1039/c3ra40841h
https://doi.org/10.1016/j.mechmat.2013.05.009
https://doi.org/10.1007/s00339-013-7551-4
https://doi.org/10.1039/c3ra41347k


Int. J. Mol. Sci. 2025, 26, 5140 31 of 35

43. Kara, A.; Enriquez, H.; Seitsonen, A.P.; Voon, L.L.Y.; Vizzini, S.; Aufray, B.; Oughaddou, H. A review on silicene—New candidate
for electronics. Surf. Sci. Rep. 2012, 67, 1–18. [CrossRef]

44. Jose, D.; Datta, A. Structures and chemical properties of silicene: Unlike graphene. Acc. Chem. Res. 2014, 47, 593–602. [CrossRef]
45. Peng, Q.; De, S. Outstanding mechanical properties of monolayer MoS2 and its application in elastic energy storage. Phys. Chem.

Chem. Phys. 2013, 15, 19427–19437. [CrossRef]
46. Peng, Q.; De, S. Mechanical properties and instabilities of ordered graphene oxide C 6 O monolayers. RSC Adv. 2013, 3, 24337–24344.

[CrossRef]
47. Aslam, A.; Ali, M.D.; Fakhar, U.; Ahmad, A.; Khalid, U.; Amami, M.; Dahshan, A. Electrical, dielectric, IV and antimicrobial

behavior of cobalt incapacitated Prussian blue graphene ferrites composite. Inorg. Chem. Commun. 2022, 141, 109548. [CrossRef]
48. Iqbal, K.; Ishaq, M.A.; Ahmad, A.; Ali, M.D.; Zeeshan, T.; Tahir, W.; Aslam, A.; Amami, M.; ben Farhat, I.; ben Ahmed,

S. Fabrication and characterizations of hybrid materials based on polyaniline, metal oxide, and graphene nano-platelets for
supercapacitor electrodes. Inorg. Chem. Commun. 2022, 137, 109201. [CrossRef]

49. Ivanovskii, A. Graphynes and graphdyines. Prog. Solid State Chem. 2013, 41, 1–19. [CrossRef]
50. Li, Y.; Xu, L.; Liu, H.; Li, Y. Graphdiyne and graphyne: From theoretical predictions to practical construction. Chem. Soc. Rev.

2014, 43, 2572–2586. [CrossRef]
51. Peng, Q.; Dearden, A.K.; Crean, J.; Han, L.; Liu, S.; Wen, X.; De, S. New materials graphyne, graphdiyne, graphone, and graphane:

Review of properties, synthesis, and application in nanotechnology. Nanotechnol. Sci. Appl. 2014, 7, 1–29. [CrossRef] [PubMed]
52. Lin, Y.-M.; Jenkins, K.A.; Valdes-Garcia, A.; Small, J.P.; Farmer, D.B.; Avouris, P. Operation of graphene transistors at gigahertz

frequencies. Nano Lett. 2009, 9, 422–426. [CrossRef] [PubMed]
53. Lin, Y.-M.; Dimitrakopoulos, C.; Jenkins, K.A.; Farmer, D.B.; Chiu, H.-Y.; Grill, A.; Avouris, P. 100-GHz transistors from wafer-scale

epitaxial graphene. Science 2010, 327, 662. [CrossRef] [PubMed]
54. Liao, L.; Lin, Y.-C.; Bao, M.; Cheng, R.; Bai, J.; Liu, Y.; Qu, Y.; Wang, K.L.; Huang, Y.; Duan, X. High-speed graphene transistors

with a self-aligned nanowire gate. Nature 2010, 467, 305–308. [CrossRef]
55. Narita, N.; Nagai, S.; Suzuki, S.; Nakao, K. Optimized geometries and electronic structures of graphyne and its family. Phys. Rev.

B 1998, 58, 11009. [CrossRef]
56. Kang, J.; Li, J.; Wu, F.; Li, S.-S.; Xia, J.-B. Elastic, electronic, and optical properties of two-dimensional graphyne sheet. J. Phys.

Chem. C 2011, 115, 20466–20470. [CrossRef]
57. Srinivasu, K.; Ghosh, S.K. Graphyne and graphdiyne: Promising materials for nanoelectronics and energy storage applications.

J. Phys. Chem. C 2012, 116, 5951–5956. [CrossRef]
58. Diederich, F.; Kivala, M. All-carbon scaffolds by rational design. Adv. Mater. 2010, 22, 803–812. [CrossRef]
59. Novoselov, K.S.; Geim, A. The rise of graphene. Nat. Mater 2007, 6, 183–191.
60. Novoselov, K.S.; Fal′ko, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K. A roadmap for graphene. Nature 2012, 490, 192–200.

[CrossRef]
61. Kroto, H.W.; Heath, J.R.; O’Brien, S.C.; Curl, R.F.; Smalley, R.E. C60: Buckminsterfullerene. Nature 1985, 318, 162–163. [CrossRef]
62. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
63. Kong, X.Y.; Ding, Y.; Yang, R.; Wang, Z.L. Single-crystal nanorings formed by epitaxial self-coiling of polar nanobelts. Science

2004, 303, 1348–1351. [CrossRef] [PubMed]
64. Nasibulin, A.G.; Pikhitsa, P.V.; Jiang, H.; Brown, D.P.; Krasheninnikov, A.V.; Anisimov, A.S.; Queipo, P.; Moisala, A.; Gonzalez, D.;

Lientschnig, G. A novel hybrid carbon material. Nat. Nanotechnol. 2007, 2, 156–161. [CrossRef]
65. Malko, D.; Neiss, C.; Vines, F.; Görling, A. Competition for graphene: Graphynes with direction-dependent dirac cones. Phys. Rev.

Lett. 2012, 108, 086804. [CrossRef]
66. Narita, N.; Nagai, S.; Suzuki, S.; Nakao, K. Electronic structure of three-dimensional graphyne. Phys. Rev. B 2000, 62, 11146.

[CrossRef]
67. Haley, M.M.; Brand, S.C.; Pak, J.J. Carbon networks based on dehydrobenzoannulenes: Synthesis of graphdiyne substructures.

Angew. Chem. Int. Ed. Engl. 1997, 36, 836–838. [CrossRef]
68. Kehoe, J.M.; Kiley, J.H.; English, J.J.; Johnson, C.A.; Petersen, R.C.; Haley, M.M. Carbon networks based on dehydrobenzoannu-

lenes. 3. synthesis of graphyne substructures1. Org. Lett. 2000, 2, 969–972. [CrossRef]
69. Haley, M.M. Synthesis and properties of annulenic subunits of graphyne and graphdiyne nanoarchitectures. Pure Appl. Chem.

2008, 80, 519–532. [CrossRef]
70. Xie, L.; Wang, X.; Lu, J.; Ni, Z.; Luo, Z.; Mao, H.; Wang, R.; Wang, Y.; Huang, H.; Qi, D. Room temperature ferromagnetism in

partially hydrogenated epitaxial graphene. Appl. Phys. Lett. 2011, 98, 193113. [CrossRef]
71. Gao, X.; Liu, H.; Wang, D.; Zhang, J. Graphdiyne: Synthesis, properties, and applications. Chem. Soc. Rev. 2019, 48, 908–936.

[CrossRef] [PubMed]
72. Diederich, F. Carbon scaffolding: Building acetylenic all-carbon and carbon-rich compounds. Nature 1994, 369, 199–207. [CrossRef]

https://doi.org/10.1016/j.surfrep.2011.10.001
https://doi.org/10.1021/ar400180e
https://doi.org/10.1039/c3cp52879k
https://doi.org/10.1039/c3ra44949a
https://doi.org/10.1016/j.inoche.2022.109548
https://doi.org/10.1016/j.inoche.2022.109201
https://doi.org/10.1016/j.progsolidstchem.2012.12.001
https://doi.org/10.1039/c3cs60388a
https://doi.org/10.2147/NSA.S40324
https://www.ncbi.nlm.nih.gov/pubmed/24808721
https://doi.org/10.1021/nl803316h
https://www.ncbi.nlm.nih.gov/pubmed/19099364
https://doi.org/10.1126/science.1184289
https://www.ncbi.nlm.nih.gov/pubmed/20133565
https://doi.org/10.1038/nature09405
https://doi.org/10.1103/PhysRevB.58.11009
https://doi.org/10.1021/jp206751m
https://doi.org/10.1021/jp212181h
https://doi.org/10.1002/adma.200902623
https://doi.org/10.1038/nature11458
https://doi.org/10.1038/318162a0
https://doi.org/10.1038/354056a0
https://doi.org/10.1126/science.1092356
https://www.ncbi.nlm.nih.gov/pubmed/14988559
https://doi.org/10.1038/nnano.2007.37
https://doi.org/10.1103/PhysRevLett.108.086804
https://doi.org/10.1103/PhysRevB.62.11146
https://doi.org/10.1002/anie.199708361
https://doi.org/10.1021/ol005623w
https://doi.org/10.1351/pac200880030519
https://doi.org/10.1063/1.3589970
https://doi.org/10.1039/C8CS00773J
https://www.ncbi.nlm.nih.gov/pubmed/30608070
https://doi.org/10.1038/369199a0


Int. J. Mol. Sci. 2025, 26, 5140 32 of 35

73. Bunz, U.H.; Rubin, Y.; Tobe, Y. Polyethynylated cyclic π-systems: Scaffoldings for novel two and three-dimensional carbon
networks. Chem. Soc. Rev. 1999, 28, 107–119. [CrossRef]

74. Coluci, V.; Braga, S.; Legoas, S.; Galvao, D.; Baughman, R. Families of carbon nanotubes: Graphyne-based nanotubes. Phys. Rev. B
2003, 68, 035430. [CrossRef]

75. Baughman, R.H.; Galvão, D.S.; Cui, C.; Wang, Y.; Tománek, D. Fullereneynes: A new family of porous fullerenes. Chem. Phys. Lett.
1993, 204, 8–14. [CrossRef]

76. Balaban, A.; Rentia, C.C.; Ciupitu, E. Chemical graphs. 6. Estimation of relative stability of several planar and tridimensional
lattices for elementary carbon. Rev. Roum. Chim. 1968, 13, 231–247.

77. Wang, L.; Hao, Z.; Chen, S.; Chen, H.; Lou, Y.; He, C.; Chen, Y.; Cui, X. Critical review on mechanochemical fabrication of
full-carbon graphyne material. Prog. Mater. Sci. 2024, 146, 101327. [CrossRef]

78. Novoselov, K.S.; Jiang, D.; Schedin, F.; Booth, T.; Khotkevich, V.; Morozov, S.; Geim, A.K. Two-dimensional atomic crystals. Proc.
Natl. Acad. Sci. USA 2005, 102, 10451–10453. [CrossRef]

79. Ma, Y.; Dai, Y.; Guo, M.; Huang, B. Graphene-diamond interface: Gap opening and electronic spin injection. Phys. Rev. B 2012,
85, 235448. [CrossRef]

80. Brumfiel, G. Graphene gets ready for the big time: Physicists are talking about how to make practical use of a former laboratory
curiosity. Nature 2009, 458, 390–392. [CrossRef]

81. Kaloni, T.P.; Cheng, Y.; Schwingenschlögl, U. Electronic structure of superlattices of graphene and hexagonal boron nitride.
J. Mater. Chem. 2012, 22, 919–922. [CrossRef]

82. Elias, D.C.; Nair, R.R.; Mohiuddin, T.; Morozov, S.; Blake, P.; Halsall, M.; Ferrari, A.C.; Boukhvalov, D.; Katsnelson, M.; Geim, A.
Control of graphene’s properties by reversible hydrogenation: Evidence for graphane. Science 2009, 323, 610–613. [CrossRef]
[PubMed]

83. Singh, A.K.; Yakobson, B.I. Electronics and magnetism of patterned graphene nanoroads. Nano Lett. 2009, 9, 1540–1543. [CrossRef]
84. Balog, R.; Jørgensen, B.; Nilsson, L.; Andersen, M.; Rienks, E.; Bianchi, M.; Fanetti, M.; Lægsgaard, E.; Baraldi, A.; Lizzit, S.

Bandgap opening in graphene induced by patterned hydrogen adsorption. Nat. Mater. 2010, 9, 315–319. [CrossRef]
85. Burgess, J.S.; Matis, B.R.; Robinson, J.T.; Bulat, F.A.; Perkins, F.K.; Houston, B.H.; Baldwin, J.W. Tuning the electronic properties of

graphene by hydrogenation in a plasma enhanced chemical vapor deposition reactor. Carbon 2011, 49, 4420–4426. [CrossRef]
86. Castellanos-Gomez, A.; Wojtaszek, M.; Arramel; Tombros, N.; van Wees, B.J. Reversible hydrogenation and bandgap opening of

graphene and graphite surfaces probed by scanning tunneling spectroscopy. Small 2012, 8, 1607–1613. [CrossRef]
87. Topsakal, M.; Cahangirov, S.; Ciraci, S. The response of mechanical and electronic properties of graphane to the elastic strain.

Appl. Phys. Lett. 2010, 96, 091912. [CrossRef]
88. Pei, Q.-X.; Sha, Z.-D.; Zhang, Y.-W. A theoretical analysis of the thermal conductivity of hydrogenated graphene. Carbon 2011,

49, 4752–4759. [CrossRef]
89. Dillon, A.; Heben, M. Hydrogen storage using carbon adsorbents: Past, present and future. Appl. Phys. A 2001, 72, 133–142.

[CrossRef]
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