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Preface

In 2010, a new carbon allotrope was born, which brought a new member to the
family of carbon materials. Its unique chemical and electronic structures provide
unlimited space for scientific innovation of scientists. It shows infinite charm
and great potential to promote the development of fundamental and applied
science. Chinese scientists named the material “Shimoque.” New materials have
become one of the keys to break through the bottleneck of science and technology.
Inspired by this, many researchers are committed to discover or develop new
materials in nontraditional architectures. The hybridization of carbon allotrope
with sp-hybridization is a very interesting research topic, because the acetylenic
bond of sp can cause significant changes in the properties of carbon. The sp and
sp? hybrid structures, and its intrinsic properties and performances illustrate that
graphdiyne exhibits transformative properties and performances in the fields of
catalysis, energy, optoelectronic and intelligent information, and so on.
Graphdiyne (GDY) shows the characteristics of sp- and sp?-hybridized carbon
atoms, which are fundamentally different from the sp* and sp? hybridization
of traditional carbon materials. It is rich in chemical bonds, highly conjugated,
superlarge & structures, and has infinitely distributed cavities on the surface. GDY
shows also high chemical activity and the functions of chemical reaction, chemical
and physical doping, and chemical modification. Due to these exclusive structural
features, GDY is expected to be a perfect and peculiar new carbon allotrope. As an
important material, if you want to expand its application space, the material must be
able to do “chemistry.” GDY represents a great advantage in chemical modification.
Several methods have been developed to obtain GDY-based materials such as invoke
strains, B and N-doping, halogen doping, as-prepared nanostructures, controllable
growth of aggregate structure with different dimensions, and hydrogenation,
bromination, and fluorination have been developed for regulating band gap of
GDY. As a new kind of carbon material, GDY’s chemical and physical properties
are of great concern to scientists. Therefore, many studies have focused on its basic
properties for understanding the physical and chemical properties of GDY. These
fundamental studies provide very important informations for GDY’s further basic
and applied research. Researchers can truly understand the structural and natural
advantages of GDY and its development trend. Early fundamental and applied
research gave researchers great confidence, that is, GDY demonstrated excellent

Xi
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Preface

and potential performance in catalysts, lithium ion batteries, sodium ion batteries,
zinc water batteries, and fuel cells photoelectric conversion, optical devices and
electrochemical intelligent and information devices, gas separation, and water
purification. The infinite = bond on the GDY surface leads to high surface activity,
which can interact with many units of organisms and can be used efficiently in
life science-related research. So many biological and life scientists are also actively
engaged in the field of research, aiming at toxicity, drug delivery, and therapy.

On the 10th anniversary of GDY discovery, at the invitation of Wiley publishers,
we are very happy to write this book, which records the course and achievements of
GDY research since 2010, from preliminary research to maturity, from fundamental
research to application. The results demonstrate that GDY has strong potential for
fundamental and applied researches. Preparation determines the future! In this
book, we try to describe GDY-related theoretical calculations and simulations,
chemical and physical models, synthetic methodologies, controlled growth of
aggregated state structures, structural characterization, fundamental physical
and chemical properties, and GDY applications in many fields. After nearly 10
years of persistent work, scientific researches in different regions have shown that
GDY has strong advantages in the fields of energy, catalysis and photoelectricity,
electrochemical intelligent devices, and so on. We believe that in the next 10 years,
GDY-based materials should move rapidly toward the route of interdiscipline with
different disciplines, and it is possible to show a powerful role in multidisciplinary
crossing, and to become a model of cross-fusion in important fields such as chem-
istry, physics, information science, material science, and environmental science.
GDY demonstrated potential and exciting results, which prompted us to better
complete this book and convey graphdiyne’s theoretical and practical progress
to students, teachers, and practitioners who wish to participate in the exciting
development of the subject.

December 2020 Yuliang Li
Beijing
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Introduction
Yongjun Li and Yuliang Li

Institute of Chemistry, Chinese Academy of Sciences, Zhongguancun North First Street 2, 100190, Beijing,
PR China

1.1 The Development of Carbon Materials

The pursuit of new materials with nontraditional architecture is one of the hot spots
in current research [1-3]. Carbon-based nanomaterials (such as fullerenes, carbon
nanotubes, and graphene) have attracted much attention due to their special struc-
tures and chemical and physical properties [4-7]. Carbon materials have experi-
enced a long history of development. The contact of carbon materials with humans
can be traced back to the earliest appearance of humans on the earth.

The first known existence of carbon was charcoal and soot. Diamond is a famous
allotype of carbon, which was discovered by humans as early as 4000 BCE. Graphite
is the most widely used allotrope of carbon and was found in the sixteenth century.
Although carbon is one of the oldest elements, it is surprising that it constantly
shows great vitality for the discovery of new allotropes (Figure 1.1), such as fullerene
(1985), carbon nanotubes (1991), graphene (2004), and graphdiyne (GDY) (2010).
The application of carbon materials can even be considered to promote the progress
of human society and the development of other materials. In fact, the unique
valence bond hybrid forms of carbon molecules, namely sp, sp?, and sp?, ensure that
carbon allotropes can be constructed in various possible forms and exhibit different
intrinsic properties. Diamond is composed of sp3-hybridized carbon, while graphite,
fullerene, carbon nanotubes, and graphene are composed of sp?-hybridized carbon.
sp? hybrid carbon can enhance the conjugation of materials and exhibit good
electrical conductivity, while sp® hybrid carbon has three-dimensional (3D) spatial
configuration in carbon materials, which can further improve the rigidity of related
materials. The sp hybrid carbon has a linear structure, which can improve the
porosity and provide enough active or storage sites for other atoms. At present, the
reasonable design of carbon materials and the full use of the advantages of the three
hybrid carbon materials are of great significance in many research fields.

An interesting family of carbon allotropes is represented by the so-called gra-
phynes (GYs) and GDYs. In general, these allotropes are flat one-atom-thin carbon
Graphdiyne: Fundamentals and Applications in Renewable Energy and Electronics,

First Edition. Edited by Yuliang Li.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 1.1 The development of carbon materials.

Graphene Linear acetylene Graphyne
(carbyne) @ Graphene
Graphyne
+ =

@*@ Graphdiyne

= n
Graphyne-n

sp' sp? + sp'

Figure 1.2 Schematic structures of graphene, carbyne, and graphynes, which comprise
exclusively sp-atoms, sp?-atoms, and both types: (sp + sp?) atoms, respectively.

networks (such as graphene), which can be constructed by replacing some =C=C=
bonds in graphene by uniformly distributed acetylenic bonds —C=C— (graphynes)
or diacetylenic bonds —C=C—C=C— (GDYs). In both cases, the resulting net-
work consists of two nonequivalent types of carbon atoms: threefold coordinated
sp?-hybridized atom and twofold coordinated sp-hybridized atom. In this context,
these flat carbon networks can be regarded as the “intermediate” (sp? + sp) systems
between two famous carbon allotropes: graphene (containing only sp?-like atoms)
and carbyne (containing only sp-like atoms) [8], see Figure 1.2. We can simply
classify these materials according to the number of “—C=C—" bonds connecting
two adjacent sp?-hybridized carbon atoms. As shown in Figure 1.2, they are called
graphyne, GDY, and graphyne-n [9].

The history of systematic study of (sp + sp?) allotrope family began in 1987, when
Baughman et al. [10] first proposed the structural model of graphynes and discussed
some macrocyclic subunits suitable for creating these networks. Ten years later
(1997), the structure of GDY was predicted and many small diacetylene molecules
had been synthesized, which had become the “hot” spot of synthetic chemistry
for a period of time. These studies started in the mid-1990s and continued into
the new millennium. The chemists began some computational simulation and
theoretical studies during this period, and the related materials with different
sizes and dimensions [11-16], as well as some of their B-N and B-C-N analogues
[15, 17-19] were also experimented by theoretical simulation. On the other hand,
the experimental efforts in the synthesis of subunits of these systems were closely
related to organic chemistry, that is, new synthetic routes in annulene chemistry



1.2 Models and Nomenclature

[20]. However, research in these areas has not advanced much because of the serious
lack of innovation in synthetic methods, leading to the study of the synthesized
GDY in the synthesis and properties of some small-molecule diacetylene. It was
in 2010 that the synthesized bottleneck of GDY was broken, and this was a great
success. A new allotrope of carbon was born, which opened up a new field for
research in carbon materials.

1.2 Models and Nomenclature

In 1968, Balaban et al. first proposed a rich and diverse planar carbon network (con-
sisting of only sp?>-bonded atoms with a threefold coordination) [21]. The search line
was actively extended, and then a large number of related two-dimensional peri-
odic carbon networks were constructed from non-Cé6 carbon polygons. For example,
so-called pentaheptites [22, 23] (formed by periodically distributed pentagons C5
and heptagons C7) or haeckelites [24] (including pentagons C5, hexagons C6, and
heptagons C7, see Figure 1.3), as well as some other related types of carbon networks,
sometimes referred to as graphene allotropes [9, 27-35], were proposed and success-
fully investigated. Here, the so-called two-dimensional supracrystals [25, 36] can
also be mentioned, Figure 1.3. These hypothetical low-stable polycyclic networks
are composed of strained cycles such as C3, C4, and C12; therefore, their synthesis
seems very suspicious. The recently studied 2D “square carbon” [25] also belongs to
this category.

>
.

-

.-{}'\

B

Figure 1.3 Structural motifs of some 2D carbon networks: 1.1: pentaheptites [22, 23],
1.2: haeckelites [24], and 1.3-1.7: some hypothetical so-called 2D carbon supracrystals -
polycyclic networks (based on Kepler’s nets) composed of strained cycles such as C3, C4,
and C12 [25]. Source: lvanovskii [26]. © 2013, Elsevier.
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1.2 Models and Nomenclature

Graphynes are a series of stable two-dimensional crystalline carbon allotropes
composed of sp- and sp?-hybridized carbon atoms. Their structural models were
first proposed by R. H. Baughman et al. [10]. They have a two-dimensional
structure similar to graphite and contain acetylenic linkages (sp components),
referred to as graphyne. Accordingly, sp- and sp?-hybridized carbon atoms can be
connected to each other according to certain hybrid rules, producing a variety of
2D structures [26]. Some of such GYs are depicted in Figure 1.4. These (and related)
networks fall into four categories: I-IV, see Figure 1.4. Therefore, the structure of
group I (GY1) includes hexagons C6, which are connected to each other by —C=C—
linkages. The two networks (GY2, GY3) of the second family consist of hexagonal C6
and a pair of sp? atoms (C=C bonds), which are interconnected by —C=C— link-
ages. The three networks of group III (GY4-GY6) have no hexagonal C6 and only
contain paired sp? atoms (C=C bond). They are connected by —C=C—bonds (GY4,
GY5), or by paired sp? atoms and isolated sp? atoms (GY6). Finally, the network of
group IV (GY7) consists of isolated sp? atoms, which are connected to each other
by —C=C— linkages. This network (so-called supergraphene) can be seen as a
graphene-like structure, in which all C=C bonds are replaced by acetylenic linkages
—C=C—. Therefore, GY7 has the same hexagonal p6m symmetry as graphene.

Today, there is still no standard classification of such graphyne systems. In the
first work, Baughman et al. [10] designated the GY networks to be considered
in the simplified nomenclature, which defines the number of carbon atoms in
different rings forming a given network. According to this method, graphynes can
be named as a, b, and g-graphyne, where a and b represent the number of carbon
atoms in the smallest ring of the graphynes (a ring) and number of carbon atoms
in the adjacent smallest ring of the graphynes (b ring), respectively. Among them,
rings a and b are connected by C(sp?)C(sp)C(sp)C(sp?). The index g is the number

Figure 1.5 Some possible atomic motifs of graphyne-like structures, which are termed in
the text as GY1'-GY5’. Source: Ivanovskii [26]. © 2013, Elsevier.
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of carbon atoms in the third ring of graphynes, which is connected to ring b by
C(sp?)C(sp)C(sp)C(sp?). For example, GY2 network is called 6,6,12-graphyne, GY4
is named 12,12,12-graphyne, and supergraphene (GY7) is called 18,18,18-graphyne.
In addition, for convenience, several kinds of graphynes are commonly named
after the Greek alphabet [36], which can be called as the customary nomenclature:
a-graphyne (GY7) [38], B-graphyne (GY4) [39], and y-graphyne (GY1) [12].
Coming back to possible types of graphynes, the structures of GY1’ and GY2’
(Figure 1.5) can be easily constructed from pentaheptite or haeckelite networks by
simple replacement of all C=C bonds by acetylenic linkages —C=C—; the struc-
tures of GY3 and GY4' are graphyne-like analogues of some 2D carbon supracrystals
depicted in Figure 1.3. Besides, various graphene/graphyne “hybrids” can be sup-
posed. A simple example is GY5’, which includes “stripes” of hexagons C6 bonded
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Catalysis

AT AT AW
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Figure 1.6 Graphdiyne with special properties and the related potential applications. EMI;
1-ethyl-3methylimidazolium, PVdF; poly(vinylidene fluoride), BF,; tetrafluoroborate, GD NS;
Graphdiyne nanosheets, P3HT; poly(3-hexylthiophene-2,5-diyl), HOMO; highest occupied
molecular orbital, LUMO; lowest unoccupied molecular orbital. Source: (a) Gao et al. [40].
© 2016, John Wiey & Sons, (b) Xue et al. [41]. ©2018, Springer Nature/CC License 4.0,

(c) Wang et al. [42]. ©2012, John Wiley & Sons, (d) Xiao et al. [43]. ©2015, John Wiley &
Sons, () Jia et al. [44]. ©2017, Elsevier, (f) Parvin et al. [45]. John Wiley & Sons, (g) Lu et al.
[46]. ©2018, Springer Nature/CC License 4.0.
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by acetylenic linkages —C=C—, etc. On the other hand, in all of the described gra-
phynes, the sp? atoms are bonded by “single” —C=C— linkages. Therefore, one
more way of construction of graphyne-like networks is to increase the length of
linear carbine-like atomic chains between sp? atoms, i.e. to replace (—C=C—) by
(—C=C—C=C—) or (—C=C—C=C—C=C—) chains, etc. which connect either
hexagons C6, or pairs of sp? atoms, or individual sp? atoms.

1.3 Brief Introduction of Graphdiyne

The chemical study of carbon-rich molecules has and will continue to produce
significant structures in size, topology, and spatial direction. Nevertheless, the
achievements of early chemists were indeed remarkable in the current synthetic
and analytical techniques that modern chemists take for granted. Advanced
synthesis methods for alkyne chemistry have been developed through Sonogashira
cross-coupling reactions or oxidative acetylenic coupling reactions catalyzed by
Cu-[47, 48] or Pd/Cu [49]. The on-surface chemistry also provides a new way for
the development of GDY.

GDY has butadiyne linkage between two adjacent aromatic rings. The develop-
ment of GDY prepared by in situ Glaser coupling reaction of hexaethynylbenzene
(HEB) monomers on a copper (Cu) substrate by Professor Yuliang Li’s group [50] in
2010, is widely recognized as a great breakthrough regarding the structure of carbon
materials. One of the most important features of the chemical structure of GDY is
the presence of quantitative sp carbon, which gives it some characteristics that other
carbon materials do not have [51, 52].

Theoretical analysis shows that GDY has a direct natural bandgap (0.46 eV) [53]
and a Dirac cone structure, which can be attributed to the inhomogeneous n-bonding
between the sp and sp?-hybridized carbon (Figure 1.6). GDY has excellent electri-
cal properties, such as high carrier mobility and small carrier effective mass, which
make it promising for nanoelectronics [54]. Both the intrinsic holes and electrons
mobility of GDY at room temperature can reach up to 10° cm? V-1 s71[55]. As the
number of GDY layers increases, the band gap of GDY decreases and the direct band
gap remain unchanged. The mechanical properties of GYs are considered as a func-
tion of the number and arrangement of acetylenic linkages [9, 56]. The expanded
pores surrounded by the butadiyne linkers and benzene rings in the structure pro-
vide additional space for the storage and diffusion of metal atoms such as lithium
and sodium. Moreover, the uniformly distributed in-plane pores of GDY can also
promote the vertical transfer of ions [57].

Another unique feature of GDY -based materials is that they can be prepared by
chemical methods, which is conducive to adjusting and optimizing their morphol-
ogy and some fundamental chemical properties, including the conductivity, size and
distribution of the pores, and affinity to certain metal atoms. In addition, the posi-
tion and number of heteroatoms introduced in GDY can be well controlled by this
preparation method [58]. GDY has been synthesized under different experimental
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conditions in the forms of films, nanowires, nanotube arrays, nanowalls, 3D foam:s,
nanosheets and ordered stripe arrays, etc.

The above structural features and performance advantages make it possible and
convenient to adjust and optimize the electrochemical properties of GDY, leading
to the wide application of GDY in efficient separation, energy storage, photoelectric
and energy conversion (Figure 1.6). The abundant distribution of alkyne bonds
makes the charge distribution on the GDY surface extremely uneven, which endows
it with more active sites, leading to higher intrinsic activity, which can effectively
promote the catalytic reaction process. Therefore, GDY should be a valuable
complement to popular sp?-hybridized carbon materials for constructing new
concepts and highly active metal-free catalysts and understanding their catalytic
mechanisms.

In Chapters 2-4, we will introduce the fundamental characteristics of GDY in
terms of experiment and theory, namely electrical, mechanical, and optical prop-
erties [51, 52, 58, 59]. More importantly, we will focus on the application of GDY in
catalysis [41, 42] (Chapter 5), energy conversion and storage [43, 44] (Chapters 6, 7),
electronic devices [46] (Chapter 8), detectors, biomedicine and treatment [45], and
water purification [40] (Chapter 9).
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Basic Structure and Band Gap Engineering: Theoretical
Study of GDYs
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PR China

2.1 Structures

2.1.1 Theoretical Prediction and Classification

In 1987, Baughman et al. [1] predicted a new carbon material, consisting of sp?-
and sp-hybrid carbon atoms, which was called graphyne (GY). It has 2D planar
structure and symmetry similar to layered graphite, which can be constructed by
replacing one-third of —C=C— bonds in graphite by —C=C— linkages. Compared
to other carbon phases containing sp-atoms as the major structural elements,
graphyne has much higher density and much lower formation energy. Although
the formation energy of graphyne is higher than that of graphite, it is predicted to
have high kinetic stability in the process of graphitization. Combining the retention
of stabilized aromatic rings in the network backbone, graphyne shows more
attractive thermal stabilities and synthesis possibilities than other carbon phases.
Using the semiempirical self-consistent-field method, the lattice parameters of
energy-minimized graphyne unit cell (containing 24 carbon atoms) were calculated
tobea=b=6.86A,c=6.72A, y =120°.

The original structure of graphdiyne (GDY) was proposed as a large molecular
one. This is unlike our concept of material design today where we aim at finding an
advanced material with a two-dimensional (2D), layered, superlarge cavity structure.
As aresult, we have named it “shimoque” in Chinese since the date of discovery. In
fact, it is quite different from the “graphdiyne” in English, because in our proposed
material, we pay more attention to its layered, two-dimensional atomic arrangement
and its electronic structure with uneven charge distribution, band structure, and so
on. The difference is the number () of acetylenic linkages (—C=C—) between two
nearest-neighboring aromatic rings, for example, n = 1 in graphyne and n = 2 in
GDY. GDY is the most stable carbon allotrope containing diacetylenic linkages and
has large pores (about 2.5 A) in the planar sheets, which can accommodate various
large metal ions and favor the through-sheet transport of small ions. In addition,

Graphdiyne: Fundamentals and Applications in Renewable Energy and Electronics,
First Edition. Edited by Yuliang Li.
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GDY could provide the intrasheet intercalation, which is not available for graphite
with this type of dopant storage.

Narita et al. [2] systematically studied the atomic geometries of graphyne and
GDY using a full-potential linear combination of atomic orbitals (LCAOs) method in
the local density approximation. These structures consist of hexagons connected by
linear carbon chains with different lengths. The binding energies are 7.95 eV atom ™!
for graphyne and 7.78 eV atom™! for GDY, respectively, and the corresponding lattice
parameters are 6.86 and 9.44 A, respectively. As the lengths of acetylenic chains in
these graphyne allotropes expand, the binding energies are decreased, while the
lattice parameters and lattice space are uniformly increased. For example, when
adding each acetylenic connection unit, the lattice space is regularly increased
by about 0.266 nm. More importantly, the extension of acetylenic chain does not
lead to the obvious structural change. In addition, it is estimated theoretically
that the formation energies of graphyne (i.e. 12.4 kcal mol~! carbon) and GDY (i.e.
18.3 kcal mol~! carbon) are much lower than those of any other carbon allotropes
containing acetylenic linkages, thereby having the thermodynamic stability.

Using the density functional theory tight-binding (DFT-TB) calculations, Buehler
and coworkers [3] systematically studied the relative stabilities and structural
properties of each 2D planar graphynes network. Graphene and carbyne (the linear
acetylenic carbon) consist of pure sp?- and pure sp-hybridization, respectively, while
the graphyne structures are a mixed configuration of sp?- and sp-hybridization
(Figure 2.1a). The differential energy per carbon atom (8E) can be used to assess
the relative stability of each graphyne, which is defined as the difference in the total

energies between the graphyne allotropes (E, . ,.) and pristine graphene (E,

n-yne graphene):

OF = En—yne - Egraphene (21)

The energy of graphynes can be predicted theoretically through the number of
acetylenic groups, n (Figure 2.1b) or the hybridization, h (Figure 2.1c). The geome-
tries of graphene (n = 0) and a few graph-n-ynes (namely n = 1, 2, 3, and 4) are
shown in Figure 2.1d-h. With the increase of the number of acetylenic connec-
tion units [—C=C—] in the network, the graphyne structures tend to be less stable
since it approaches pure sp!-hybridization (e.g. carbyne) with an ultimate OE arbyne
of 1.17 eV atom™!. However, it is noted that the graphynes have much lower ranges
of energy differences (<1.17 eV atom™') than other possible carbon allotropes con-
taining acetylenic linkages [2, 4], thereby being relatively more stable.

The graphyne family can be divided into a-graphyne, p-graphyne, y-graphyne,
6,6,12-graphyne, etc. [5]. All these graphynes have two-dimensional layered
planar structures, which are the combination of aromatic rings, large hexagons,
or truncated triangular pores. Due to the multiple carbon bonds such as single
bond, aromatic bond, and triple bond, the structural variability of graphynes is
much stronger than that of graphene, thereby easily forming the curved nanowires
or nanotubes with high stability [6]. The cohesion energies of various sp-sp?
hybridized graphyne allotropes (e.g. a-, -, and y-graphyne) were studied using
quantum Monte Carlo (QMC) calculations with full description of electron-electron
correlation [7]. It is found that the cohesive energies of different types of graphynes
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decrease systematically as the ratio of sp-carbon atoms increases. Among them,
y-graphyne is the most energetically stable graphyne structure with a cohesive
energy of 6.766(6) eV atom™'. However, the cohesive energy is still smaller than
that of graphene by 0.698(12) eV atom™!, which could explain the experimental
difficulty in synthesizing graphynes.

In 2010 year, Li’s group successfully synthesized large-area y-GDY films for the
first time on the surface of copper foil via the cross-coupling reaction using hex-
aethynylbenzene [8]. The y-GDY is the most widely studied graphyne structure and
attracts wide attention. As a new 2D nanomaterial, GDY not only has much variable
and controllable carbon atoms combination (i.e. sp- and sp? hybridization), but also
can grow in situ on any substrate surface under low temperature and mild condi-
tions. Arising from the abundant chemical bonds, large specific surface area, wide
interplanar distance, high carrier mobility, good electrical conductivity, excellent
chemical stability, and unique porous structures, GDY possesses excellent electrical,
mechanical, optical, magnetic, and thermal properties. Therefore, it is successfully
applied in many research fields such as photoelectric catalysis [9-12], energy storage
[13-15], photoelectric conversion [16-19], solar-thermal conversion [20], oil-water
separation [21], biological detection [22, 23], photoelectric detection [24], and elec-
trochemical drives [25].

2.1.2 Geometric Structures of GDYs

The geometric structures of GDYs (such as a-, f-, and y-graphyne) can be obtained
by inserting the acetylenic linkages between two individual sp? carbon atoms
(Figure 2.2a), two pairs of sp? carbon atoms (Figure 2.2b), and the vertices of
two aromatic rings (Figure 2.2c), respectively [26]. In these structures, a-, -, and
y-graphyne contain 100%, 66.67%, and 33.33% of acetylenic groups, respectively.
As known, the carbon coordination number in graphene is 3. However, different
hybridization combinations in graphynes lead to the noninteger average carbon
coordination numbers, which are 2.25, 2.33, and 2.50 for a-, B-, and y-graphyne,
respectively. The stabilities of these graphyne allotropes structures can be evaluated
by calculating the cohesive energy (E.) of each carbon atom in graphyne sheet,
which is defined as the energy required to form separated neutral carbon atoms in
the ground state from the condensed phase at 0K:
Ec _ n- EC,atom - ET (2.2)
n
where Ec ., is the energy of single carbon atom in ground state, E; is the total
energy of each graphyne unit cell, and » is the number of carbon atoms in each unit
cell. Density functional theory (DFT) calculations suggest that the cohesive energies
of a-, B-, and y-graphyne are 6.93, 7.01, 7.21 eV atom™!, respectively (Table 2.1). It is
seen that the stabilities of a-, -, y-graphynes are decreased as the percentages of
acetylenic linkages increase. Among them, y-graphyne that maintains the benzene
ring is the most energetically stable structure.
The optimized lattice parameters and bond lengths of a-, B-, and y-graphyne using
different calculation methods are listed in Table 2.1. The shortest bond in a-, -, and
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Figure 2.2 (a) -, (b) B and (c) y-graphyne structures with the armchair edge along x-axis
direction and the zigzag edge along y-axis direction. The sp- and sp?-carbon atoms are
depicted in gray and black colors, respectively. The rhombohedral (red) and rectangular

(blue) represent two types of unit cells. Source: Ruiz Puigdollers et al. [26]. © 2016, Elsevier.

Table 2.1 Cohesive energies and geometric parameters. Lattice constants and C—C bond
lengths at PBE and PBE-D2 levels.

Method a-Graphyne p-Graphyne y-Graphyne
Cohesive energy (eV/atom)  6.93 7.01 7.21(7.95%)
Lattice constant (a = b) (A)
PBE 6.966 (7.01%) 9.480 (9.489), 6.890 (6.86%),
6.97%, 6.98129) 9.5004%) 6.899), 6.8826%)
6.839)
PBE D2 6.964 (6.957%) 9.480 6.888 (6.877%)
Bond lengths (A)
PBE
Sp-sp 1.230 (1.24%) 1.232 (1.23%, 1.223 (1.2239),
1.23%,1.23179) 1.23439) 1.22149)
sp-sp> 1.396 (1.40°) 1.389 (1.399, 1.408 (1.408°)
1.3979, 1.39959) 1.39229) 1.4070%)
sp2-sp> 1.457 (1.46%, 1.426 (1.426°),
1.4633%9) 1.42379)
PBE-D2
Sp-sp 1.230 (1.229%) 1.232 1.222 (1.221%)
sp-sp? 1.395 (1.394%) 1.389 1.407 (1.406%)
sp?-sp? 1.456 1.426 (1.4229)

a) Reference [2] (with LDA).

b) Reference [27].
c) Reference [28].
d) Reference [29].

e) Reference [30] (with Cooper’s exchange functional).

f) Reference [31].
g) Reference [32].

Source: Ruiz Puigdollers et al. [26]. © 2016, Elsevier.
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y-graphynes corresponds to the triple bond between sp-sp carbon atoms where the
electron density is the most localized. The bond lengths are 1.23 A for a-, f-graphyne,
and 1.22 A for y-graphyne, respectively, which are almost the same as the bond
length of acetylene in ground state (i.e. 1.21 A) [33]. The longest bond corresponds
to the aromatic bond between sp?-sp? carbon atoms, which are 1.46 and 1.43 A for
p- and y-graphyne, respectively, similar to the bond length in graphene (i.e. 1.42 A)
[34]. The lengths of single bond between sp-sp? carbon atoms are 1.39 and 1.41 A
for B- and y-graphyne, respectively, which are between the lengths of triple bond
and aromatic bond. These results are well consistent with the variation of bond
lengths for different types of bonding, such as single, aromatic, or triple bond.

The acetylenic chains in graphynes form abundant pores, which are much
larger than the densely packed honeycomb pores in graphene. The large pores in
graphynes are critical for the membrane permeability, heterogeneous catalysis,
lithium/hydrogen storage, etc. [35]. There are different pore structures in the three
graphynes, for example, the hexagonal pores in a-graphyne, the truncated triangular
pores in y-graphyne, and the simultaneously existing hexagonal and truncated
triangular pores in p-graphyne. It is estimated that the pore area of a-graphyne is
about 42.0 A2 by regarding C atoms as single points, or 29.7 A% by considering the
covalent radius of C atoms [36], or 24.9 A2 by considering the Bader volumes of C
atoms [37]. Similarly, the truncated triangular pores area of y-graphyne is 17.8 A
(or 10.0 A2, or 5.9 A2) per unit cell. The hexagonal and truncated triangular pores
areas of p-graphyne are 41.8 A2 (or 29.5 A2, or 23.5A2) and 18.0 A2 (or 10.2 A2, or
4.5 A?) per unit cell, respectively. Besides, when regarding C atoms as single points,
the corresponding concentrations of hexagonal and truncated triangular pores in
graphynes are 2.4 x 101 and 5.1 x 10 pores cm™2, respectively.

Different types of pores in graphyne structures lead to different planar packing
densities (mgm~2), which is defined as the number of atoms or mass per unit
cell. For example, there are eight carbon atoms per unit cell in a-graphyne, cor-
responding to a planar packing density of 0.379 mgm~2. Similarly, there are 18
and 12 carbon atoms per unit cell in B- and y-graphyne, giving a packing density
of 0.461 and 0.582mgm~2, respectively. The planar packing density exhibits a
reverse tendency with respect to the concentration of acetylenic chains in these
graphynes. For example, the planar density in a-graphyne structure is lowest, but
the concentration of acetylenic chains is highest. However, the planar density in
y-graphyne structure is highest, while the concentration of acetylenic chains is
lowest. As known, graphene consists of only sp2-hybridization (i.e. 0% of acetylenic
chains), but it has a high planar density of 0.756 mg m~2, which is almost double
that of a-graphyne containing 100% of acetylenic chains.

2.2 Electronic Structures

2.2.1 Dirac Cones in a-, - and 6,6,12-Graphynes

It is generally considered that only graphene with hexagonal symmetry features in
the unique Dirac cone structure, thereby inducing the novel electronic properties,
such as enormous carrier mobility and charge transport. Gorling and coworkers [5]
proved that the characteristics of Dirac cones not only exist in the band structures
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of graphynes with hexagonal symmetry, such as a-graphyne (Figure 2.3a) and
B-graphyne (Figure 2.3b), but also exist in the band structures of graphynes
with rectangular symmetry, such as 6,6,12-graphyne (Figure 2.3c). Therefore,
the graphyne materials possess amazing electronic properties similar to those of
graphene.

a- and pB-Graphyne exhibit very similar Dirac cone structure to that in graphene,
as shown in Figure 2.3d,e, respectively. Differently, the Dirac cone is located at the K
point of Brillouin region in a-graphyne (Figure 2.3g), while at the line between I" and
M points in p-graphyne (Figure 2.3h). For 6,6,12-graphyne, there are two self-doped
nonequivalent distorted Dirac cones (Figure 2.3f) at different points of Brillouin
region (Figure 2.3i), indicating the existence of inherent charge carrier. The intrin-
sic hole and electron mobility in 6,6,12-graphyne are predicted to be 4.29 x 10° and
5.41 x 105 cm? V~! s7! at room temperature, respectively, which are larger than those
in graphene (approx. 3 x 10° cm? V-1 s71) [38]. Besides, the 6,6,12-graphyne shows
different electron transport properties, depending on the direction of disturbances
such as the applied voltage or strain.

To assess the functionalities and properties of the graphyne materials, it is useful
to understand their intrinsic electronic transport properties. The transport proper-
ties of the above-mentioned three graphynes were simulated through a combination
of DFT with the nonequilibrium Green’s function method (NEGF-DFT) [39]. As
shown in the left panels of Figure 2.4a—c, the transport setup is constructed using
the unit cell defined by the dotted box for a, p and 6,6,12-graphyne. It is seen that
there are two distinct transport directions (X; and X,) for these 2D materials.
For 6,6,12-graphyne, the X; and X, directions are not equivalent, namely the
transmission function (the right panel of Figure 2.4a) is different, leading to the
direction-dependent transport properties of such system. For a- and p-graphynes,
only the transports along the X, direction with periodicity in X, are presented
(the right panels of Figure 2.4b,c) owing to the two directions (X; and X,) giving
the same results. The electronic transmission functions around Fermi level for
all these graphyne structures show similar characteristics to the band structure
with Dirac cone, such as for graphene. Since the transmission functions in gra-
phynes are always larger than those in graphene, as indicated in the right panels
of Figure 2.4a—c, the electronic current (I,) flowing on these graphyne systems
is always higher than that on graphene (Figure 2.4d). Besides, the current for
6,6,12-graphyne along the X; (X,) direction is almost 3 (4) times larger compared
to other structures such as a, p-graphyne, and graphene (Figure 2.4d).

2.2.2 Semiconductor Properties of y-Graphynes

Interestingly, y-graphyne is a semiconductor with natural direct band gap.
First-principles calculations at the local density approximation (LDA) or general-
ized gradient approximation (GGA)-Perdew-Burke-Ernzerbof (PBE) levels indicate
that the y-graphyne monolayer gives a direct band gap of 0.46-0.52¢eV at the high
symmetry point of M in Brillouin zone [2, 27, 30, 40, 41]. However, the band
structures calculated at the (Heyd-Scuseria-Ernzerhof) HSEO06 level predict a band
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Figure 2.5 (a) Geometrical structure (red diamond dashed) and first Brillouin zone (green
hexagon) of GDY unit cell. The structure possesses the D!, space group with an optimized
unit cell length of 9.42 A. (b) Band structures and density of states (DOS) of GDY calculated
at the LDA and GW levels. Optical transitions between the first two Van Hove singularities
are indicated. Top and side views of electron densities of the lowest doubly degenerate
bright excitons: A, (c) and A, (d), respectively. The hole is fixed at the yellow spot, and the
green arrow indicates the direction of side view. Source: Luo et al. [42].; © 2011, American
Physical Society.

gap of 0.96 eV, which is almost double than that of LDA or GGA-PBE [40]. Actually,
except that the estimated bandgap values are different, the band structures given by
different functional show the same characteristics.

y-GDY shows similar band structures and density of states (DOSs) to y-graphyne
[42]. The band gap of GDY (Figure 2.5a) is calculated to be 0.44 eV at the LDA level
and is noticeably increased to 1.10 eV at the GW level (Figure 2.5b). Such a 1.5-time
quasiparticle correction arises from the coulomb interaction in GDY, and the quasi-
particle band gap is very close to that of silicon [43]. However, the properties of
GDY are probably superior to silicon because it has the direct band gap character-
istics, which is quite appropriate for the semiconductor and optoelectronic devices.
Figure 2.5¢,d show the electron density of the lowest doubly degenerate bright exci-
tons (A, and A,) while fixing the hole (yellow spot) at the density maximum of =,
orbitals. In both cases, the excitons are tightly bound to the GDY plane, which is dif-
ferent from the separation behavior in graphane network [44]. It is deduced that the
excitons in GDY have both the Wannier-Mott and Frenkel exciton characteristics
due to the significant spatial extent and large binding energy.

2.2.3 Electronic Structures Comparison of GDYs

The electronic structures of a-, p-, and y-graphynes were compared by calculating
the band structures and DOSs [26]. The band structures indicate the existence of
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Figure 2.6 Band structures and total density of states (DOS) for (a) «-, (b) p- and

(c) y-graphyne. Projected density of states (PDOS) for (d) a- (e) B and (f) y-graphyne. Black
dotted lines represent the total DOS, blue lines represent the PDOS on p, orbitals, and red
lines represent the PDOS on p, and p, orbitals. Source: Ruiz Puigdollers et al. [26]. © 2016,

Elsevier.

Dirac points in a- and p-graphyne, which appear at the high symmetry point of K
in Brillouin zone (Figure 2.6a) and at the line between the high symmetry points of
I" and M (Figure 2.6b), respectively. Differently, y-graphyne has a direct band gap,
which is located at the high symmetry point of M (Figure 2.6c). Due to the presence
of sp- and sp?-carbon atoms simultaneously, there are different types of bonds in the
graphyne structures. For example, a double bond (i.e. ¢ + =) formed between two
sp?-carbon atoms; a triple bond (i.e. 6 + 2x) formed between two sp-carbon atoms; a
single bond (i.e. 6) formed between sp- and sp?-carbon atoms.

The contributions of different atomic orbitals to the band structures were ana-
lyzed. Considering that the graphynes surface lie in the xy plane, s and p,—p, orbitals
contribute to the ¢ bond, p, orbitals contribute to the = bond of both sp?-sp? and
sp-sp. The additional x bond of sp-sp bonding is contributed by the in-plane p,-p,
orbitals. According to the projected DOSs, the band structures of a- (Figure 2.6d),
p- (Figure 2.6e), and y-graphyne (Figure 2.6f) are divided into different regions. The
conduction band of a- and B-graphyne meets the valence band at Fermi level, where
the DOS is exactly zero. In the region around Fermi level (—1.5-3 eV), only the con-
tributions of p, orbitals are found for the three graphynes, corresponding to the n
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and * states of sp-sp and sp?-sp. The contribution of p, orbitals can be extended
to the lower energies in valence band (less than —4 eV) and the higher energies in
conduction band (more than 4 eV). In the region between —3 and —1.5 eV, the contri-
bution of p, and p,, orbitals becomes dominant. The p, and p,, orbitals mixed with the
p, orbitals in this narrow region form the additional = bond of sp-sp. Similarly, the
bands above 3 eV in conduction band correspond to the additional ©* bond of sp—sp.

It is worth noting that the = and n* bands contributed by p, orbitals cover a wider
energy intervals than those contributed by p,—p, orbitals, indicating the delocaliza-
tion of n(p,) and n*(p,) states is much higher. Therefore, this type of = bond can
appear in both sp?-sp? and sp-sp. In other words, there exists a large p,—p, overlap
between all adjacent sp- and sp?-carbon atoms. Contrarily, the m(p,, p,) and
7*(py. P,) bands are only present between sp-sp carbon atoms, which are separated
by sp?-carbon atoms in the lattice of a-graphyne, by sp?>~sp? bonding in the lattice
of B-graphyne, and by benzene rings in the lattice of y-graphyne, respectively.

To compare the conductivity of graphynes with graphene, the Fermi velocities
around Dirac points were calculated. Among these graphynes, a-graphyne shows a
symmetric Fermi velocity of 6.76 x 10° m s}, while f-graphyne shows an asymmet-
ric Fermi velocities of 5.07 X 10° ms™! in the I' — M direction and 3.80 x 10° in the
opposite M — I direction, respectively. The Fermi velocities in a- and p-graphynes
are all lower than those in graphene (i.e. 8.3 x 103 ms™1). This can be expected since
the w and n* states in a- and B-graphyne are partly contributed by p,-p, orbitals (only
localized in sp-sp bonding) due to the existence of sp-sp bonding. Hence, compared
to graphene, the = and =* states in graphyne have much higher localization degree
since they do not overlap with the orbitals of neighboring sp?-carbon atoms, which
gives rise to much flatter bands.

The effective masses for electrons in valence band (m,”) and holes in conduction
band (m,") of graphynes were studied. There are 0.21m, and 0.22m,, for m_." and
m," in the M — T direction, respectively, and 0.087m, and 0.083m, for m," and m,’
in the M — K direction, respectively. It is seen that the effective masses for electron
and hole are similar, but are different in the two directions. Note that the effective
masses of charge carrier are virtual mass, so the closer to zero of effective mass, the
higher velocity of charge carrier. For example, the effective masses in graphene, a-,
and p-graphyne are strictly zero due to the linear energy dispersion in Dirac points,
inducing the amazing conductivity properties of these materials. For y-graphyne,
the effective mass in the M — K direction is approximately the half of that in the per-
pendicular I' — K direction, indicating the carrier velocity is higher along the M — K
direction. Moreover, the results show that the anisotropy in effective masses govern
the electrical properties of y-graphyne.

2.2.4 Structure and Size-Based Electronic Properties

The absent energy gaps such as for a-, p-graphyne or the small energy gaps such
as for y-graphyne limit their practical applications in electronic devices. It is found
that the construction of nanoribbons can effectively open up the band gaps of gra-
phynes. Hence, the investigations on one-dimensional (1D) graphynes nanoribbons
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will help us to understand the possible structural characteristics and electronic prop-
erties of the new carbon allotrope [32]. Various graphyne nanoribbons with armchair
or zigzag edges can be obtained by cutting the graphynes sheet in different directions.

First-principles calculations show that all the nanoribbons of graphynes (such
as graphyne and GDY) possess the semiconductor properties. Moreover, different
edge morphologies and sizes have great influences on the electronic properties of
graphynes nanoribbons. For the graphyne nanoribbons, a suitable band gaps of
0.59-1.25eV (with armchair edge) or 0.75-1.32 eV (with zigzag edge) are obtained.
For the GDY nanoribbons, similar band gaps of 0.54-0.97 eV (with armchair edge)
or 0.73-1.65 eV (with zigzag edge) are obtained. The band gaps of these nanoribbons
are decreased as the widths increase. Particularly, the band gaps of nanoribbons
with zigzag edge show a unique “step effect” instead of a smooth gap decrease with
the widths increasing. Besides, the band gaps occurr at the I' point of Brillouin zone
for all the GDY nanoribbons, while at the boundary of Brillouin zone for all the
graphyne nanoribbons, depending on the numbers of acetylenic linkages (odd or
even) between two nearest-neighboring aromatic rings. The large and adjustable
band gaps of graphynes nanoribbons make them great application potentials in the
electronic devices.

Shuai and coworkers [45] studied the electronic structure and intrinsic carrier
mobility of GDY sheet and the corresponding nanoribbons (graphdiyne nanorib-
bon [GDNRs]) using first-principles DFT coupled with the Boltzmann transport
equation with the relaxation time approximation. There are two major ways to cut
the GDY sheet into nanoribbons, namely along the direction of nearest-neighbor
carbon hexagons (A — B), resulting in an armchair-like edged GDNR (AGDNR,
Figure 2.7a-1), or along the direction of next nearest-neighbor carbon hexagons
(A — C), resulting in a zigzag-like edged GDNR (ZGDNR, Figure 2.7a-II, III). For
ZGDNRs, there are two different configurations: with uniform width (Figure 2.7a-1I)
or with nonuniform width (Figure 2.7a-III) by cutting at different sites. Figure 2.7b-f
illustrates five types of GDY nanoribbons.

The electronic properties of GDNRs with various edge widths are quite different
based on the self-consistent field crystal orbital (SCF-CO) investigations [46]. In
view of the calculated cohesive energies, all the 1D GDY nanoribbons are more
stable than the 2D GDY monolayer. Moreover, the ZGDNRs are more stable than
the AGDNRs. This is quite different from the graphene nanoribbons. Similar to the
GDY sheet, both the ZGDNRs and AGDNRs are semiconductors with a direct band
gap at the I point, independent with the edge structures. This is also different from
the graphene nanoribbons, for which the semiconducting or metallic properties
are dependent on their edge shapes. For example, all the graphene nanoribbons are
semiconductors in the armchair direction, while exhibiting the metallic properties
in the zigzag direction [47].

Among these GDNRs, the smallest band gap can reach a value of ~0.8 eV (for A,),
larger than that of GDY [45]. This is a useful feature for employing GDNRs as the
semiconducting channels in field effect transistors. Huang and coworkers [46] give
a relationship between the band gaps (E,) and widths (W) for GDNRs: E, = aw?,
where index b reflects the sensitivity of band gaps to the nanoribbons widths. It is
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Figure 2.7 (a) Schematic representation of three GDNRs: (I) an armchair-like edged GDNR,
(I) a zigzag-Llike edged GDNR with uniform width, (lll) a zigzag-like edged GDNR with
alternating width, (b-f) five types of GDNRs structures: (b) and (c) represent the AGDNRs
with two (A1) and three (A2) carbon hexagons in width, respectively, (d) and (e) represent
the ZGDNRs with two (Z1) and three (Z2) carbon hexagons in width, respectively,

(f) represents the ZGDNR with two carbon hexagons at the narrow site and three hexagons
at the broad site in width (Z3). Source: Long et al. [45]. © 2011, American Chemical Society.

found that the band gaps of ZGDNRs and AGDNRs are obviously decreased as the
widths increase. For example, the band gap of ZGDNRs and AGDNRs with a width
of n =1is0.971 and 1.538 eV, respectively. As the widths of nanoribbons increase to
n =12, the band gaps of AGDNR and ZGDNR are decreased to be about 0.5 eV, close
to the band gap of 2D GDY monolayer. The tendency is completely different from the
E,-W relationship for graphene nanoribbons [48-50]. In addition, the b values of
ZGDNRs and AGDNRs are 0.302 and 0.593, respectively, which are smaller than the
index b of graphene nanoribbon (i.e. 0.872-1.097) [49], indicating that the band gaps
of GDY nanoribbons change more smoothly than those of graphene nanoribbons
with the widths increasing. These features enable us to precisely modulate the band
gaps of GDNRs by adjusting their nanoribbons widths.

The carrier mobility of electron (y.) and hole (u,,) for GDY and GDNRs was
calculated using the deformation potential (DP) theory and effective mass approach.
The calculated in-plane electron mobility of GDY sheet can reach 2 x 10° cm? (Vs)~!
at room temperature [45], comparable to that of graphene [51]. Whereas the hole
mobility is about 2 X 10* cm? (Vs)~1, an order of magnitude lower than the electron
mobility. The GDNRs are also potential transport materials with high carrier mobil-
ity in a range of 102-10% cm? V! s7! at room temperature [46], which increase as the
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Table 2.2 Calculated band gap, effective mass (m,* and m,”), DP constants for valence
band (VB) (E,) and conduction band (CB) (E,), stretching modulus (C), and carrier mobility (u)
at 300K for the AGDNRs (A1, A2) and ZGDNRs (Z1, 72, Z3).

A1 AZ Zl ZZ ZZ
Band gap (eV) 0.954 0.817 1.205 0.895 1.015
mr (my,) 0.086 0.087 0.216 0.149 0.174
m: (m,) 0.081 0.086 0.281 0.174 0.207
E, (eV) 7.406 6.790 4.386 4.786 4.776
E, (eV) 2.006 1.730 1.972 2.000 2.054
C(10%eVem™) 1.244 1.864 1.035 1.787 1.420
wy, (103 cm? (Vs)™) 1.696 2.088 0.755 1.815 1.194
#, (10° cm? (Vs)™) 18.590 34.241 2.692 9.127 5.329
p; (10° cm? (Vs)™) 0.711 1.253 0.426 1.073 0.679
pi (103 cm? (Vs)™) 10.580 19.731 1.418 5.015 2.829

Source: Long et al. [45]. © 2011, American Chemical Society.

nanoribbon widths increase for both AGDNRs and ZGDNRs (Table 2.2). Moreover,
the electron mobility of GDNRs with different widths can reach 10* cm? (Vs)~! at
room temperature, which is always significantly larger than the hole mobility
(Table 2.2).

The larger mobility of electron than hole for GDY and GDNRs can be explained by
the obvious different relationships: y, = pW? for electrons, while y,, = kW — y, for
holes [46]. The lowest unoccupied molecular orbital (LUMO) of GDY and GDNRs
(both AGDNRs and ZGDNRs) are more extended than the highest occupied molec-
ular orbital (HOMO) (Figure 2.8), which can also qualitatively explain the much
larger electron mobility compared to hole mobility. In addition, the carrier mobility
of AGDNRs is significantly larger than that of ZGDNRs with the same nanoribbons
widths. This is owing to the LUMO for the armchair-edged GDNRs exhibiting much
more delocalized characteristics in the axis direction of nanoribbons than those for
the zigzag-edged GDNRs (Figure 2.8).

Graphyne nanotubes (GyNTs) were regarded as novel 1D semiconducting car-
bon allotropes that can be used in nanoelectronics [ 52-54]. One-dimensional carbon
allotropes, including a-, f-, y-GyNTs and carbon nanotubes (CNTSs), are obtained by
rolling up the graphene and graphyne sheets into the nanotubes. Figure 2.9 depicts
the geometric structures of GyNTs and CNTs with an initial length of approximately
13nm and a diameter of approximately 15.5A [52]. The structural and electrical
properties of GyNTs with different diameters and chirality were investigated using
the density functional tight binding (DFTB) method [53]. All the GyNTs are fully
relaxed along the nanotube axis. The bandgaps of GyNTs with zigzag edge (i.e. ZGy-
NTs) under negative strain and GyNTs with armchair edge (i.e. AGyNTs) under all
strain demonstrate a damped oscillatory behavior, while the ZGyNTs under positive
strain show a uniform damped behavior. In addition, the bandgaps of ZGyNTs are
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(a) A1 HOMO (b) A1 LUMO

Figure 2.8 T'-point HOMO (a) and LUMO (b) for the GDNRs with armchair edge (A1).
I'-point HOMO (c) and LUMO (d) for the GDNRs with zigzag edge (Z1). HOMO and LUMO
show the antibonding and bonding features between carbon hexagons and diacetylenic
linkages, respectively. The coupling strength between hole and acoustic phonon is thereby
larger than that between electron and acoustic phonon. Source: Long et al. [45]. © 2011,
American Chemical Society.
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geometric structures of different types of nanotubes for: (a) graphene, (b) y-graphyne,
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blue colors, respectively. The rectangular (red) represent the unit cells. Source: Azizi et al.
[52]. © 2020, Elsevier.
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smaller than those of AGyNTs. As the chirality (n) increases, the diameter of nan-
otubes increases and the in-plain strain on the GyNTs surface decreases, leading to
the properties of GyNTs tending toward those of graphyne sheet. The bandgaps of
both ZGyNTs and AGyNTs decrease with the increase of diameters. Besides, the vari-
ation of bandgaps for ZGyNTs under positive strain is greater than that under nega-
tive strain. However, it is contrary for AGyNTs under positive and negative strains.
Such large and tunable bandgaps for GyNTs under homogeneous strain make them
probably applied for the design of novel optoelectronic and nanoelectronic devices.

2.2.5 Strain-Dependent Electronic Properties

As mentioned above, the surface strain affects the electronic properties of gra-
phynes. Since the 6,6,12-graphyne presents the directional-dependence feature, it is
feasible to tune its band structures by applying an anisotropic strain in the system
[39]. Figure 2.10a shows the band structures of 6,6,12-graphyne that is stretched
(top panel) and compressed (bottom panel) along the X; direction. When the
6,6,12-graphyne is stretched along the X, direction, the dispersion relations around
Dirac cone I decrease. The opposite behavior is observed when the 6,6,12-graphyne
is compressed along the X, direction. As shown in Figure 2.10c, the Fermi velocity
at Dirac cone I decreases from ~5.2 x 10° to ~2.3 X 10° m s~! with the strain varying
from —6% to 6%. However, the Fermi velocity at Dirac cone II is always increased,
independent with the sign of applied strain along the X, direction.

When stretching the 6,6,12-graphyne along the X, direction (Figure 2.10b), a band
gap is opened around the X point of Brillouin zone for Dirac cone II. As shown
in Figure 2.10d, the gap opening is continuously tuned (circle blue curve), which
can be attributed to the decoupling of acetylenic group, as evidenced by the linear
increased distance (i.e. A;) between the acetylenic group and the hexagon (square
green curve). In addition, the Dirac cone I remains unaltered and the Fermi velocity
is almost constant around 5 x 10° m s~! with this type of strain. When compressing
the system along the X, direction (Figure 2.10b), the band gap is not opened since
there is no decoupling of the acetylenic group. The linear dispersion relations around
Dirac cone II increase, and the Fermi velocity increases from 1 x 10° to 4 X 10° ms™L.
For the a- and p-graphyne structures under strain, the electronic band structures are
different, which remain unchanged even with the applied strain up to 6%.

The change of electronic structures under different strain conditions (varying from
—6% to 6% in both X, and X, directions) will manifestly affect the electronic trans-
port properties of 6,6,12-graphyne. Figure 2.11a depicts the current along the X,
direction when applying strain on the same direction. It is seen that the current
is almost unaltered when the system is stretched, whereas the current is increased
by approximately 37% when the system is compressed. However, when the current
remains along the X, direction but the applied strain is along the X, direction, a
different behavior is observed (Figure 2.11b). The current is decreased when the
system is stretched due to the band gap opening on Dirac cone II and the conse-
quent decrease in the number of quantum channels in this direction. However, the
decrease of current is not so expressive; hence, the main contribution arising from
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Figure 2.11 Current voltage characteristics for (a) transport on the X, direction with strain on X;, (b) transport on the X, direction with strain on X,,
(c) transport on the X, direction with strain on X, (d) transport on the X, direction with strain on X,, () schematic representation of the device used,
showing the X, and X, directions. All the strength of strain are 1%. Source: Padilha et al. [39]. © 2014, American Chemical Society.
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Dirac cone I remains unaltered. When compressing the system, the DOS close to
Fermi level is increased, resulting in a slight increase of current.

Figure 2.11c,d presents the current along the X, direction with the strain applied
on X, and X,. The current is increased (or decreased) when the system is stretched
(or compressed) along the X, direction (Figure 2.11c) due to the increase (or
decrease) in the DOSs close to Fermi level, which are the results of changes in
the Dirac cone I (II). When compressing along the X, direction (Figure 2.11d),
there is also a small increase in the current due to the increase in the DOSs. When
stretching the system along the X, direction, the current is significantly decreased
since the main contribution comes from the Dirac cone II when the current is
along X,, and the stretch causes a band gap opening at this point. In this case, the
current is dropped by ~45% with a tensile strain of 1%. As discussed above, the
current-strain behavior could be very useful in the design of electronic devices that
could be controlled by applying strain.

2.3 Mechanical Properties

2.3.1 Mechanical Properties of GDYs

The graphyne family (GDYs) has attracted wide attention and interests of scientists
due to its excellent mechanical properties. Zhang et al. [55] studied the mechanical
properties of four types of graphynes (i.e. a, f, y, and 6,6,12-graphynes) with differ-
ent acetylenic repeats using molecular dynamics (MD) simulations with the adap-
tive intermolecular reactive empirical bond order (AIREBO) potential. The fracture
stresses of graphynes family observe the sequence: y-> 6,6,12 - > - > a-graphyne,
ranging from 32.48 to 63.17 GPa, which are about 1/3 to 1/2 of those of graphene
[56-58]. As shown in Table 2.3, the fracture stress and strain of graphene and gra-
phynes in the zigzag direction are higher than those in the armchair direction. The
anisotropic properties can be explained by the difference in the orientation of bonds.
Among the four graphynes, the 6,6,12-graphyne displays the most obvious
anisotropy in the fracture stress and Young’s modulus. This can be attributed to that
all the graphynes and graphene structures having hexagonal symmetry except for
6,6,12-graphyne [5]. Besides, the fracture stresses of the four graphynes structures
significantly depend on the percentage of acetylenic repeats, which decrease as the
percentage of acetylenic linkages increases (Table 2.3). This is because the increase
of acetylenic linkages percentage induces much lower atom densities in these
graphynes structures. For example, from y-graphyne (with 33.33% of acetylenic
linkages) to a-graphyne (with 100% of acetylenic linkages), the atom density drops
from 29.61 to 18.92 atoms nm~2. Contrarily, the fracture strain of graphynes displays
a reverse trend with respect to the percentage of acetylenic linkages; owing to that,
the presence of acetylenic linkages in graphynes makes them flexible and thereby
enhances the fracture strain. Similar to the fracture stress, Young’s modulus of
graphynes is also decreased as the percentage of acetylenic linkages increases.
Zhang et al. [55] compared the elastic properties of graphene, a-, - and
y-graphynes using DFT calculations. It is found that the elastic constants of
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Table 2.3 Fracture stresses, strains, and Young’s moduli of graphynes and graphene.

Atom
Percentage of density Difference Difference  Young’s
acetylenic (atoms Stress in stresses in strains  modulus
Model linkage nm~2) (GPa) (%) Strain (%) (TPa)
X y X y X y
o 100 18.92  36.36 32.48 10.69 0.178 0.156 12.37 0.12 0.119
B 66.67 2313  46.26 38.06 17.72 0.162 0.130 19.54 0.261 0.26
6,6,12 41.67 28.02 61.62 39.06 36.61 0.147 0.116 21.54 0.445 0.35
Y 33.33 29.61 63.17 49.78 21.20 0.148 0.112 24.09 0.505 0.508
Graphene 0 39.95 1252 103.6 17.27 0.191 0.134 29.93 0.995 0.996

Source: Zhang et al. [55]. © 2012, AIP Publishing.

these graphyne allotropes show more anisotropy compared to those of graphene.
The sparse carbon arrangement and the directionality of acetylenic linkages in
graphynes lead to the internal intensification of directionality that depends on the
applied load, resulting in a nonlinear stress-strain behavior. A.R. Puigdollers et al.
[26] investigated the mechanical properties (e.g. uniaxial strains, homogeneous
and heterogeneous biaxial strains, in-plane stiffness, Poisson’s ratio) of a-, f-, and
y-graphynes based on DFT calculations (Figure 2.12). The three graphynes exhibit
isotropic elastic uniaxial strain, a-graphyne being the most easily deformable struc-
ture due to the lowest planar packing density (Figure 2.12a). The homogeneous
biaxial strain is the most energy-demanding property for the three graphynes
materials, being four times higher than the uniaxial strain for - and y-graphyne
(Figure 2.12b). For the heterogeneous biaxial strain, a softer response compared to
the homogeneous biaxial strain is observed, which is mainly due to a compensation
that originated from the types of applied strain (Figure 2.12b).

The calculated in-plane stiffness for the three graphynes observes the fol-
lowing order: y-graphyne (165.51 N m~!) > B-graphyne (73.07 N m~!) > a-graphyne
(21.98 N m~1), which is almost half or less than the value of graphene (341.09 N m™1),
indicating these graphyne materials are much softer than graphene. The fact can
be attributed to the reduction of average coordination numbers and the decrease
of planar packing densities in graphynes compared to graphene [59]. For example,
y-graphyne has the highest in-plane stiffness among the three graphynes, while
the average coordination number and planar density value in y-graphyne are 2.5
and 0.582mgm™2, which are still smaller than those in graphene (i.e. 3.0 and
0.756 mg m~2, respectively). Therefore, it can be concluded that the inclusion of
acetylenic linkages into the graphene lattice decreases the bonding number and the
planar density, reducing the rigidity of materials and making them much softer. The
properties make graphynes potential candidates for a wide variety of applications
that need soft materials such as the membrane separations.

Contrarily, Poisson’s ratio of graphynes and graphene observes an opposite trend:
a-graphyne (0.87) > p-graphyne (0.67) > y-graphyne (0.42) > graphene (0.18), where



34

2 Basic Structure and Band Gap Engineering: Theoretical Study of GDYs

e (ex=—¢)

a b -0.02 000 002
@ (b) : 00 0«

0.2 1

- Eq (eV)

w 0.1+

0.0 T W T
-0.02  0.00 0.02

&y

Figure 2.12 (a) Energy curves of uniaxial strains on y-axis maintaining ¢, =0.00 fixed; the
uniaxial strain on x-axis maintaining e, =0.00 fixed is coincident and only the former is
shown. (b) Energy curves of symmetric homogeneous (solid lines and bottom x-axis) and
heterogeneous biaxial (dashed lines and top x-axis) strains. Circles, rhombus, and squares
symbols stand for a-, 8-, and y-graphyne structures, respectively. Source: Ruiz Puigdollers

et al. [26]. © 2016, Elsevier.

the value of a-graphyne is almost five times larger than that of graphene. The larger
Poisson’s ratio of graphynes with respect to graphene can be explained by the avail-
able large contractions originating from the sparse in-plane atoms in graphynes.
The large Poisson’s ratio of graphynes means that it can be highly deformed along
the perpendicular direction to the one that performs the strain. Besides, it is worth
noting that Poisson’s ratio of y-graphyne (0.42) is the closest to the value of 0.5, cor-
responding to a perfect incompressible material in all directions. Hereinafter, only
the mechanical properties of y-graphynes are mainly discussed.

2.3.2 Mechanical Properties of y-Graphyne

The mechanical properties of y-graphyne monolayer under various strains were
studied using DFT based first-principles calculations [60]. Graphyne monolayer
can bear large nonlinear elastic deformations up to an ultimate strain of 0.2, then
the strain softens until failure. In this process, it is more vulnerable to rupture for
the single bond than the triple bond and aromatic bond. The elastic properties of
graphyne such as the deformation, the failure behavior, and the ultimate strength
are anisotropic with respect to the direction of compressive and tensile strains.
According to the orientation of hexagonal crystalline lattice, the edge structures
of graphyne are divided into the armchair or zigzag edge. The ultimate strengths
of graphyne monolayer under biaxial strain are about 2.81 and 1.81 Nm™?, larger
than those under the strain in the armchair and zigzag directions, respectively. The
elastic properties of graphyne are described by explicitly determining the elastic
constants via fitting the stress—strain curve. The influences of pressure on the elastic
constants, in-plane Young’s modulus, and Poisson ratio are predicted. It is observed
that the variations of local pressure introduced by external stress could be used to
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modulate the velocity of sound waves in graphyne. Therefore, the graphyne-based
materials with controlled local strain can be applied for the next-generation
electronic devices such as the nanodevices and the surface acoustic wave sensors.

Buehler and coworker [61] characterized the mechanical properties of y-graphyne
monolayer using first-principles based ReaxFF molecular dynamics simulations.
To encompass the deformation of graphyne monolayer until fracture, two uniaxial
tensile strains up to 25% are applied. The resulting stress-strain relationships in
armchair and zigzag direction are plotted in Figures 2.13a,b, respectively. When
applying the uniaxial strain along the armchair direction (x-axis), an ultimate stress
of approximately 48.2 GPa and a maximum strain (e,,) of approximately 8.2% are
yielded (Figure 2.13a). It is noted that the ultimate strain does not represent the
complete fracture of graphyne sheet, but merely the local rupture and subsequent
drop in load capacity. Owing to the acetylenic groups being directly subjected to
the applied strain in the armchair direction, both the stress and strain capacity of
graphyne are reduced. In contrast, applying the uniaxial strain along the zigzag
direction (y-axis) results in a stiffening behavior (Figure 2.13b). The initial stiffness
of graphyne is 700.0 GPa (or 224.0 N m~!) by only considering a strain of 5%. Upon
applying additional strain, the acetylenic groups undergo alignment to the direction
of strain, and the stiffness is increased to 888.4 GPa (284.3Nm™!). With more
engaged carbon bonds participating, an ultimate stress of 107.5 GPa and a failure
strain of 13.2% are eventually determined, respectively (Figure 2.13b). Different
from graphene, the sparser carbon arrangement and the direction-dependent
acetylenic groups in y-graphyne lead to the strong anisotropic and nonlinear
stress—strain behavior.

The bending modulus of y-graphyne is further investigated (Figure 2.13c). To
avoid the boundary effects at the fixed edges, only the elastic energy for the interior
portion of graphyne sheet is chosen (Figure 2.13d). The effective bending modulus
can be regarded as the derived stiffness originated from the graphyne structure
that deviates from the initial imposed ideal curvature. Figure 2.13d depicts the
temperature-equilibrated and energy-minimized structure. The bending modulus
is calculated by fitting the energy-curvature data to the following expression:

Upend = 1.D K? (2.3)

where Uy, 4 is the system strain energy per unit basal plane area, D is the bending
modulus per unit width, and « is the specified beam curvature. Curvatures in a range
of 0.002-0.012 A1 are imposed on the graphyne system and the minimized energies
are plotted versus x (Figure 2.13e). The calculated bending stiffness of y-graphyne is
~1.68 eV, which is comparable to that of graphene (i.e. 1.4-1.5eV) [62, 63].

Young’s modulus of corresponding y-graphyne nanoribbons (GyNRs) with differ-
ent widths were analyzed using density functional calculations within generalized
gradient approximations [64]. The atomic configurations of GyNRs under uniaxial
compressive strain and tensile strain are depicted in Figures 2.14a-f, respectively.
Within the particular asymmetrical critical compressive and tensile strains, GyNRs
will undergo a reversible deformation. According to the energy—displacement rela-
tions (Figure 2.14g), the two-dimensional Young’s modulus is obtained, which is
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Figure 2.13 Schematic and stress—strain results of uniaxial tension tests in (a) armchair
direction (x-axis) and (b) zigzag direction (y-axis). Determination of out-of-plane bending
stiffness: (c) a graphyne sheet bent into a section of cylinder with an imposed curvature
throughout the basal plane. (d) Depiction of boundary conditions, where the edge of bent
sheet is fixed and the bulk of bent sheet is allowed to relax. (e) The energy-curvature
plotted versus . Curvatures of 0.002-0.012 A-* (cylindrical radii of approximately
83-500A) are imposed on the graphyne system. Source: Cranford et al. [61]. © 2011,
Elsevier.

increased as the widths increase. When the compressive strain is beyond the critical
value, the unidirectional corrugations perpendicular to the strain direction are
formed in the narrower nanoribbons, while the transverse and longitudinal corruga-
tions are formed in the wider nanoribbons. When the tensile strains exceed the criti-
calvalue, all the nanoribbons undergo longitudinal corrugations before fracture. The
corrugation wavelength does not depend on the applied strain but on the width of
nanoribbons. All these nanoribbons are semiconductors with controllable band gaps
ranging from 0.139 to 1.216 eV, depending on the width and applied strain. Further-
more, the band gaps of GyNRs are sensitive to the tensile strain, which is decreased
steadily as the strain increases. Since the bands near Fermi level are the 2p, states
that are mainly composed of n orbitals of benzenes in graphyne sheet, the band
gaps can be continuously modulated regardless of the influences of critical strain.
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Figure 2.14 Atomic corrugated configurations of GyNRs with a width of n =2 for (a) and
(d); n =73 for (b) and (e); n =4 for (c) and (f). Panels (a)-(c) are the configurations under
compressive strain, while (d)-(f) are the configurations under tensile strain. The atomic
corrugated configurations of 5-GyNR are the same as those of 4-GyNR. (g) Schematic
illustration of the strain energy as a function of uniaxial strains for 2-(red, square), 3-(green,
triangle), 4-(blue, dot), and 5-GyNRs (pink, star). The data are self-consistently calculated
points, and the lines are fitted with the least-squares method. Source: Wang et al. [64].

© 2014, American Chemical Society.

2.3.3 Mechanical Properties of y-Graphdiyne

The nanoindentation processes of experimental accessible y-GDY film were demon-
strated using MD simulations [65]. The simulated elastic modulus and strength of
GDY are about 489.04 and 33.95 GPa, respectively. The GDY film begins to fail when
the indentation depth reaches the maximum value of 42.08 A, corresponding to the
critical stress of 40.36 nN. By contrast, the fracture depth and the maximum stress
of monolayer graphene film are 55.95 A and 655.08 nN, respectively, indicating the
maximum force that graphene film can bear is much larger than that of GDY film
under the same indentation depth. Hence, the strength of GDY is lower than that
of graphene.

Figure 2.15 depicts the fracture behavior of GDY film. When the indenter is close to
GDY surface (smaller than 3.4 A), the film is convex due to the attraction interaction
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Figure 2.15 Evolution of lattice fracture of graphdiyne film: (a) initial structure,

(b) prolonged lattice structure, (c) broken of acetylenic bonds, (d) broken of —C=C— bonds,
(e) broken of graphdiyne film, (f) recombined structure of —C—C— bonds and —C=C—
bonds, (g) fracture manners of —C=C— bonds, and (h) final broken behavior. Source: Xiao
et al. [65]. © 2019, Elsevier.

(Figure 2.15a). With the increase of indentation depth, the force between indenter
and film changes from the attraction to repulsion. Moreover, the carbon bonds in
GDY become much longer (Figure 2.15b). As the indentation further increases, the
bond lengths of atoms around indenter begin to change. When the indentation depth
exceeds the critical value, the = bond in acetylenic bonds (—C=C—) fractures first.
This is because the binding energies of triple bonds are lower than those of single and
double bonds. In this process, GDY film is greatly expanded (Figure 2.15c-¢). Then,
the 7 bond in some double bonds (—C=C—) breaks. Finally, some single bonds
(—C—C—) appear to break owing to the ¢ bond is much stable than the = bond.

Interestingly, the broken single bonds and acetylenic bonds in GDY can be recom-
bined to sustain further deformation of GDY film (Figure 2.15f), forming the trian-
gular and quadrangular structures, as shown with the highlighted black and blue
circles, respectively. The broken double bonds can also be partially bound with the
adjacent carbon atoms (Figure 2.15g), forming the unique microstructures and fail-
ure patterns, such as the trilateral structure that is highlighted with circles. Once the
GDY film is completely destroyed, the force between the indenter and GDY film will
suddenly drop to zero, resulting in an irreversible bond fracture. After the indenter
completely passes through the GDY film, some broken atoms are separated from the
film, forming asymmetrical lathy crack (Figure 2.15h). The behavior is completely
different from the symmetrical fracture of graphene [66].

Figure 2.16a gives a representative stress—strain plot for depicting the mechani-
cal properties of GDY, which are subjected to the uniaxial tensile load in both the
reclined chair and zigzag directions [3]. It is quantified that there is a modulus of
470-580 GPa and an ultimate strength of 36-46 GPa for GDY, depending on the edge
direction (armchair or zigzag). The relationships between the effective moduli (Y)
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and the acetylenic groups (n) for all the extended graphyne models are plotted in
Figure 2.16b,c, which are along the reclined chair direction and the zigzag direc-
tion, respectively. It is observed that the moduli of these graphynes are continuously
degraded with the addition of acetylenic linkages. There is a decrease on the order
of 30% in the reclined chair direction and 35% in the zigzag direction from graphyne
(n=1) to graphtetrayne (n = 4).

2.3.4 Mechanical Properties of y-Graphynes Family

The mechanical properties (such as the fracture strain and ultimate stress) of
y-graphynes with extended acetylenic repeats are different. Table 2.4 summarizes
the mechanical properties of graphene (n = 0) and the extended graphynes (n = 1-4)
models based on the MD simulations [3]. To characterize the mechanical properties
of y-graphynes with extended acetylenic repeats [67], a full atomistic model with
10 nm X 10 nm was constructed (Figure 2.17a). These graphynes allotropes (n = 1-5)
are named by graphyne, GDY, gaphyne-3, graphyne-4, and graphyne-5, respectively
(Figure 2.17b). Based on the orientation of crystalline lattice, the edges of graphynes
are designated as armchair or zigzag shape. As depicted in Figure 2.17c, there are
three kinds of bonds in these graphynes, namely aromatic bonds (types A and B),
single bonds (types C, C’, E, and E’), and triple bonds (types D and D’). Among,
types C (C') and E (E’) represent the single bonds adjacent to aromatic rings and
inside the acetylenic chains, respectively.

At the beginning of load test, an obvious structural rupture was observed. This
is because the angle between two acetylenic chains (Figure 2.17b) is significantly
reduced when the sheet is stretched, which contributes to the release of external
stress and the realignment of acetylenic chains to the direction of load. At the latter
half of load test, the lengths of carbon bonds become enlarged and the total stress
is increased rapidly. Whether upon armchair or zigzag load, the first bond breakage
always occurs at the carbon site connecting the aromatic ring with the acetylenic
group. The elastic region for all the members of graphynes family extends to ~0.11
in the armchair direction, whereas the ultimate stress averaged on all atoms (o)

Table 2.4 Summary of calculated mechanical properties for extended graphynes.

Armchair Zigzag

Y Oyt Euit Y Oyt Eute O
Structure n (GPa) (GPa) (%) (GPa) (GPa) (%) (GPa)
Graphene 0 1000 130 20 1000 130 20 n/a
Graphyne 1 532.5 48.2 8.2 700.0 107.5 13.2 178.5
Graphdiyne 2 469.5