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Abstract. In this review, we consider structure and properties of pseudo-graphenes — graphene-like crystals
with high density of non-hexagonal (defective or improper) carbon atomic rings. Asan introduction, graphene
and its properties are briefly described and disclination defects in graphene are considered. Then, numerous
articles presenting graphene allotropes and carbon allotropes are analyzed. As a result, a term pseudo-
graphenefor description of materialswith high density of improper carbon atomic rings arranged periodically
isproposed and aunified classification of pseudo-graphenesregarding the materialsfrom available articlesis
suggested. The materials chart is created based on proposed classification and materials properties. In this
chart, two categories are reviewed separately: sp? pseudo-graphenes and non-sp? pseudo-graphenes. The
analyzed materials are subdivided into semiconductors, metals, semimetals, and superconductors.

1. INTRODUCTION

Carbon is capable to form many allotropes — solids made
of thesame chemical dement, differentinatomic arrange-
ment of thiselement. Several widely known carbon dlo-
tropes are: diamond — the hardest natural material [1];
graphite, which has awide variety of usage (for exam-
ple, asadry lubricant [2] and an electric conductor [3]),
fullerenes that can be used in creation of optical de-
vices[4], carbon nanotubes[5], which, have promising
applications in biomedicine [6], and graphene— material
that can be used in electronics[7].

Depending ontheinternal atomic arrangement, these
alotropes can demonstrate different behavior of elec-
trons of the outer electron shells that are responsible
for bonding of carbon atoms|[8]. It isknown that a car-
bon atom has 4 valence electrons. Interatomic bond “car-
bon-carbon” (C — C) can be sp?-, sp> or even sp*-hy-
bridized. For example, diamond has aface centered cu-
bic crystal lattice, where all atoms are connected by sp®
bonds.Inthiscase, all four valence electrons participate
in forming strong covalent bonds with neighboring at-
oms. This is what allows a diamond to be one of the
most durable materials[9]. Graphite has sp>-hybridiza-

tion, in which three valence electrons form covalent
bonds between carbon atomsin the plane, whichforma
hexagonal lattice. The remaining electron is in a free
state. The described structure leads to anisotropy of
propertiesin graphite for directions parallel or perpen-
dicular to the atomic layers[8]. If we take one isolated
atomic layer of graphite, then we get graphene — two-
dimensional atomic pattern with hexagonal carbon rings,
in which sp? hybridization is also realized [10].
Nanotubes[5,11] and fullerenes[4,12] al so possess sp*
hybridization. In addition, cases are possible when sev-
eral types of bond hybridization are observed in asin-
glecarbonallotrope[13,14].

Graphene is a two-dimensional carbon alotrope,
which hasavariety of promising application properties:
it has remarkable electronic characteristics [10,15,16],
thermal conductivity [17-19] and a unique set of me-
chanical characteristics [20]. Its successful synthesis
[21] attracted great attention and marked an activegrowth
of interest in the study of two-dimensional crystals.

The physical and mechanical properties of graphene
can becontrolled by external influences: mechanical [22],
electrical [23], magnetic [24], and / or by changing the
local crystalline perfection of graphene[25-28]. For ex-
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Fig. 1—Procedure for wedge disclination formation in graphene crystals: @) for a positive wedge disclination with a
strength of © = + n/3; b) for a negative wedge disclination with a strength of » = -n/3; positive and negative
disclinations are designated with black and white triangles, respectively.

ample, calculations of the electronic band structure of
graphene show that tensile deformation allows one to
obtain a band gap that is absent for graphene in its
natural state[22]. Graphene lattice defects, inturn, alter
the mechanical properties (that is analogous to the ef-
fects observed in the conventional three-dimensional
crystals) [25,26], promoting at the sametimeanincrease
inelectrical conductivity [27] and thermal conductivity
of graphene [25,28]. In a graphene crystal, embedded
carbon atoms or vacancies that “capture” or rearrange
interatomic bonds[29] lead to the appearance of carbon
rings with locally broken axial hexagonal symmetry —
improper rings[29-31]. Improper rings, aswell astheir
ensembles, which form grain boundaries and interfaces
between neighboring graphene crystallites[27,32], can
be considered as disclination defects. Carbon rings in
the form of squares, pentagons, heptagons, and octa-
gons are then associated with cores of wedge
disclinations with astrength (charge) +2n/3, +rt/3, -n/3
and -2n/3, respectively [33-35].

There are numerous studies where two-dimensional
carbon crystals, different from graphene, are investi-
gated [36-39]. Insuch crystal one can observe high den-
sity of carbon atomic rings with defects, organized in
periodic manner. These crystalsare commonly called as
graphene allotropes [40,41] and carbon allotropes
[42,43]. However, no one has suggested a unified no-
menclature for such materials yet. We propose to allo-
cate to them a special term — pseudo-graphene, which
we have introduced earlier, see, for example, Refs.
[3544,45].

Pseudo-grapheneisatwo-dimensional carbon crys-
tal consisting mainly of improper (non-hexagonal) car-
bon rings, which are arranged according to a periodic
law. One of the first mentions of two-dimensional car-
bon crystals dates back to 1987 [36], long before the
experimental synthesis of pure graphene. In Ref. [36]
several examples of pseudo-graphenes were given,
which were called graphynes. Based on a defect struc-
ture, pseudo-graphene can possess various properties
different from pristine graphene[46]. For example, a
pseudo-graphene can be asemimetal [47] or asemicon-
ductor[48] with great usage potential [42], or it can be
highly thermal resistant [41],0r possess enhanced me-
chanical characteristics[49].

Theaim of thisreview isto analyze the current state
of art of pseudo-graphene research. We start with the
review of graphenelattice defectsin Section 2 and mod-
ern methods of materialsmodeling in Section 3. In Sec-
tion 4, we present the information on available pseudo-
graphene studies to establish a classification of the
graphene-like materials and to look for any possible
consistent patterns within the classification. In Section
5, we discuss the results we reviewed in Section 4. And
finally, in Section 6 we arrive to conclusions regarding
theentirearticle.

2. DISCLINATION DEFECTSIN
GRAPHENE

It is convenient to describe structural defects in
graphene by accounting for the changeintheloca sym-
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Fig. 2 — Schematics for calculating the energy of a
disclination ensembleinan elastic disk of radiusR. White
and black triangles designate negative and positive
disclinations, respectively; o, and o indicates to
disclination strengths.

metry of carbon ringsin itstwo-dimensional hexagonal
lattice, i.e. by the relating the defects to carbon rings
with a symmetry different from the 6-th fold symmetry,
see Fig. 1. The presence of improper carbon rings is
unambiguously associated with defects of therotational
type — wedge disclinations [50]. An isolated 5-member
carbon ring (Fig. 1b) is associated with a wedge
disclination with a strength (charge) o = +n/3, and a
7-member ring (Fig. 1b) — with a disclination with a
strength o =-n/3. Similarly, wedge disclinations of higher
strengths can be obtained. Defects of this type can be
designated by the number of atomsintheimproper rings,
for example, defect 5-7 is a configuration of 5- and 7-
member rings being in direct contact.

Any structural defect in graphene can be described
using disclinationsif sp? hybridizationispreserved. For
example, the 5-8-5 defect is a configuration of three
disclinations: two positive and one negative dis-
clinations. In the same time, this configuration can be
considered as divacancy or asadislocation dipole[35].

To estimate the energy of graphene crystals with
isolated disclinated carbon rings or with their ensem-
bles, and pseudo-graphenes consisting of periodic
distributions of such rings, one can utilize the formulas
given by the theory of elastic continuum with dis-
clinations. It isknown that the energy of asingle wedge
disclinationinanelastic disk isproportiona to thesquare
of itsradius[51,52]. This meansthat radius R serves as
the external screening parameter. From the point of view
of itsenergy, disclination can exist either in alimited in
size solids, e.g., nano-abjects, or in vicinity the body
boundary, or in aself-screened ensembl e of disclinations
of oppositesign[51,52].

Inaflat crystal, the condition for self-screening of a
disclination configuration is its zero total charge and
dipole moment:

2. =0, (1)

Z ol =0, 2)

where o, is the strength (charge) and r, is the radius
vector of thei-the disclination position in the ensemble,
respectively.

Thetotal energy of the disclination ensembleisthe
sum of the self-energies of disclinations E, and the en-
ergiesof their pair interactions Eli"a”:
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To calculate the energiesincluded in the sum (3), it
is convenient to use the formulas for the disclination
energy and the energy of disclination pair interactionin
anelastic disk, seeFig. 2, [52,53]:
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where G is the shear modulus of graphene (note that
graphene is elastically isotropic material); v is its
Poisson’s ratio; o, isthe charge of thei-th disclination;
R is the radius of the disc; R is the distance of
disclination to the center of the disc. 0, is the angle
between the radial directions for the i-th and j-th
disclinations.

Improper carbon rings in flat crystals other than
those having sp? hybridization of carbon atom bonds
cannot be modeled in this way. This is due to the fact
that the “original” defect-free lattice should demonstrate
the same type of hybridization as the defective one to
operate with effective elastic properties of graphene. In
this case, theintroduction of disclinationswill occur in
aflat carbon crystal that is not graphene. And since the
“Initial” crystal lattice is unknown, it will be impossible
to reveal the disclination structure.

A theoretical analysis of the crystal lattice of flat
carbon crystals with sp?-hybridization makes it possi-
bleto visualy reveal thedisclination structureand carry
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out analytical calculations of strain and stress mapsin
the crystal, as well as estimate the energy of defects.
Ref. [44] considers the application of disclination ap-
proach to graphene with defects, where a comparison
has been made between the cal culations obtained ana-
Iytically and by the molecular dynamics method for a
limited number of pseudo-graphene configurations. The
effect of the density of defects and ensembles of de-
fectson thefinal energy of the crystal has been demon-
strated. In Ref. [54], using analytical formulas, energies
and strain maps of interfaces in graphene have been
found.

3. APPROACHES TO MODELING
CARBON ALLOTROPESAND
GRAPHENE CRYSTALSWITH
DEFECTS

In most cases, the density functional theory [55] isused
to study the properties of pseudo-graphenes. This
method is based on the fact that the most important
properties of a system of interacting particles can be
expressed using the electron density functional. Calcu-
lationsare often donein VASP[56] or Quantum Espresso
[57] software packages. In addition, various types of
functionalsare used for calculations, such as, for exam-
ple, Perdew - Burke - Ernzerhofone[58]. The authors of
Ref. [59] investigated the effect of deformation of
graphene on its electronic band structure. The simula-
tion was carried out using the Perdew-Wang (PW91)
functional in the VASP software package. The applied
method allows not only to optimize the geometry of the
crystal by minimizing the potential energy, but also to
calculate the physical properties of the material: elec-
tronic structure [59], elastic constants [60], and elec-
tronic characteristics [61]. The main limitation of this
method isthe requirement for computational resources.

The method of molecular dynamics allows one to
carry out atomistic modeling of crystals using the laws
of classical physics as a basis, representing atoms in
theform of material points. This method makesit possi-
bleto trace the dynamics of changesinthe crystal struc-
ture in time, while spending much less computer time
compared to the density functional theory approach. In
addition to optimizing the geometry of the crystal lat-
tice, it is possible to calculate elastic constants, find
mechanical stresses, elastic strains, and temperature
fields, aswell as observe physical processes over time,
for example, analyzing mechanical loading of acrystal
and the corresponding tension diagram. To correctly
conclude on the geometry of the lattice and the physi-
cal propertiesof crystals, it isimportant to choose prop-
erly the interatomic interaction potential, which de-
scribes the nature of the interaction between atoms in

the crystal. For carbon materials, the most widespread
potentialsare AIREBO [62], Tersoff [63] and REAXFF
[64]. One of the most commonly used molecular dynam-
ics software packagesisLAMMPS[65]. Each potential
has its own areas of application, and this must be con-
sidered before starting the simulation. Ref. [66] presents
the results of molecular dynamics simulation of the en-
ergy of point and linear defects in graphene, its elastic
constants, as well as theoretical strength and critical
strain. To obtain these results, the AIREBO potential
was used, which gives good agreement between the
results for graphene. However, to model pseudo-
graphenes, it is necessary to select the interatomic in-
teraction potential more carefully, asit is discussed in
Ref. [67].

4. PSEUDO-GRAPHENES
4.1. Classification of pseudo-graphenes

In this section we propose a classification for all exist-
ing in models pseudo-graphene crystals. According to
the information in analyzed articles, one can separate
pseudo-graphenes basing on several characteristics:

- Formfactor. While several materials listed below in
this review possess non-monotonous structure (mate-
rials are composed with several types of carbon rings —
like cyclicgraphene [68] (3 and 12 atom rings) and
graphyne[36] (6 and 12 atomrings), thereare materials
which have single typed atom ring in their structure —
the exampl esare pentagraphyne[42] (15 atomring), PCF
graphene[48] (10 atom ring), and o.-graphyne[69] (18
atomring). Grapheneitself isamaterial which can be put
into the second group.

Several pseudo-graphene crystals can be character-
ized as graphene-like, possessing hexagonal carbon
rings within their structure.

- Electronic structure type. Within reviewed materials
list, we can select ones with properties of a semicon-
ductor, semimetal, metal, and superconductor (asingle
material — T-graphene[70]).

- Hybridization. Depending on interatomic bonds, all
modeled pseudo-graphenes can be divided into
“pure”’sp>materids (like C65-sheet [ 71] and y-graphene
[72]) and non-sp?-materials(like penta-graphene[43] and
R-graphyne[73]).

In addition, there is a separate group of pseudo-
graphenes, which properties are waiting for to beinves-
tigated in the future. Their further classification will be
possible with the discovery of their characteristics.

Among the reviewed articles, we have found sev-
eral pseudo-graphene crystals, which consist of two
atomic layers[48,74-76]. These materials are semicon-
ductors, which coincides with the presence of a band
gap in bilayer graphene [77]. We did not consider this
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Fig. 3 — Pseudo-graphene crystals: @) cyclicgraphenereported in [69] (C312-sheet [37]),b) C65-sheet reportedin[71],
¢) C63-sheet, d) C31-sheet reported in [ 71], €) C41-sheet reported in[71], f) pentaheptitereported in[ 78] (M-graphene
[79], haeckelite[39], PeHe-B [80]),g) C48-sheet reportedin[37] (T-graphene[70],octagraphene[81]), h) PO-graphene
reported in [82]. Red rhombs or rectanglesmark the borders of the primitive cellsin pseudo-graphene crystal | attice.

type of crystalsin thisreview, focusing only on single-
layer carbon crystals.

4.2. Sp? pseudo-graphenes and their
properties

For sp?-hybridized pseudo-graphenes, quite a lot of of
materials was theoretically investigated and, based on
the data presented in the articles, we created amaterials
chart, splitting them on electronic band structure basis.

4.2.1. Pseudo-graphene crystals with
metallic electronic band structure

InFig. 3, metallic pseudo-graphenes, i.e. two-dimensional
configurations of carbon atoms demonstrating proper-
ties of metals, with two types of carbon rings are shown.

Pentaheptite[78] isametallic material that was pre-
dicted in 1996. At that time, only lattice structure and
thermal stability wereinvestigated and later, in 2011 [37]
and 2014 [83)], itselectronic band structure was analyzed.
In 2020, M -graphene was described by another research
team [79], and this material appears to be the same as
pentaheptite. In 2018, pseudo-graphenecrystal 5-7B was
investigated in Ref. [45], which is identical to
pentaheptite. The band structure of thiscrystal hasbeen
revealed, and the effect of the density of defects of this
kind (5- and 7-member rings) on the band structure was

investigated. Hexagonal carbon rings were embedded
inthe crystal |attice of pseudographene 5-7B. Thus, in-
stead of atight contact of defect rings, they were sepa-
rated by one or more hexagonal rings, thusreducing the
density of defectsinthe crystal. Thisled to achangein
the band structure: the Dirac cone disappeared and the
valence and conduction bands overlap. If, instead of
individual improper rings, the density of ensembles of
four such rings (defect 7-55-7) was changed, thisled to
adisplacement of the Dirac cone below the Fermi level
by avalue of about 0.25eV.

Later in 2013, researchers modelled cyclicgraphene
[68] and calculated its electronic and mechanical char-
acteristics, for example Young’s modulus was found as
198.9+1.0 GPa and Poisson’s ratio —as 0.457+0.01, ulti-
mate tensile strength (UTS) — as 13.7 GPa, and shear
module —as 47.5+1.3 GPa. Its predecessor, C312-sheet,
wasdescribed in 2011 in Ref. [37] with electronic band
structure calculation only.

At thesameyear, in Ref. [ 71] four new metallic mate-
rialswere discovered: C65-sheet, C63-sheet, C31-sheet,
and C41-sheet. For these material s,their el ectronic band
structure has been also predicted. However, the me-
chanical properties for listed materials were discussed
neither in Ref. [72] nor in other studies.

In 2011, in Ref. [37], C48-sheet was described asa
metallic material. In2012[81], 2013 [84], and 2015[80],
identical material, octagraphene was investigated, and
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Fig. 4-Pseudo-graphene crystals:a) y-graphenereported in[72], b) tilene reported in [86], ¢) reported in flakene [86].
Red rectangle, square, or rhomb mark the borders of the primitive cellsin pseudo-graphene crystal lattice.

in2017[70] and 2019 [85], the same materid knownasT-
graphene was introduced. According to these studies,
the material Poisson’s ratio is 0.24 (in T-graphene re-
search [70]) and 0.13 (in octagrapehene research [81])
and Young’s module is 900.5 GPa [81]. In Ref. [85]
octagraphene was recognized as a semiconductor with
band gap -4.03 eV and UTS 101.18 GPa, and T-graphene
was identified as a superconductor at 20.8 K.
Octagraphene remains stable below 500 K (by this, a
thermal stability of the crystal lattice is meant).

Littleisknown about PO-graphene[82] that wasdis-
covered in 2012. Thismaterial isviewed as sp*hybrid-
ized metal and its characteristics are to be described in
more details.

In Fig.4, metallic materials with three types of car-
bon rings are presented.

In 2017, researchers predicted y-graphene [72] - a
metal pseudo-graphene with Young’s module of 833.79
GPa and Poisson’s ratio of 0.275. This material is pre-
dicted to remain stable below 1000 K. Later in 2019, in
Ref. [86] — tilene and flakene were described as metals
thermal stability up to 500 K. Tilene’s Young’s module
and Poisson’s ratio are 0.235 TPa and 0.607, respectively,
and UTS is 44.8 GPa. Flakene’s Young’s module and
Poisson’s ratio are 0.115 TPa and 0.746, respectively,
and UTSis23.6 GPa.

4.2.2. Pseudo-graphene crystals with
semiconductor electronic band
sructure

In Fig.5, semiconducting sp2 pseudo-graphene crys-
tals are presented.

In 2020, C3-8[47] was modd led asasemiconducting
pseudo-graphene with aband gap of 1.04 eV,which ma-
terial structure remains stable below 1799 K.

In 2011, both haeckelite-like [37] and C4612-sheet
[37] (also known as cyclotrimeri zatedgraphyne [ 36]) were
discovered by several research teams. These materials
are expected to have band gap values of 0.76 and 1.14
eV, respectively. Their thermal and mechanical charac-
teristics were not predicted.

In Ref. [86], wheretwo metallic materialswere pre-
dicted- tilene and flakene — two more materials were
described as semiconductors — liskene and liskene-
daughter.

Liskene posess band gap of 0.36 eV. It remains sta-
ble below 500 K; its Young’s module is 0.412 TPa and
Poisson’s ratio is 0.51. Its UTS is 63.2 GPa.

Liskene-daughter material hasaband gap of 0.46 eV,
remaining stable below the sametemperature asliskene.
Its Young’s module and Poisson’s ratio are 0.278 TPa
and 0.52. ItsUTSis27.8 GPa

4.2.3. Pseudo-graphene crystals with
semi-metal electronic band
structure

InFig.6, semi-metallic sp2 materialsare presented.
Little is known about S-graphene[87], which was
discovered at 2014. It hasno predicted valuesto present
other than its electronic band structure. A year later af-
ter the discovery of S-graphene, phagraphene[40] was
advanced. It remains stable at temperatures below 1000
K. Phagraphene mechanical characteristicswere calcu-
lated a year later in Refs. [88] and [89]. Phagraphene
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Fig. 5. Pseudo-graphene crystals. @) C3-8 reported in[47], b) haeckdlite-likereported in [37], ¢) C4612-sheet reported
in[37] (cyclotrimerizatedgraphyne[30]), d) liskene[86], €) liskene-daughter reported in [86]. Red rhombs or squares
mark the borders of the primitive cellsin pseudo-graphene crystal lattice.

)

Fig. 6. Pseudo-graphene crystals: a) S-graphenereported in[87], b) phagraphenereported in[40], ¢) C4-10-1 reported
in[47],d) C4-10-11 reportedin[47], €) C3-9-Rreportedin[47], f) C3-11 reportedin[47]. Red rectanglesor rhombsmark
the borders of the primitive cells in pseudo-graphene crystal lattice.

Young’s module is expected to be 960 + 20 GPa [88]; its
Poisson’s ratio is 0.255 and its UTS is 24.8 GPa[88] (132
+3 GPa[89)).

In2020, inRef.[47], C4-10-1, C4-10-11, C3-9-Rand C3-
11 were modelled as a semi-metallic pseudo-graphenes
withthermal stability upto 1628 K, 1558 K, 1559 K, and
1192K. Their mechanical propertiesareto be analyzed.
In addition, the phonon spectra of these crystals and
the dependenced of free energy per atom as a function
of temperature were plotted in Ref. [47].

4.2.4. Remaining sp? pseudo-graphene
crystals

In Figs. 7 and 8, pseudo-graphene crystals with yet un-
specified properties are displayed. This set of sp?
pseudo-graphenes was only proposed in terms of crys-
tal lattice geometry. Neither their electronic band struc-
ture, nor their mechanical characteristics have been re-
searched yet. They are expected to be structurally sta-
ble, and thusthey are listed in our review.
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0

Fig. 7. Pseudo-graphene crystals: @) pentaheptite v2 reported in [37,90] (PeHe-A [80]), b) hexagonal haeckelite
reported in[39], c) oblique haeckelite reported in[39], d) net-W reported in[87]. Red rectangles mark the borders of

the primitive cells in pseudo-graphene crystal lattice.

Fig. 8. Pseudo-graphene crystals: @) PGC 7-4-7A reported in [35], b) PGC 7-4-7B reported in[35], ¢) PGC 5-8-5A
reported in[35], d) PGC 5-8-5B reported in[35], €) PGC 5-8-5C reported in [35]. Red rectangles or rhombs mark the
borders of the primitive cellsin pseudo-graphene crystal lattice.

4.3. Non-sp?pseudo-graphenes and their
properties

As for sp>-hybridized pseudo-graphenes, we can de-
velop the same type of chart for non-sp?-materials.

In this section, only three materials are presented
(see Fig. 9), and there were no attempts to study their
mechanical properties.

According to Ref. [37], C14-sheet (also known as
14,14,14-graphyne [36]) is a sp>-spt metal. Its thermal
and mechanical propertiesareto beanayzed. The same
applies to squarographene from mentioned Ref. [37],
which is sp?-sp® metal without calculated properties.

4.3.1. Pseudo-graphene crystals with
metallic electronic band structure

Fortunately, there is one material with calculated ther-
mal characteristics:R-graphyne, discovered in Ref.[73].
Itisasp?sp! material, which remainsstable up to 500 K.

In Fig. 10, non-sp2 pseudo-graphene crystals with
semiconductor electronic band structure are displayed.

In 2020, pentagraphyne [42] was described asa sp'-
sp?-sp? semiconducting material with a band gap value
0f0.977 eV and thermal stability up to 1000K. Its Young’s
module and Poisson’s ratio are 53.59 GPa and 0.47, re-
spectively. Similar material, penta-graphene, wasinves-
tigated in 2014 [43]. It isasp?-sp® pseudo-graphenewith
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Fig. 9. Pseudo-graphene crystals: @) C14-sheet reported in [37] (14,14,14-graphyne [36]), b) squarographene re-
ported in [37], ¢) R-graphyne reported in [73]. Red rhombs or squares mark the borders of the primitive cellsin

pseudo-graphene crystal lattice.
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d

©)

Fig. 10. Pseudo-graphene crystal s a) pentagraphynereported in[42], b) penta-graphene reported in[43], ¢) graphyne
reported in[36] (y-graphyne[69]), d) graphdiynereported in[91], €) tetrahexcarbon reported in [46] (squarographene
[37]), f) Me-graphenereported in [41] (C568-sheet [92]). Red rhombs, squares, or rectangle mark the borders of the

primitive cellsin pseudo-graphene crystal lattice.

band gap of 3.25 eV. It remains stable below 1000K and
itsYoung’s module is 263.8 GPa*nm. Its Poisson’sratio
is-0.07.

4.3.2. Pseudo-graphene crystals with
semiconductor electronic band
sructure

Earlier predictions of graphyne (also known as
y-graphyne[69]) can befoundinworksdonein 1987 [36]
and1998 [93]. Itselectronic band structure was analyzed

in2011[37]. Itsmechanical propertieswere describedin
2013[68] and 2016 [94]. It isag?-sp* semiconductor with
band gapvaueof 1.2eV [36] (0.52eV [93], 1.32¢&V [37]).
Its Young’s modulus is 532.5 GPa[49] (448.53 GPa[94],
525.0+0.6 GPa[68]), Poisson’s ratio is 0.172+0.01 [68] and
shear modulus of 122.7+1.5 GPa [68]. The ultimate tensile
Strainis8.19%[49], and UTSis48.2 GPa[94].

Based on graphyne, graphdiyne was predicted in
1998[91,93] and later modelledin2011[37]. Thisisag*
spt pseudo-graphene with band gap value of 1.47 eV
[37] (or0.53eV [93)]).
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Fig. 11. Pseudo-graphene crystals: @) o-graphyne reported in [69] (supergraphene [37],18,18,18-graphyne [36]),
b) B-graphynereportedin[69] (12,12,12-graphyne[36]), c) supergraphenereported in[68], d) penta-octa-graphene
reported in[95]. Red rhombs or squares mark the borders of the primitive cellsin pseudo-graphene crystal lattice.

a) b)

0

Fig. 12. Pseudo-graphenecrygals: 8) 6,6,14-graphynereportedin[36], b) 6,6,12-graphynereportedin[36], ¢) 14,14,18-
graphynereported in [36]. Red parallelogram or rectangles mark the borders of the primitive cellsin pseudo-graphene

crystal lattice.

In 2018, Ref. [46] advanced tetrahexcarbon (also
known as 6-4 squarographene [37]) as a sp>-sp® semi-
conductor with band gap value of 3.7 eV and thermal
stability up to 1000 K. In 2019, the same research team
discovered C568-sheet [92] (also known asMe-graphene
[41]). Thismaterial isasp?sp® semiconductor with band
gap value of 1.13 eV. It remains stable below 800 K. Its
Young’s modulus, Poisson’s ratio, and ultimate tensile
strainare 619.18 GPa, 0.0045, and 11.2%, respectively.

4.3.3. Pseudo-graphene crystals with
semi-metal electronic band
structure

This section presents two pseudo-graphenes from
graphyne group, another two from supergraphene group
and asingle groupless material (see Fig. 11).

Both a.-graphyne[69] (also known as supergraphene
[37] or 18,18,18-graphyne[36]) and 3-graphyne[69] (also

known as 12,12,12-graphyne[36]), are sp*spt semi-me-
tallic pseudo-graphenes with predicted electronic band
structure. However, their other parameters have not been
found yet. Supergraphene[68] first describedin2011is
asimilar sp?spt modification of graphene sheets. For
supergraphene, Young’s modulus is 124.1+1.5 GPa [68]
(84.81 GPa[94]), Poisson’s ratio is 0.45440.01. UTS and
shear moduli are5.5 GPanm and 19.6+0.6 GPa, respec-
tively.

Thelast material in chart, penta-octa-graphene[95],
modelled in 2020, is a sp?sp® gapless semi-metal with
predicted thermal stability up to 1000 K. Its Poisson’s
ratiois0.44.

4.3.4. Remaining pseudo-graphene
crystals with mixed hybridization

In Fig. 12, one can see non-sp? pseudo-graphene crys-
tals with unknown characteristics. This set of non-sp?
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Table 1. Pseudo-graphenes and their characteristics.

G3-6-8v1 C65-sheet[ 71] metal p2
G56-9v1 C63-sheet[ 71] metal 2
G3ov1 C31-sheet[71] metal 2
G471 C41-sheet[ 71] metal sp2

y-graphene[72]

tilene[86]

flakene[86] metal sp2
G5-6-8vl haeckelite-like][37] semiconductor sp2

G34-10v1 liskene[ 86] semiconductor sp2
G3-8-14vl liskene-daughter [86] semiconductor sp2
G3-8v1C3-8[47] semiconductor sp2

G4-6-10v1 S-graphene[87] semimetd sp2
G4-10v1 C4-10- [47] semimetal sp2
G4-10v2 CA-10-1 [47] semimetal sp2
G3-9v2C3-9-R[47] semimetallic sp2
G3-11vl C3-11[47] semimetallic p2
G4-6-8vl net-W [87] n/a sp2

hexagonal haeckelite[39] sp2
G5-6-v4 obliquehaeckelite[ 39] n/a sp2
G4-6-7v1 PGC7-4-7TA[35] n/a sp2
G412 PGC7-4-7B[35] n/a sp2
G5-6-8v2 PGC5-8-5A[35] n/a sp2
G5-6-8v3 PGC5-8-5B[35] n/a sp2
G5-6-8v4 PGC5-85C[35] n/a sp2
C4-6vl squarographene [37] metal sp2sp3
C4-16v1 R-graphyne[73] metal sp2spl
Cl5v1 pentagraphyne [42] semiconductor splsp2sp3
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y-graphyne [69]
C6-18v1 graphdiyne[37,91,93]
C5-6-8vl Me-graphene [41]
C568-sheet [92]
Covl penta-graphene[43,88.99]
C4-6v2 squarographene [37]
tetrahexcarbon [46]
C3ovl supergraphene[68,94]
C18v1 a-graphyne[69]
supergraphene[37,96]
18,18,18-graphyne[36]
C58vl penta-octa-graphene [95]
Cl12-18v1 B-graphyne[69]
12,12,12-graphyne (12-18) [36]
C6-14v1 6,6,14-graphyne[36]
C6-14v2 6,6,12-graphyne[36]
Cl14-18v1 14,14,18-graphyne[36]

semiconductor sp2spl
semiconductor sp2sp3
semiconductor sp2sp3
semi conductor sp2sp3
semimetal sp2spl
semimetal sp2spl
semimetal

n/a

semimetal sp2sp3
semimetal sp2spl
n/a

n/a sp2spl
n/a sp2spl
n/a sp2spl

pseudo-graphenes was only proposed in terms of crys-
tal lattice geometry. As for sp? materials, neither their
electronic band structure, nor their mechanical charac-
teristics have been analyzed yet.

5. DISCUSSION

One of the most important messages in this review is
the proposed materials classification. The majority of
articles regarding graphene-like carbon allotrope pre-
diction are not standardized; there is no unite database
and nomenclaturefor the described materials. Thisleads
to repeated studies on a single material and workload
increasefor al the background study that research teams
must do. The proposed material s classification provides
a basis, which can be used in further pseudo-graphene
investigations. Moreover, the classification is also suit-
ablefor theanalysisof materia sdifferent from graphene-
based, e.g. MoS,, phosphorene, and other two-dimen-
sional crystals.

Among the materials considered in this review, we
did not find any connection between their electronic
structure, crystal lattice structure, and crystal hybridi-
zation.

Asfor the form-factor, it is clearly seen that thereis
no connection between monotonous and non-monoto-
nous | atti ce structure and hybridization/el ectronic band
structure.Within each chart section, we canfind al types
of material — single ringed, multi-ringed, and those with
hexagonal carbon rings. There is only one exception —
non-sp? semi-metallic materials, where no two-dimen-
sional crystals with hexagonal carbon rings were re-
ported.

Table 1 summarizesall the materialsand their char-
acteristics that were considered in the review. Sections
of the table, shaded in gray, denote pseudo-graphene

crystals, on which several studies were carried out, in
which these crystals had different designations. In the
Table, we introduce a new nomenclature (naming con-
vention) for pseudo-graphenes. |n our opinion, the name
for amaterial should contain the information regarding
the carbon atomic ring types, on which the materia is
based on. If aduplicate material isencountered (it hasa
similar basis carbon atomic rings), the material should
have a “newer” variation. For example, we propose to
name phagraphene [40] as“G5-6-7v2”, where “G” is for
graphene-like (sp2-hybridization), “5-6-7" is for types
of carbon rings present in the material and “v2” is for
the second variation of such material (thefirst oneisi-
graphene[72]). In addition, supergraphene[37,96] can
be named as C18v1, where “C” is for “carbon” (all mate-
rials that are not “graphene-like”), “18” is for a single
atomic ring type within the material and “v1” is for the
first variation of thismaterial.

As for future possible applications of the pseudo-
graphenes — there is a large variety of options. Several
pseudo-graphene crystals possess high thermal con-
ductivity which makes them good candidates for usein
thermal applications (for example, cooling hardware).
Most of the present materialsin this chart have promis-
ing properties for use in optoel ectronics and electron-
ics.

We have plans to explore the content of the review
inour future work:

- To supplement the currently existing Table with other
low-energy pseudographenes. For this, it is planned to
usethe USPEX software package [100], which special-
izes in predicting the crystal structure from the speci-
fied chemical composition.

- Many of the pseudo-graphenes considered in this re-
view have not been studied in sufficient details, i.e. not
all of their physical characteristicshave been determined.
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In addition, performing cal culations by the same method
in the same software package under the same condi-
tionswill makeit possibleto morecorrectly comparethe
results and avoid inconsistencies in the data that were
found, e.g. for the G4-8v1 or G5-7v1 crystals.

- It is necessary to conduct an analytical study of
graphene-like pseudographenes (with sp?-hybridization)
using thetheory of disclinations. Perhapsthiswill allow
usto clarify relationships between the crystal structure
and the final properties of pseudographenes that we
could not find.

6. SUMMARY AND CONCLUSIONS

The main purpose of the review wasto advance anovel
pseudo-graphene classification and to list various pat-
ternswithin thisclassification. Inthereview, 47 materi-
alsfrom various sources were described. Among them,
6 materialswereinvestigated in parallel by independent
research teams, while others were discovered once in
single publications. According to this materials set, we
proposed a classification that we think isthe best fitting
for the area of research. With given classification, we
created the chart splitting materials into classification
categories.

Based on the result we got, the materials distribu-
tion among the proposed classification isroughly equal
— we have a rich variety of materials, starting from sp?
hybridized metallic materials to non-sp? semi-metallic
pseudo-graphenes.

Although all the discussed pseudo-graphene mate-
rials have not been synthesized yet, we hope that this
will changeinthefuture. With further synthesis of these
proposed materials researcherswill be able to compare
the materials actual parametersagainst cal cul ation mod-
els and thus, improve this modelsto a higher precision
and result quality.
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