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ABSTRACT

Recent experiments reported a substantial toughening of nanotwinned diamond

(nt-diamond) composite with coherently interfaced diamond polytypes (differ-

ent stacking sequences). This discovery emphasizes the diversity of graphite-

like structures in carbon onion precursors for synthesizing nt-diamond com-

posite. We designed five new graphitic polytypes to investigate structural

diversity in graphitic systems. Under ambient pressure, the energies of all the

proposed polytypes are between those of graphite (AB structure) and a previ-

ously predicted AA structure. Dynamic and elastic stability results showed that

four structures (AB’C’, AB’D’, AAB and ABCB) can be stable under ambient

pressure. These four structures all have a large interlayer distance comparable to

those in carbon onion and turbostratic graphite. Chiral graphitic structures

(AB’D’ and AB’C’) with reversible electrical properties under slight stress might

be responsible for the controversy about the bandgap of graphitic samples.

Therefore, these four structures are most likely to be a part of the structures

existing in carbon onion and turbostratic graphite or are structural defects in

graphitic samples.
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Introduction

Graphitic systems are a large group of materials that

consist of Van der Waals-coupled graphene layers

[1, 2]. These materials have a wide variety of indus-

trial applications as lubricant and refractory materi-

als, neutron moderators in nuclear fission reactors

[3–5] and other applications in energy conversion and

storage devices [6–10]. In graphitic systems, every

layer of graphene easily shift and twist in the hori-

zontal plane because of the weak Van der Waals

interlayer bonding. Thus, graphitic systems, includ-

ing graphite [1], multilayer graphenes [11], tur-

bostratic graphite [2, 12] and carbon onion [13],

possess rich allotropic structures with different

stacking sequences. In addition to the (unavoidable)

disordered (turbostratic) fraction, there are two types

of stacking, namely AB stacking (2H-graphite) with

hexagonal symmetry and ABC stacking (3R-graphite)

with rhombohedral symmetry in natural and syn-

thetic graphitic flakes [1, 14–16]. Until now, many

different stacking sequences of graphene have been

researched, including AAA [11, 17–19], AAB

[11, 20–22], ABA [22–25], ABC [22, 23, 25–28], twisted

stacking sequences [18, 22, 29, 30] and turbostratic

stacking sequences [31]. Carbon onion and tur-

bostratic graphite with graphitic layers randomly

oriented along the c-axis are composed of graphite

domains in the usual (AB and ABC stacking) form

and surrounded by different metastable graphitic

structures [12, 13, 32, 33]. In short, graphitic systems

are composed of high-symmetry graphitic structures

with different degrees of stacking order.

Two high-symmetry graphitic structures (AA and

AB’) were proposed for the theoretical research of

graphitic systems [12–14, 32–36] besides the usual

(AB and ABC stacking) form of graphite [1, 14–16]. A

variety of experimental phenomena have been

explained by these graphitic structures: electrical

properties (controversy about band gap)

[4, 14, 33, 37], transformation path of graphite to

diamond [34, 36], large interlayer spacing [35] and

ultralow friction behavior [32] of turbostratic gra-

phite. However, these researches [12–14, 32–36] may

have been eclipsed by the high energy and instability

of the two theoretical structures (AA and AB’). Fur-

thermore, carbon onion precursors can transform in

different pressures and temperatures into pure 3C

nanotwinned diamond (nt-diamond) [38] and non-3C

polytype diamonds, such as 2H, 3R, 9R and 15R

polytypes [39]. Thus, other graphitic structures with

different stacking orders should be present in carbon

onion precursor or appear during the synthesis of nt-

diamond composite materials. In fact, it has been a

consensus that different graphitic polytypes can

transform to different sp3 carbon allotropes or sp2–

sp3 hybrid intermediate carbon phase [40–43]. Par-

ticularly, recent studies [44, 45] have described two

new families of diamond-graphene (diaphite) phases

constructed from layered and bonded sp3 and sp2

nanostructural units. As the intermediate phase, they

provide low-energy solutions to structural transfor-

mation between fully sp2 and sp3 bonded carbon

allotropes [44, 45]. These unique nanostructures are

complexity and could be engineered to improve

fracture toughness among diamond materials

[44, 45]. Therefore, systemic and full research on

stable and low-energy graphitic structures with dif-

ferent stacking orders is crucial to understand whole

graphitic systems and the transformation between

sp2 and sp3 bonded carbon allotropes.

Here, five graphitic structures were theoretically

constructed to investigate structural diversity in

graphitic systems. All of the proposed graphitic

structures were energetically more favorable than a

previously predicted AA structure [11, 17–19]. The

energy of ABCB was only 0.03 meV atom-1 higher

than that of 2H-graphite at ambient pressure. Four

graphitic structures (AB’C’, AB’D’, AAB and ABCB)

were stable at ambient pressure and had a large

interlayer distance comparable to those of carbon

onion and turbostratic graphite observed experi-

mentally. The semimetal chiral graphitic structures

(AB’D’ and AB’C’) will open the bandgap and

become semiconductors under slight stress. This

finding might be useful for understanding the

inconsistent bandgaps of graphitic materials.

Computational methods

The graphitic structures of high-symmetry systems

were constructed in the Materials visualizer module

of materials studio software [46]. We built the new

graphitic structures similar to a Lego game [47] by

analyzing the existing interlayer relations (see

Fig. 1a) of four previously investigated graphitic

structures [12, 33, 35]. Five new combinations were

retained after duplicates were removed. In this study,
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all of the calculations were performed based on the

density functional theory (DFT) as implemented in

the CASTEP code [48]. Norm-conserving pseudopo-

tentials were used [49]. A k-point sampling [50] of

0.03 9 2p Å-1 and a plane-wave cutoff of 1000 eV

were used. DFT with semi-empirical dispersion cor-

rection was adopted to describe the long-range Van

der Waals interaction between carbon layers. The

scheme developed by Ortmann, Bechstedt and Sch-

midt (OBS) [51] was used for DFT calculations with

generalized gradient approximation in Perdew–

Wang 91 (PW91) [52] functional form. The Broyden–

Fletcher–Goldfarb–Shanno minimization scheme was

used in geometry optimization [53]. Structural

relaxation was stopped when the total energy change,

maximum ionic displacement, stress and ionic Hell-

mann–Feynman force were less than 5.0 9 10-6 eV/

atom, 5.0 9 10-4 Å, 0.02 GPa and 0.01 eV Å-1,

respectively. Standard DFT usually underestimates

the bandgaps of semiconductors [54]. Thus, band

structures were calculated using the DFT method

with hybrid XC functional HSE06 to overcome the

underestimation [55]. Considering the specific Dirac-

cone-like bands in the graphitic systems, we specified

a high-quality k-point set (0.001 9 2p Å-1) for the

band structure calculation. Elastic constants were

calculated in the linear elastic strain range. Phonon

spectra were calculated via the linear response

method [56, 57]. All symmetry k-points and symme-

try k-lines in the Brillouin zone of primitive unit cells

were determined by automatic flow (AFLOW)

[58, 59]. The selected calculation parameters were

tested to ensure that energy convergence was less

than 1 meV atom-1. Benchmark calculations were
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Figure 1 Top and side views of the high-symmetry graphitic

structures investigated in this study. The structures are classified

into two groups based on the precursor structure. a Interlayer

relations of graphitic structures AA, AB, AC, AB’, AC’ and AD’.

b and c Graphitic structures with layer periodicity belong to

groups AB’ and AB. The structure proposed in this work is marked

in bold.
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conducted for 2H-graphite (AB structure) to validate

our computational scheme and the results are sum-

marized in Table 1. The calculated lattice parameters

(a = 2.461 Å, c = 6.697 Å) were in good agreement

with the experimental results (a = 2.463 Å,

c = 6.712 Å for the AB structure) [60] The calculated

bulk modulus of the AB structure was 38.6 GPa,

which was in agreement with the experimental value

of 36.4 ± 11 GPa [60].

Results

Structures

The high-symmetry graphitic structures are pre-

sented in Fig. 1. Based on six interlayer relations,

namely AA, AB, AC, AB’, AC’ and AD’ (Fig. 1a),

which were mentioned in previous studies

[12, 33–36], we obtained five new high-symmetry

graphitic structures (Fig. 1b, c) in addition to the four

previously investigated graphitic structures [32]. The

novel proposed graphitic structures were designated

as AB’D’, AB’C’, AB’C’D’, AAB and ABCB, which

were named according to the position of each layer in

the unit cell. The structures generated by the trans-

lational gliding moves of the graphene layer in the

zigzag and armchair directions were divided into

groups AB’ (Fig. 1b) and AB (Fig. 1c), respectively.

Remarkably, the AB’C’ and AB’D’ structures are

mirror symmetry; thus, their crystals are chiral and

cannot be superimposed on the mirror image. The

different mirror images are called ‘‘enantiomers’’ or

‘‘optical isomers.’’ The AB’C’D’ structure was con-

structed by adding one layer to each of the chiral

structure to fill up the empty venues (top view in

Fig. 1b). The AAB and ABCB structures are multi-

layer graphenes [11, 20, 66–70], but no research has

involved the corresponding bulk structures. The

details of the high-symmetry graphitic structures are

listed in Table S1 in the supplementary material. The

lattice parameter a (2.461 Å) of all of the structures is

equal, whereas their average interlayer distances

(3.347–3.515 Å) differ remarkably from each other.

This result could be attributed to the strong intralayer

covalent bonds and the weak interlayer Van der

Waals bonds. The five proposed graphitic structures

had longer interlayer distances than the most

stable graphitic structure (AB structure). The longer

distance might also be the origin for the larger

interlayer spacing in turbostratic graphite [35] and

carbon onion [13].

Stability and elastic properties

The thermodynamic stability of the five new graphi-

tic structures was further examined by a direct

enthalpy comparison with known theoretical

Figure 2 Enthalpy–interlayer distance relationship of the

proposed new graphitic structures compared with other known

experimental and theoretical graphitic structures at ambient

pressure. All the proposed graphitic structures were energetically

more favorable than the observed AA structure at ambient

pressure. The structure proposed in this work is marked in bold.

Table 1 Experimental and calculated lattice parameters (Å), cell

volume (C.V., Å3) and Bulk modulus (B, GPa) of 2H-graphite (AB

structure) under ambient conditions. LDA (local density

approximation), OBS (Ortmann–Bechstedt–Schmidt), PBE

(Perdew–Burke–Ernzerhof), TS (Tkatchenko–Scheffler),

Grimme, PW91 (Perdew–Wang 91)

Method a c C.V B

LDA [61, 62] 2.440 6.630 34.162 28.8

LDA ? OBS [51] 2.432 6.159 31.546 64.6

PBE [63] 2.462 8.864 46.527 0.5

PBE ? TS [64] 2.454 6.672 34.808 57.8

PBE ? Grimme [65] 2.458 6.420 33.580 40.7

PW91 [52] 2.461 9.581 50.242 1.2

PW91 1 OBS 2.461 6.697 35.113 38.6

Experimental [60] 2.463 6.712 35.262 36.4 ± 11

The method used in this article is shown in bold
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graphitic structures in Fig. 2. Enthalpy is increased

with the increase in interlayer distance. As shown in

Fig. 2 and Table 2, the energies of the five proposed

graphitic structures were lower than that of AA

structure [11, 17–19] at ambient pressure and slightly

higher than that of 2H-graphite (AB structure) by

only 0.03–3.38 meV atom-1. Interestingly, the chiral

structures (AB’C’ and AB’D’) had lower energies and

bigger interlayer distances than the AB’ structure,

which might exist in turbostratic graphite [32] for its

large interlayer distance. Thus, the chiral structures

likely exist in turbostratic graphite. In particular, the

energy of ABCB was only 0.03 meV atom-1 (the dif-

ferences are beyond the accuracy of the calculations)

higher than that of 2H-graphite at ambient pressure.

Previous research showed that the energy of ABC

structures is 0.07 meV atom-1 higher than that of 2H-

graphite at ambient pressure, which explains why the

ABC structure (3R-graphite) is usually 5–15% inter-

mixed with the perfect hexagonal one in natural

graphitic flakes [1, 14–16]. Thus, ABCB likely exist in

natural graphite. This characteristic can be under-

stood because the proposed polytypes were con-

structed based on the existing interlayer relationships

in the three graphitic structures [12, 33, 35]. Consid-

ering the large interlayer distance and relatively low

energy of the proposed polytypes with respect to the

previous AB’ and AA structures, the five proposed

polytypes might more likely exist in complex sys-

tems: natural graphite, turbostratic graphite and

carbon onion [1, 12–16, 32, 33].

Their elastic constants were also calculated and are

listed in Tables S2 and 3 to assess the elastic stability

of our proposed graphitic structures. The elastic

stability criteria for hexagonal, trigonal and

orthorhombic crystals were used in this survey

[71–73]. All the five proposed structures satisfied the

elastic stability criteria; thus, they are elastically

stable at the ground state. The elastic stability of

previous graphitic structures was also consistent with

the results in Ref. [32]. The chiral structures of AB’C’

and AB’D’ were elastically stable in our study but not

in Ref. [74]. Apparently, this difference can be

attributed to not dealing with the requisite Van der

Waals interaction of the graphitic systems in Ref. [74].

Note that C13 did not affect the stability; a positive

(or negative) value means that the out-of-plane dis-

tance tends to expand (or contract) under in-plane

compression. Elastic constants C11 and C12 describe

in-plane deformations and possessed the highest

values because of the strong sp2 bonding interactions

within the graphene planes. Elastic constant C33

describes out-of-plane compression or expansion and

always had a positive value for different stacking

orders (see Table 3). Elastic constants C44 and C55

correspond to the shear between graphene layers.

The values of C44 and C55 were low and can be pos-

itive or negative depending on the stacking order

because of the weak interaction between planes (see

Table 3). These two elastic constants are very

important as they can break the mechanical stability

condition (i.e., C44 or C55\ 0). Compared with the

negative elastic constant values (C44 or C55) of AB’

and AA structures, all the five proposed structures

are more difficult to shear between graphene layers

and are more stable in the c-axis.

The phonon spectra of the elastically stable struc-

tures were further calculated and are shown in

Table 2 Calculated structural information, mass density (g cm-3),
equilibrium interlayer distance (d) and enthalpy differences (meV
atom-1) of various graphitic structures relative to those of 2H-graphite

at ambient pressure. The structure proposed in this work is marked in
bold

Slip direction: positional relations of the layers Structure Space group Density d (Å) Enthalpy difference

Zigzag direction: AB’,

AC’, AD’

Group AB’

(Fig. 1b)

AB’ Fmmm (69) 2.258 3.369 1.50

AB’D’ P6422 (181) 2.255 3.374 1.45

AB’C’ P6222 (180) 2.255 3.374 1.45

AB’C’D’ Fddd (70) 2.262 3.363 1.59

Armchair direction: AA, AB, AC

Group AB

(Fig. 1c)

AA P6/mmm (191) 2.165 3.515 10.15

AAB P-6m2 (187) 2.235 3.404 3.38

AB (2H-gra.) P63/mmc (194) 2.272 3.349 0.00

ABC (3R-gra.) R-3 m (166) 2.273 3.347 0.07

ABCB P63/mmc (194) 2.271 3.350 0.03
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Figs. 3 and S1. The phonon spectra of the proposed

structures AAB, ABCB and chiral structures (AB’C’,

AB’D’) have no imaginary phonon frequency

throughout the whole Brillouin zone; thus, they are

dynamically stable. The results for AB’D’ are com-

pletely different from Ref. [74], which indicates that

reasonable dispersion correction is necessary for the

research of layered materials. AB’C’D’ was dynami-

cally unstable because of the appearance of imagi-

nary phonon frequency (Figures S1). According to

our calculations, the chiral structures (AB’C’ and

AB’D’), AAB and ABCB are most likely a viable

graphitic polytype as 3R-graphite (ABC) with low

energy. By contrast, AB’C’D’ might emerge as the

stacking faults in graphitic systems or as

metastable phases that are stabilized by intercalated

atoms in the same non-equilibrium environment as

the AA and AB’ structures [11, 17–19].

In all studies of theoretical graphitic structure to

date, the four stable graphitic structure have very low

energy and large interlayer distance. All of these

advantages meant that the proposed chiral graphitic

structures (AB’C’ and AB’D’), AAB and ABCB could

exist in graphitic systems just like 2H-graphite (AB)

and 3R-graphite (ABC). Elastic constants C44 and C55

correspond to the shear between graphene layers. As

shown in Table 3, the C44 and C55 values of the four

structures were less than those of AB (2H-graphite)

and ABC (3R-graphite). Thus, the large interlayer

spacing [35] and ultralow friction behavior [32] of

turbostratic graphite can be attributed to the exis-

tence of more stable graphitic structures (AB’C’,

AB’D’, AAB and ABCB) than unstable AA and AB’

structures.

Electronic properties

The electronic band structures of the four

stable graphitic structures (AB’C’, AB’D’, AAB and

ABCB) were calculated to clarify their influence on

the electronic properties of graphitic systems. In dif-

ferent graphitic structures, strong intralayer bonding

is described by sp2-hybridized 2s, 2px and 2py atomic

orbitals (r states) and weak interlayer bonding is

derived from the overlap between 2pz orbitals (p
states) perpendicular to the graphitic planes. The

resulting band structure consists of bonding p and r
states and antibonding p* and r* states that form the

valence and conduction bands, respectively. The

Figure 3 Phonon spectra of the proposed graphitic structures with

dynamic stability at ambient pressure.

Table 3 Elastic constants (GPa) for the different graphitic structures. The structure proposed in this work is marked in bold

Structure C11 C33 C44 C55 C12 C13 Elastic stability Dynamic stability

AB’ 1042.0 42.7 - 2.5 7.7 179.4 - 5.1 Unstable

AB’D’ 1040.9 42.4 2.2 2.2 179.8 - 7.5 Stable Stable

AB’C’ 1040.8 42.5 2.2 2.2 179.8 - 7.5 Stable Stable

AB’C’D’ 1041.2 55.7 5.2 0.8 180.8 - 13.0 Stable Unstable

AA 1001.7 43.2 - 4.8 - 4.8 172.1 - 9.1 Unstable

AAB 1032.9 43.5 0.3 0.3 177.0 - 8.2 Stable Stable

AB (2H-gra.) 1048.5 42.2 4.1 4.1 181.0 - 7.4 Stable Stable

ABC (3R-gra.) 1048.9 43.0 4.1 4.1 181.2 - 7.3 Stable Stable

ABCB 1048.0 41.9 4.1 4.1 181.4 - 7.5 Stable Stable
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weak interactions between graphitic planes modify

the 2D situation (which leads to a zero-gap semi-

conductor [75]) and create a small overlap semimetal

or small-gap semiconductor depending on the allo-

tropic structure. Figure 4 shows the band structures

of the four stable graphitic structures in the different

special directions of the Brillouin zone determined by

AFLOW [58, 59]. For comparison, the electronic band

structures of the previously investigated graphitic

structures are also shown in Figure S2. The effect of

the stacking order on the main features of the band

structures was very weak, besides the numbers of

bands were different. The band structures of AB’C’

and AB’D’ look exactly alike because of their chiral-

ity. The chiral graphitic structures (AB’C’ and AB’D’)

possess overlaps of 3 meV, whereas AAB and ABCB

have overlaps of 31 and 4 meV, respectively. The

electronic nature of a structure (semiconducting,

semimetallic, or metallic) depends on the band

structures in the region of the Fermi level. Figures S3

shows the detail of the band structures in the region

of the Fermi level and these graphitic structures are

small-overlap semimetal.

Considering the influence of possible stress on the

sample, we also investigated the electronic nature of

these four stable graphitic structures under ± 1 GPa.

Bandgap (overlap) variations with pressure are

shown in Fig. 5. The four structures (AAB, ABCB, AB

and ABC) had no substantial changes in electronic

nature; the bandgap (overlap) only changed in value.

However, the electronic nature of the chiral graphitic

structures (AB’C’ and AB’D’) transformed from

semimetal to semiconductor under slight positive or

negative stress. This characteristic might be respon-

sible for the controversy about the bandgap of gra-

phitic materials [4, 14, 33, 37].

Conclusions

Five graphitic structures were theoretically designed

to investigate the structural diversity of graphitic

systems, particularly in the complex systems tur-

bostratic graphite and carbon onion. These structures

were energetically more favorable than the previ-

ously predicted AA structure at ambient pressure.

The energy of ABCB was only 0.03 meV atom-1

higher than that of 2H-graphite (AB structure). Four

among the proposed structures (AB’D’, AB’C’, AAB

and ABCB) had dynamic and mechanical stability,

which indicate that these structures might be recov-

erable once formed. Their large d values are

Figure 4 Band structures of the four stable graphitic structures

calculated with the HSE06 functional at ambient pressure.

Figure 5 Variation in the band gap (overlap) versus pressure of

six stable graphitic structures. The positive value of the band gap

represents the band gap of the semiconductor and the negative

value represents the degree of the overlap of the semimetal. The

structure proposed in this work is marked in bold.
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consistent with the characteristics of turbostratic

graphite [35] and might be the origin for the larger

interlayer spacing in turbostratic graphite and carbon

onion. Moreover, the chiral graphitic structures

(AB’D’ and AB’C’) are small-overlap semimetal at

ambient pressure and can directly transform from

semimetal to semiconductor under slight positive or

negative stress. This transformation might be

responsible for the controversy about the bandgap of

graphitic materials. Several new graphitic structures

proposed by this work will enrich the research of

graphitic systems, help understand the structural

complexity of carbon onion and aid in the further

study of more challenging problems, such as the

transformation between sp2 and sp3 bonded carbon

allotropes [38] [40–45] [69].
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