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We report quantum-mechanical investigations that predict the formation of white graphene and

nano-sized white graphite from the first-order phase transformations of nano-sized boron nitride

thin-films. The phase transformations from the nano-sized diamond-like structure, when the

thickness d> 1.4 nm, to the energetically more stable nano-sized white graphite involve low

activation energies of less than 1.0 eV. On the other hand, the diamond-like structure transforms

spontaneously to white graphite when d� 1.4 nm. In particular, the two-dimensional structure with

single-layer boron nitride, the so-called white graphene, could be formed as a result of such

transformation. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867256]

One of the important properties of condensed boron

nitride (BN) is that it exhibits a large number of distinct

structures. The macroscopic bulk materials include various

polytypes including diamond-like cubic (bulk c-BN),

graphite-like (bulk h-BN, also called as white graphite, with

a hexagonal layered graphitic structure), as well as rhombo-

hedral and hexagonal. Several different nanostructures of bo-

ron nitride, including fullerenes, nanomesh, nanotubes, and

graphene-like sheets (white graphene) have been fabricated

recently, with applications to next-generation nano-scale

electronics and mechatronics.1–6 For example, white graphite

consisting of a few atomic layers shows high optical trans-

parency over a broad wavelength range and exhibits a me-

chanical strength nearly as strong as graphene.6 Because of

the diverse variation of structures, the structural transitions

of boron nitride have attracted a great deal of attention.7–18

Specifically, the first-order phase transitions (that is, the

structural transitions/transformations) are always an interest-

ing topic because it provides deep insights about the funda-

mental physics and chemistry of condensed matter.

In this Letter, we report quantum-mechanical investiga-

tions that predict first-order phase transitions of nano-sized

boron nitride thin films. The specific phase transition consid-

ered is a structural change from the diamond-like structure

(nano-sized c-BN) to the graphite-like phase (nano-sized

h-BN, nano-sized white graphite, or white nano-graphite).

The structural change involves no activation energy when

the thickness (d) of the c-BN thin film �1.4 nm (we call such

a structural change as a spontaneous structural change).

Calculations show that nano-sized white graphite is

always energetically more favorable than the corresponding

nano-sized c-BN. On the other hand, when the thickness of

nano-sized c-BN is >1.4 nm, the structural transitions involve

non-zero activation energies. Such transition could occur after

it is stimulated (stimulated structural change). The low acti-

vation energies (<1.0 eV) when d� 3.1 nm make the transi-

tion occur even at room temperature. We further determined

the structure of white graphene (the 2D single-layer sheet of

graphite-like boron nitride) that is resulted from the spontane-

ous structural change. Both white graphene and nano-sized

white graphite have recently been fabricated.1,2,6

The quantum mechanical investigations are first-

principles density-functional theory (DFT) calculations and

ab initio molecular dynamics simulations, using the pseudo-

potential method and a plane wave basis set.19–27 The

exchange-correlation effects were treated with the general-

ized gradient-corrected exchange-correlation functionals

(GGA) given by Perdew and Wang (PW91).24 The

Vanderbilt ultrasoft pseudopotentials, as implemented in the

Vienna ab initio simulation package (the VASP code) were

adopted.19,20,25 A plane wave energy cutoff of 348.1 eV and

33 special k points in the irreducible part of the two-

dimensional Brillouin zone of the thin films were used for

calculating relaxed structures of both c-BN and h-BN config-

urations. Calculations convergence was checked with differ-

ent values of the plane-wave cutoff and different numbers of

special k points, and a total-energy convergence of

10�6 eV/atom was achieved. Key results were verified with

the local density approximation (LDA)23 and other GGA

functionals (PBE).26 Calculations involving the PBE func-

tionals were performed with the projector augmented wave

(PAW) method.21,27 The standard version of the PAW poten-

tials provided by VASP was used for the PBE-PAW calcula-

tions with a higher energy cutoff (400 eV).21 The outmost

cutoff radius, the partial core radius, and the radius of the

PAW sphere for the PAW potential of boron were 1.700 Å,

1.200 Å, and 1.757 Å, respectively. The corresponding radii

for nitrogen were 1.500 Å, 1.200 Å, and 1.514 Å, respectively.
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The electronic configurations of boron and nitrogen were

[He]2s22p1 and [He]2s22p3, respectively.

Nano-sized c-BN thin films were modeled, based on the

structure of bulk c-BN, by supercells containing between 2

and 30 c-BN(111) atomic layers, corresponding to a thickness

of approximately 0.2–3.1 nm, with a (1� 1) surface cell.

Using PW91, the lattice constant of bulk c-BN was calculated

to be 3.62 Å (see Table I), in agreement with the experimental

value of 3.617 Å.28 Supercells for the nano-sized h-BN thin

films contain 1–15 atomic layers (one h-BN layer corresponds

to two c-BN layers). The in-plane lattice constants (a) of all

nano-sized h-BN thin-films were determined to be 2.50 Å,

comparable to the experimental value of 2.49 Å for the single-

layer h-BN.1 Note that the lattice constant c of bulk h-BN

plays no role in nano-sized h-BN. Each supercell contains a

large vacuum region, equivalent to at least 15 Å. Optimization

of the atomic structures was performed via a conjugate-

gradient technique using the total energy and the Hellmann-

Feynman forces on the atoms. For relaxation calculations, all

the atoms in the supercell were relaxed until the forces on the

atoms were smaller than 0.05 eV/Å. Energy barriers were

calculated with the nudged elastic band method.29,30 The

ab initio molecular dynamics simulations at room temperature

were performed in canonical ensembles.20,22,31

Calculations for the structural relaxations performed at

T¼ 0 K show that the diamond-like c-BN structure relaxes to

the corresponding structure of nano-sized white graphite with

distances between layers of approximately 3.5 Å, if the thick-

ness of the c-BN thin-film is �1.4 nm. This corresponds to 14

atomic layers of c-BN(111). This result also implies that the

relaxation involves a low or potentially no energy barrier.

The total energy of the h-BN configuration is found to be

lower than that of the corresponding diamond-like phase. The

obtained h-BN configurations were further optimized with the

in-plane lattice constants (see Table I). This further optimiza-

tion even makes the total energy of nano h-BN slightly lower.

Therefore, the nano-sized white graphite is energetically

more favorable than the corresponding c-BN phase.

A particularly interesting case is the two-layer diamond-

like c-BN(111). After relaxation, shown in Fig. 1, the struc-

ture transfers to a two-dimensional hexagonal configuration

with single-layer boron nitride (i.e., white graphene). The

lattice constant of this freestanding white graphene is deter-

mined to be 2.50 Å, in excellent agreement with the experi-

mental value of �2.49 Å.1

Optimization calculations of the c-BN thin films at

T¼ 0 K, when the thickness d> 1.4 nm, show significant

relaxation of the structures (Fig. 2). In contrast to the cases of

smaller thicknesses, however, the single phase of h-BN does

not result from the relaxations. Figure 2 shows the relaxed

structure of the 30-layer c-BN thin film. The vertical distance

between the top two layers (the nitrogen and boron layers) is

0.28 Å, significantly reduced from the value of 0.52 Å for the

unrelaxed diamond-like structure. Additionally, the distance

between the second (boron) and third (nitrogen) layers is con-

siderably increased, from 1.57 Å to 1.78 Å. Therefore, the top

three layers exhibit some features of a mixture of the

graphite-like and diamond-like phases. On the other hand, the

diamond-like characteristics of the other layers below the

third are preserved in the relaxed structure, as shown in Fig.

2. In fact, starting from the sixth layer to the center of the

supercell, the configuration shows almost the same structure

as bulk c-BN.32 Calculations for the electronic density of

states (DOS) of the layers from the sixth layer to the center of

the supercell confirm that the DOS is the same as that of bulk.

This fact also suggests that the 30-layer c-BN thin film shows

the same structure as the clean c-BN(111) surface.

All calculations, however, show that any relaxed config-

uration of the c-BN phase has always a higher total energy

than the corresponding h-BN phase. This result is similar to

the cases of smaller thicknesses discussed above. Therefore,

we conclude that nano-sized white graphite is always ener-

getically more favorable than the corresponding c-BN phase,

regardless their thicknesses.TABLE I. Lattice parameters determined by the DFT calculations with the

PW91 functionals. The lattice constant and the B-N distance (in-plane for h-

BN) represented by a and dB–N, respectively. Available experimental values

are also listed for a comparison.

Composition a (Å) dB–N (Å)

c-BN (bulk)

This work 3.62 1.57

Experimenta 3.617 1.565

h-BN (nano-sized)

This work 2.50 1.45

Experimentb 2.49 1.44

aReference 28.
bReference 1.

FIG. 1. (a) Site view of part of a sheet of white graphene, resulted from the

first-order spontaneous structural transition. (b) Top view of the correspond-

ing configuration. The dashed lines define a (1� 1) unit cell, with the length

of the sides the lattice constant of the single-layer boron nitride.

FIG. 2. The relaxed configuration of the c-BN thin-film composed of 30

atomic layers of diamond-like boron nitride. Only the top eight layers are

shown.
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Previous studies regarding the energetics of bulk c-BN

and h-BN show that the relative stability predicted with DFT

calculations may depend on the choice of the exchange-

correlation functionals.17,33–38 In particular, the use of LDA

and GGA may result in different order about the relative sta-

bility of the cubic and graphite boron nitride. For the relative

stability of nano-sized white graphite and the corresponding

c-BN, we used LDA and PBE to verify the result obtained

from the use of the PW91 GGA functionals. Both LDA and

PBE GGA calculations show that the total energy of the

graphite-like h-BN phase is always lower than that of the

diamond-like c-BN phase for the range of film thickness

studied (�3.1 nm). This indicates that the result is independ-

ent of the choice of exchange-correlation functionals. For

example, calculations with PW91 show that the relaxed

16-layer c-BN is higher in total energy than the correspond-

ing h-BN by 312 meV/atom while the use of the PBE func-

tionals resulted in an almost the same value (299 meV/atom).

Note that the van der Waals interaction between the layers of

the nano-sized h-BN is not included in our total-energy cal-

culations. A recent work has shown that the van der Waals

correction of the bilayer h-BN to the total energy determined

by the PBE functionals 38 meV/atom.39 If this data are used

for an estimate, the total energy of the 16-layer c-BN would

be higher than the h-BN by approximately 350 meV/atom,

further demonstrating that the nano-sized h-BN is more sta-

ble than the corresponding c-BN.

We further explicitly calculated the energy barriers

involved in the phase transformations from the nano-sized

diamond-like structures to the corresponding nano-sized

structures of white graphite with the results shown in Fig. 3.

One significant result is that the energy barriers for the struc-

tural transition are zero when the thickness of diamond-like

BN less than or equal to 1.4 nm. This confirms that the nano-

sized c-BN spontaneously transfers to the corresponding

nano-sized h-BN when the c-BN thickness d� 1.4 nm, or

14 c-BN(111) atomic layers.

On the other hand, when the c-BN thickness d> 1.4 nm,

the energy barrier appears and gradually increases with

increasing thickness (Fig. 3). This is consistent with the fact

that the relaxation of c-BN with a thickness >1.4 nm at

T¼ 0 K does not result in the corresponding h-BN phase,

which suggests an energy barrier for the structural transition.

Thus, while the structural transition from c-BN to h-BN

could still occur, it must be stimulated in order to overcome

the barrier. For instance, the structural transition could read-

ily occur at room temperature when the thickness of the c-

BN thin film is �1.6 nm because of the small energy barrier

(0.12 eV). Indeed, our ab initio molecular dynamics simula-

tion for this system at room temperature shows that the c-BN

phase, which is meta-stable at T¼ 0 K, transforms to h-BN

in �0.6 ps. Therefore, white nano-graphite with a few atomic

layers of boron nitride could be obtained from the stimulated

structural transition even at room temperature.

Figure 4 shows the electronic density of states (DOS) of

the relaxed c-BN thin film (16 layers) and the corresponding

nano-sized white graphite (8 layers). The most significant ob-

servation is that the nano-sized white graphite is semiconduct-

ing while nano-sized cubic BN exhibits metallic

characteristics. The metallic feature of nano-sized c-BN is pri-

marily due to the p states (with some contributions from the s
states) of the threefold-coordinated B and N atoms at the top

and bottom layers. Another obvious difference between the

two structures is that the valance band widths of the nano-

sized h-BN are much narrower and the band edges are sharper.

This results from the strong in-plane interaction of h-BN.17

The band gap of the nano-sized white graphite was determined

with PW91 to be 3.75 eV, approximately 30% smaller than the

experimental gap of 5.56 eV.6 Similar underestimations occur

for most semiconductors and insulators, and it is known that

such underestimations are from Kohn-Sham orbitals not nec-

essarily corresponding to the energy levels of the

quasiparticles.40,41

The spontaneous nature of the phase transformation at

the small sizes could be attributed to the change of electronic

bonding. When c-BN contains very few (111) atomic layers,

sp3 bonding in bulk c-BN is dramatically shifted to the sp2

bonding. Bonding of the top (and the bottom) layers is

sp2-dominated, which favors graphite-like h-BN structure.

Following the structural change of the top and bottom layers,

bonding of the inner part of the thin-film (which contains

only a few layers) become more sp2-dominated, resulting in

a structural transition of the entire film. Thus, the

graphite-like h-BN structure is formed, even at T¼ 0 K. On

FIG. 3. The energy barrier involved in the structural transition from c-BN to

h-BN as a function of the c-BN thickness.

FIG. 4. The total DOS of (a) nano-sized c-BN thin-film (16 layers) and (b)

nano-sized white graphite (8 layers). The Fermi level is at 0 eV.
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the other hand, when the c-BN film contains more atomic

layers, the inner layers would involve significantly stronger

sp3 characters, and a barrier appears when the strong sp3

bonding is broken and is converted to the sp2 bonding.

In summary, quantum-mechanical calculations and simu-

lations were performed for nano-sized c-BN and h-BN thin-

films with a range of thickness. The results show that, depend-

ing on thickness, nano-sized diamond-like c-BN may undergo

a spontaneous or stimulated structural change to the corre-

sponding hexagonal layered h-BN, including both white gra-

phene and nano-sized white graphite. The theoretical

prediction of this first-order phase transition may be experimen-

tally verified. It is expected that similar structural transitions

could occur in a variety of nano-sized materials if the pertinent

structures undergo dramatic changes in electronic bonding.

This work was supported in part by the U.S. National

Science Foundation (Grant No. CMMI-0645953), the

Research Grant Council of the Hong Kong Special

Administrative Region, China [Project No. CityU 120611

(9041679)], and The University of Tulsa. The research used

resources of the Extreme Science and Engineering Discovery
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