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ARTICLE INFO ABSTRACT

Thermoelectric (TE) materials have gathered much attention due to their ability to harvest waste heat energy. To
fulfill the goal of sufficient efficiency conversion two important parameters are required (1) low thermal con-
ductivity and (2) high power factor (PF). Two dimensional (2D) hexagonal boron nitride (h-BN) is isostructural
with graphene and composed of excellent opto-electronic properties, high mechanical and chemical stability,
further exhibiting wide range of applications in diverse areas. Insulating nature of 2D h-BN can be tuned by
different approaches such as functionalization, doping or hybrid structures. Therefore, present work focuses on
the oxygenation of h-BN, i.e. BNO, for optimization of electronic and phonon transport properties using the state-
of-the-art density functional theory (DFT) and Boltzmann transport equation. The presence of oxygen in out-of-
plane direction leads to the buckling in h-BN resulting in 65% decrement in the lattice thermal conductivity of
BNO (103.66 W/mK) at room temperature. Further, the giant reduction (from 4.63 to 0.7 eV) in electronic
bandgap after oxygenation in h-BN is found, leading to the nine times larger electrical conductivity as compared
to h-BN. The calculated power factor is almost double in case of BNO. Present study suggests, BNO might have
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promising utilization in high temperature thermoelectric applications.

1. Introduction

The extraordinary properties of graphene, which is a single atomic
plane of carbon atoms, have driven an explosion of two dimensional
(2D) honeycomb structured materials, exfoliated from their bulk
counterparts, such as group IV elements, group III-V, IV-VI and II-VI
compounds, which are currently of significant interest due to their
unique properties [1-11]. Among all 2D materials, hexagonal boron
nitride (h-BN), due to its structural analogy with graphene has gathered
much attention [6,12]. The covalent nature of the hetero-nuclear
bonding between B and N in the honeycomb lattice of h-BN results in
the large bandgap which was missing in graphene [13,14]. However,
the large band gap in h-BN restricts the applications for electronic
transport and energy conversion, which needs to be reduced. Parallel to
the discovery of new 2D materials, motivated by the improved prop-
erties of graphene oxide (GO) [15], there has been also attempt on

tailoring properties through oxidation, giving rise to a new class of
nanomaterials, with wide range of applications [16-18]. For example,
very recently, by controlled oxidation, a new material in graphene’s
group has been developed experimentally named as graphene mon-
oxide (GMO) consisting of quasi hexagonal structure and unusual ratio
of carbon and oxygen which is 1:1 in a unit cell [19]. The GMO has
semiconducting nature with 0.9 eV bandgap, which might have many
electronic applications. Furthermore, the different oxygen and carbon
ratio and functional groups in graphene oxide (GO) has been shown to
result in wide range of energy gap indicating its possibilities in variety
of applications [20-23].

Inspired from the activity on oxidation of graphene and 2D mate-
rials, in the present study we explore the effect of oxidation on h-BN,
which resulted in the formation of boron nitride oxide (BNO) or “white
graphene oxide”. Our goal is to achieve the tuning of electronic prop-
erties as well as improvement of transport properties for potential

* Corresponding authors at: S.N. Bose National Centre for Basic Science, Kolkata 700098, India (B. Roondhe).
E-mail addresses: basantroondhe@gmail.com (B. Roondhe), tanusri@bose.res.in (T. Saha Dasgupta), rajeev.ahuja@physics.uu.se (R. Ahuja).

https://doi.org/10.1016/j.apsusc.2020.147513

Received 27 June 2020; Received in revised form 27 July 2020; Accepted 10 August 2020

Available online 15 August 2020

0169-4332/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2020.147513
https://doi.org/10.1016/j.apsusc.2020.147513
mailto:basantroondhe@gmail.com
mailto:tanusri@bose.res.in
mailto:rajeev.ahuja@physics.uu.se
https://doi.org/10.1016/j.apsusc.2020.147513
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2020.147513&domain=pdf

B. Roondhe, et al.

Applied Surface Science 533 (2020) 147513

Fig. 1. Optimized structure along with their Brillouin zone of (a) BNO and (b) h-BN.

application in thermoelectric device. The thermoelectric (TE) materials
have tendency to convert the heat energy into electrical energy. The
efficiency of such conversion purely depends on the Seebeck coefficient
(S), electrical conductivity (o), total (electronic and the lattice) thermal
conductivity (x), and temperature (T), which results in the di-
mensionless quantity figure-of-merit (ZT), expressed as S%0T /k. The
high power factor (S%0) and low thermal conductivity is essential need
for any high efficient thermoelectric materials.

Our first-principles calculations show that the crystal structure of
BNO exhibits the buckling which breaks the mirror symmetry. This
structural modification of the h-BN might reveal the variety of new and
modified properties, introduce the novel era of boron nitride nanos-
tructure. Therefore, we aimed to understand the structural properties,
lattice dynamics and electronic properties of 2D materials, as a funda-
mental point of view. Moreover, the exploration of boron nitride based
materials for the application in thermoelectric devices is still limited
due to its high thermal conductivity [12]. Some 2D transition metal
chalcogenide have gather attention in this regard but it is still in pre-
liminary stage [24]. The buckled structure of BNO with broken mirror
symmetry is expected to cause possible enhancement in phonon scat-
tering [25], and promises lower thermal conductivity compared to the
graphene [26]. The change in charge carrier and band gap upon oxi-
dation, on the other hand, should influence electrical conductivity and
consequently the power factor.

In the present work, we thus investigated the structural, electronic,
phonon and TE properties of 2D boron nitride oxide (BNO) or “white
graphene oxide” using the combined approach of first-principles
method and Boltzmann transport theory. For a deeper understanding of

the results, all the properties are compared with 2D h-BN. For TE
properties, we further investigate their temperature dependence,
showing the enhancement in power factor from h-BN to BNO.

2. Computational method

The structural and electronic properties of h-BN and BNO are in-
vestigated using state-of-the-art density functional theory (DFT) based
on the first principles calculation. Structural optimizations of h-BN and
BNO obtained by employing plane wave method based ultra-soft
pseudopotential with generalized gradient approximation (GGA) [27].
All the ground state energy calculations done in QUANTUM ESPRESSO
distribution [28]. The convergence in plane wave basis set is achieved
with kinetic energy and charge density cutoff of 80 and 800 Ry. During
structural optimization, 10x10x1 Monkhorst-Pack [29] k-mesh is used
for the sampling of the Brillouin zone (BZ). The total energy of our
systems is calculated by Broyden-Fletcher-Goldfarb-Shanno (BFGS)
[30] iterative method. The convergence for electronic energy is set to
107% eV and minimum forces between atoms are converged to
0.001 eV/A. The phonon dispersion is calculated by using density
functional perturbation theory (DFPT) implemented in QUANTUM
ESPRESSO distribution [31]. To evaluate phonon frequencies precisely,
g-mesh of 6x6x1 and 8x8x1 are used for h-BN and BNO, respectively.

The electronic and phonon transport coefficients are calculated by
solving both electronic and phonon Boltzmann transport equation se-
parately. The electrical conductivity and electronic thermal con-
ductivity are calculated under rigid-band and constant relaxation time
approximation as implemented in BoltzTraP code [32]. The phonon
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Table 1
Calculated Lattice constant ‘a’ (f\), Fermi energy ‘Ey’ (eV), bandgap ‘Eg’ (eV),
bond length (;\) and bond angle (°).

System Ep(eV) Eg (eV) Bond length Bond angle (*) Lattice ‘@’
(A)(B—N) (B—N—B) (€N]
BNO —1.18 0.7 (Indirect) 1.98 113 3.16
h-BN —3.71 4.63 (Direct) 1.43 120 2.49
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Fig. 2. Phonon dispersion curve (PDC) along with phonon density of states
(PhDOS) of (a) BNO and (b) h-BN.

dependent lattice thermal conductivity is calculated using the following
equation [33-34]

-1 2
M = 7 ZA GV Tax eh)

where V is the volume of the BZ, G, is the group velocity of 1™ phonon
mode, v;, and 73, determines the group velocity and phonon relaxation
time for 2™ phonon mode along the x direction. The solution of phonon
Boltzmann transport equation (PBTE) which is executed in ShengBTE
code is utilized to obtained the lattice thermal conductivity using the
above expression [35]. This requires two types of force constants: (1)
2nd order interatomic force constant (IFC) which is obtained from
DFPT phonon calculations and (2) 3rd order anharmonic IFCs, which is
obtained by using supercell approach with a 6x6x1 supercell.

3. Results and discussion
3.1. Structural and dynamical properties

We start our study with optimization of the structure and lattice
constant of both 2D structures h-BN and BNO. The optimized geome-
tries are presented in Fig. 1. The obtained equilibrium lattice constant
‘a’ of h-BN and BNO, out-of-plane height D of oxygen atom in BNO and
bond angle ~ BNO and « BNB are listed in Table 1. The obtained lattice
constants of h-BN and BNO are 2.49 and 3.16 A, respectively, which is
in good agreement with that reported in literature for h-BN [36].
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Fig. 3. (a) Lattice thermal conductivity (kja) and (b) group velocity of BNO and
h-BN.

Further, the presence of oxygen at out of plane position reveals the
larger lattice constant of BNO than that of h-BN. The crystal structure of
h-BN is hexagonal as in case of graphene, while the BNO shows a highly
anisotropic honeycomb crystal structure. The oxygen atom in BNO sits
on the bridge site of B-N bonds, 1.07 A above the plane of B—N, being
covalently bonded with B and N, which further increase the bond dis-
tance to 1.98 A from 1.42 A. This makes the hexagon stretched with one
of its six arms formed by buckled B-O-N bonds, and rest four arms
formed by B—N bonds. The angle between B—O—N is found to be 85°
while the angle between B—N—B becomes 113° contrast to 120° in the
case of h-BN. The resulting buckled 3D structure of BNO forms sp?-sp>
hybridized structure in contrast to sp> bonded structure of h-BN.

Due to the peculiar structural properties of BNO compared with its
parent h-BN, it is essential to check whether this newly predicted
structure is stable in free standing. For this purpose, dynamical stability
needs to examined from the calculation of phonon dispersion curves
(PDQ) in the entire Brillouin zone (Fig. 1). We present PDC of BNO
together with the h-BN in Fig. 2. First of all, we notice that phonon
frequencies are positive and real in the whole range of BZ, asserting
dynamical stability of both the structures. The h-BN and BNO has six
and twelve phonon branches, respectively, out of which three are
acoustic (A) branches and rest are optical (O) branches. For 2D mate-
rials, the main characteristic of phonons is the out-of-plane acoustic
mode ‘ZA’, or flexural mode, which governs the out-of-plane vibrations.
Under zero strain condition, the ZA branch follows the quadratic be-
havior with wave-vector near the zone center, which is the indicator of
loss of two-dimensional ordering. Thus, ZA mode is focused widely to
understand the rippling in 2D materials [9,37-39]. The frequency of
other two acoustic branches: transverse acoustic (TA) and longitudinal
acoustic (LA) shows linear behavior near the zone center. BNO phonon
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Fig. 4. (a) Griineisen parameter (y) and (b) phase space (P3) of BNO and h-BN.

spectrum show these characteristic features, similar to the h-BN
[9,10,14] and graphene [40-41].

In the case of h-BN, out-of-plane vibrations (acoustic and optical
section) of PDC have lower frequency compared to other transverse and
longitudinal modes. This should be attributed to low dimensionality of
the h-BN structure which enforces stronger in-plane bending or
stretching of the BN bond compared to the bending in z-direction [37].
In comparison, the BNO phonon dispersion curves bear more three-di-
mensionality. No frequency gap between LA and ZO modes is observed
in both BNO and h-BN due to non-orthogonality of bonds in xy and z
directions, leading to finite hybridization between LA and ZO modes.
For h-BN, the crossing of LA and ZO modes occur at ~760 cm™!
whereas this gets suppressed in BNO to ~270 cm ™ *. Oxidation of h-BN
incorporates the additional four branches consisting two bending and
two stretching at higher frequency region, illustrating the contribution
of oxygen atom in acoustic as well as in optical region of PDC. The
atomic-specific contributions to phonon modes can be better under-
stood in terms of projected phonon density of states (PhDOS), as shown
in Fig. 2. Because of slightly less mass of boron than nitrogen atom a
sharp peak of nitrogen vibrational density of states is observed in
acoustic region of h-BN, which suggests a maximum contribution of
nitrogen in acoustic phonon modes frequencies. At upper limit of
acoustic mode frequencies as well as in the whole optical mode fre-
quencies, both boron and nitrogen atom contribute almost equally in
PDCs. On the other hand, in the PDC of BNO, major participation in the
acoustic mode frequencies is by oxygen atom. In case of BNO, we ob-
serve the presence of oxygen atom in z-direction of sheet leads to
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Fig. 5. Band structure plots and density of states (DOS) of (a) BNO and (b) h-
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suppression of higher optical vibrational frequencies of boron and ni-
trogen atoms (1011 cm~! and 857 em™Y) compared to that in h-BN
(1404 cm™1). One should further note from the PDC of BNO that the
frequency of acoustic phonon modes is reduced in BNO as compared to
h-BN. This reduction in acoustic mode frequencies of BNO can be at-
tributed to the inclusion of oxygen in the unit cell of h-BN, which
further diminishes harmonic force constant and increase mass density
in BNO [42]. The reduction in phonon frequencies suggests possibility
of reduction in lattice thermal conductivity of BNO. The reduced lattice
thermal conductivity can be an important parameter for the better
thermoelectric performance of a material, as will be discussed in the
next section.

3.2. Thermal conductivity

The temperature dependent lattice thermal conductivity (kja,) of
BNO, obtained from the contributions of 2" order harmonic and 3™
order anharmonic inter atomic force constants and presented in
Fig. 3(a) in comparison to that of h-BN. The «j, decreases with the
increase of temperature. The room temperature lattice thermal con-
ductivity for BNO is found to be 103.60 W/mK which is almost 1/3" of
the h-BN lattice thermal conductivity (302.33 W/mK).

There can be several factors contributing to the observed large
difference in the thermal conductivity between BNO and h-BN, we
discuss them in the following.

First of all, as discussed in Section 3.1, there is a reduction in the
frequency of acoustic phonon modes in BNO compared to h-BN which
would make an important contribution. High values of acoustic fre-
quency near zone center in h-BN also leads to large slope in PDC of h-
BN resulting in large group velocity, while for BNO, lower values of
acoustic mode frequencies compared to h-BN gives rise to lower group
velocity. It is to be further noted that while the group velocity of ZA
mode in h-BN and BNO is not notably different, the TA and LA modes
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Fig. 6. Calculated electronic transport coefficients: (a) Seebeck coefficient (b) electronic conductivity and (c) power factor as a function of temperature (K).

have higher group velocity in h-BN compared to be BNO. This results in
lower phonon group velocity in BNO as compared to h-BN, which
should contribute in reducing ki, of BNO.

Further, the large anharmonicity in phonon modes would
strengthen scattering channels which further contribute in reduction of
lattice thermal conductivity [43]. To investigate this possibility, we
analyze the phonon mode dependent Griineisen parameter (y), which
governs the anharmonicity in phonon modes and potency of scattering
paths [40,43]. Negative value of y depicts the weakening of the bonds
in crystal structure, while strongest bond has positive value of y in
acoustic mode region [44-45]. The frequency dependent, Griineisen
parameters are presented in Fig. 4(a) for h-BN and BNO. As found, the
planar, hexagonal structure of h-BN results in nominal anisotropy in
properties of h-BN. However, BNO has out-of-plane oxygen atoms in z-
direction which increases the anisotropy in this compound leading to
large, negative values of Griineisen parameter. y has more negative
value in BNO than in h-BN, which can be attributed to the weaker
bonds resulting from increase in bond length between the boron and
nitrogen atoms than h-BN.

Moreover, the phase space for three phonon process determines the
number of scattering channels which allows phonon scattering with
fulfillment of energy and momentum conservations [46—47]. It has also
been shown that three phonon process is more dominant than higher
order anharmonic scattering process for the lattice thermal conductivity
[43,46,48]. Fig. 4(b) shows the phase space (P3) for three phonon
process as a function of phonon frequencies for both h-BN and BNO.
The inclusion of oxygen atoms in BNO increases the number of atoms in
unit cell and hence the phonon branches which governs rules of three
phonon scattering more conveniently and leads to a greater number of
scattering channels in BNO compared to h-BN. Similar nature of P; is

found by Wu et al. [49] for hydrogenated graphene. This suggests that
the higher value of phase space for the three phonon scattering in BNO,
further contributes to low lattice thermal conductivity than h-BN.

3.3. Electronic properties and electronic transport

The electronic band structures, calculated along high symmetric
direction points in the Brillouin zone I'-K-M-I' for h-BN and
I'-K-M-L-T for BNO, are presented in Fig. 5. From the band structure
plot, we find that while the h-BN has a large direct bandgap of 4.63 eV,
BNO has a small indirect bandgap of 0.7 eV in L-T" direction. Fig. 5 also
shows the total DOS along with PDOS plot for h-BN and BNO. It is clear
from the plot that the states near the Fermi level in valence band arises
in the case of BNO due to the hybridization occurring between the p
orbital electrons of oxygen and nitrogen atoms. The participation of p
orbital electron of oxygen thus creates a robust decrement in the
bandgap compared to that of large bandgap h-BN. The small bandgap in
BNO makes it an interesting material to be explored in the field of
thermoelectric application.

Electronic transport properties of a material can be controlled by
electronic band structure and density of states. A large electronic band
gap gives rise to large value of Seebeck coefficient. Further, the re-
duction in band gap reveals increment in number of free charge carriers
which reduces the Seebeck coefficient [12,34,40,50-52]. In a whole
temperature range, we notice that the Seebeck coefficient, as presented
in Fig. 6(a), is higher for h-BN than h-BNO which can be attributed to
the large electronic band gap in h-BN. While the Seebeck coefficient
increases in the whole temperature range for h-BN while, for BNO it
first increases up to 1400 K with maximum value of —323.61 pV/K and
then decreases. The Seebeck coefficient of —200 uV/K and —395 uv/K
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is observed for BNO and h-BN at room temperature respectively. We
next evaluate the electrical conductivity under constant relaxation time
approximation (CRTA) for both h-BN and h-BNO and present them in
Fig. 6(b). It should be noted that in the considered temperature range,
electrical conductivity is higher for BNO than h-BN. Here, it is inter-
esting to note that the room temperature electrical conductivity of BNO
is around nine times higher than that of h-BN. This significant en-
hancement in electrical conductivity of BNO is further accounted for
the enhancement in power factor, as presented in Fig. 6(c). In most
thermoelectric devices, output power is the most important parameter
for the efficiency which is determined by the term power factor (S%0/7).
It is gratifying to note that the formation of BNO by inclusion of oxygen
atoms in h-BN doubles the power factor of h-BN. Therefore, present
work will be helpful for the enhancement of electronic and phonon
transport properties for high efficient heat energy conversion.

4. Conclusion

In conclusion, we predicted a new form of hexagonal boron nitride
by incorporating the oxygen atom name “white graphene oxide” or
BNO. We have investigated the structural, phonon and electronic
properties of BNO and found the complete dynamical stability leading
to the possibility of synthesizing freestanding BNO. It was found that
BNO exists in a highly anisotropic honeycomb crystal structure in
contrast to h-BN. Phonon transport properties revealed the reduction in
lattice thermal conductivity of BNO as compared to h-BN. The elec-
tronic band structure and density of states investigated using the den-
sity functional theory shows the transition of large direct bandgap to
the indirect bandgap of h-BN after the inclusion of oxygen atom and
formation of BNO. The lattice thermal conductivity of BNO was found
to be almost one-third of the h-BN. Our calculated power factor reveals
that BNO exhibits nine times higher power factor than h-BN. Herein, we
propose the role of oxygen in h-BN making it BNO to tune its structural,
phonon, electrical and thermoelectric properties and presenting its high
potential towards thermoelectric applications.
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