J Mol Model (2013) 19:5143-5152
DOI 10.1007/s00894-013-2013-7

ORIGINAL PAPER

Stability and properties of the two-dimensional hexagonal
boron nitride monolayer functionalized by hydroxyl (OH)

radicals: a theoretical study

Hong-mei Wang - Yue-jie Liu - Hong-xia Wang -
Jing-xiang Zhao - Qing-hai Cai - Xuan-zhang Wang

Received: 14 July 2013 /Accepted: 12 September 2013 /Published online: 5 October 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Motivated by the great advance in graphene hy-
droxide—a versatile material with various applications—we
performed density functional theory (DFT) calculations to
study the functionalization of the two-dimensional hexagonal
boron nitride (£-BN) sheet with hydroxyl (OH) radicals,
which has been achieved experimentally recently. Particular
attention was paid to searching for the most favorable site(s)
for the adsorbed OH radicals on a /-BN sheet and addressing
the roles of OH radical coverage on the stability and properties
of functionalized /-BN sheet. The results indicate that, for an
individual OH radica, the most stable configuration is that it is
adsorbed on the B site of the #-BN surface with an adsorption
energy of —0.88 eV and a magnetic moment of 1.00 pg. Upon
adsorption of more than one OH radical on a /#-BN sheet,
however, these adsorbates prefer to adsorb in pairs on the B
and its nearest N atoms from both sides of #-BN sheet without
magnetic moment. An energy diagram of the average adsorp-
tion energy of OH radicals on /#-BN sheet as a function of its
coverage indicates that when the OH radical coverage reaches
to 60 %, the functionalized /#-BN sheet is the most stable
among all studied configurations. More importantly, this con-
figuration exhibits good thermal and dynamical stability at
room temperature. Owing to the introduction of certain impu-
rity levels, the band gap of #-BN sheet gradually decreases
with increasing OH coverage, thereby enhancing its electrical
conductivity.
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Introduction

Since its discovery in 2004, graphene, a single layer of sp>-
bonded carbon atoms tightly packed into a two-dimensional
(2D) honeycomb structure, has attracted enormous attention
due to its outstanding mechanical, thermal, optical, and
electrical properties [1]. These unique properties render
graphene a promising material for future technological
fields [2—-5]. For example, graphene is one of the candidates
for next generation electronics because of its high electron
mobility [6]. However, the lack of band gap and poor
solubility in some solvents has imposed great limitations
on its application. Recent studies have shown that chemical
functionalization is an effective way to overcome the above
drawbacks of graphene. In fact, chemical modification of
graphene can not only effectively modify its electronic and
magnetic properties, but also greatly enhance its solubility,
thus widening its application fields [7, 8]. One of the most
important functionalizations of graphene is its attachment to
hydroxyl (OH) radical—a hot topic recently [9—18]. This is
expected, because graphene functionalized by OH radicals
has potential applications in the development of chemical
catalysts [12—14], hydrogen storage [15], gas sensors [16],
and functional materials [17, 18]. More interestingly, Jiang
et al. [10] have reported that the band gap of graphene,
which is close to the band gap of Si, can be opened after
OH functionalization. This is very important in building
graphene-based electronic circuits without the need for
cutting or etching.

On the other hand, as a structural analogue of graphene,
the 2D hexagon boron nitride (%#-BN) sheet, which has been
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synthesized by various groups [19, 20], exhibits electronic
properties distinctly different from graphene due to the
large ionicity of its B-N bond. For example, #-BN sheet
has excellent optical and mechanical properties, high ther-
mal conductivity, and high oxidation and corrosion resis-
tance. Therefore, #-BN sheet has wide applications in many
fields, such as far ultraviolet light-emitting diodes, field
emitters, and polymer-matrix nanocomposites operated in
extreme environments [21-25]. However, like its other
morphological forms such as nanotubes and nanoribbon,
h-BN sheet is a semiconductor with a wide band gap
(~5.5 eV), which hinders its potential applications for the
development of electronic devices to some extent. Recent
studies have found that the properties of #-BN sheet can be
greatly modified through the chemical functionalization
[26—40]. Theoretically, various approaches, such as fluori-
nation [26, 27], hydrogenation [26], C [28] or O [29]
adatom adsorption, defect introduction [30-34],
noncovalent functionalization with organic molecules [35,
36] and charge doping [37], have also been proposed to
modulate the properties of #-BN sheet. Experimentally, Lin
et al. [39] have reported that edge functionalization can be
achieved by ultrasonication-assisted hydrolysis of /#-BN
sheets. Sainsbury et al. [40, 41] have demonstrated synthe-
sis of #-BN sheet functionalized by oxygen radicals (such
as OH radicals), which exhibits significantly enhanced me-
chanical properties and is a promising candidate for next
generation polymer nanocomposites.

In light of experimental studies showing functionalization
of -BN sheet with OH radicals and its potential in designing
h-BN-based devices, it is highly desirable to study the inter-
action of #-BN sheet with OH radicals from a theoretical view
point, which can provide helpful insights into the reported
experimental results. We should point out that the OH adsorp-
tion on 4#-BN sheet was investigated from first principles
calculations very recently [38]. Yet, these latter authors con-
sider only the adsorption of two OH radicals on /#-BN sheet.
The following questions are still unanswered: (1) what hap-
pens with adsorption of OH radicals at various coverages? (2)
How does OH coverage affect the stability of the functional-
ized /#-BN sheet? (3) How do the electronic properties of the
h-BN sheet change due to functionalization of OH radicals at
various coverages? To answer the above questions, in this
paper, we study the functionalization of #-BN sheet with
OH radicals at various coverages.

Computational methods and models
Calculations were based on the spin-polarized DFT using
the generalized gradient approximation (GGA) for the

exchange-correlation potential prescribed by Perdew-
Burke-Emzerhof (PBE) [42], which was implemented in
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the DMol® package [43, 44]. All-electron calculations were
employed with the double numerical basis sets plus polar-
ization functional (DNP), which are comparable to the
Gaussian 6-31G(d,p) basis set in size and quality. A (5x
5) supercell with the periodic boundary conditions on the
x—y plane was employed to model the adsorption of OH
radicals at various coverages on the infinite 4-BN sheet.
The vacuum space was set with 20 A in the z direction to
avoid interactions between periodic images. A 3x3x1
mesh of k-points [45] and a global orbital cutoff of
5.20 A were used. All structures were fully relaxed without
any symmetry constraints. Convergence in energy, force,
and displacement were set as 10> Ha, 0.002 Ha/A, and
0.005 A, respectively. The Hirshfeld method [46] was
adopted to calculate the charge transfer and magnetic mo-
ment. The transition state (TS) was determined by calculat-
ing the minimum-energy path (MEP) using the nudged
elastic band (NEB) method [47, 48].

The average adsorption energy (£ .4s) of OH radical on
h-BN sheet is defined as: E.4s=(F,,0H/i-BN sheet E n—
BN sheet PE on)/n, where n is the number of the adsorbed
OH radical on /-BN sheet. E,,on/,-BN sheets E 7-BN sheets and
E oy are the total energy of the functionalized /-BN sheet
by nOH radicals, the pristine #-BN sheet, and the isolated
OH radical, respectively. According to this definition, E 4
corresponds to a stable configuration.

Results and discussion
Adsorption of a single OH radical on /#-BN sheet

We first investigated the adsorption of a single OH radical
on /#-BN sheet. As shown in Fig. 1, four different adsorp-
tion sites on 2-BN sheet were considered, including (1) the
top of the B (P) or (2) N (P,) atom, (3) the hollow of the
B3N; hexagonal ring (P3), and (4) the bridge of the B-N
bond (P4). After full geometric optimization of the four
initial configurations, it was found that the adsorption of
the individual OH radical on top of the B atom was the
most energetically favorable, with its H atom pointing in
the direction of the center of a 6-fold ring as shown in
Fig. 2a. This result is in good agreement with the experi-
mental report [40]. The adsorption energy of this configu-
ration is —0.88 eV, which is slight larger than that of
graphene [10, 49]. It is obvious that a covalent bond has
formed between OH and the /#-BN sheet at the B site
(Figure S1 in Supporting Information) with a B-O bond
length of 1.51 A. Moreover, OH adsorption induces an
apparent radical deformation to the BN sheet, in which
the adsorbed B atom by individual OH is pulled outwards
from the plane of the sheet by 1.25 A. Meanwhile, the B-N
bond lengths involving OH-adsorbed B atom are 1.53,
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Fig. 1 Schematic view of
various sites of a one, b two
OH radicals adsorbed on the
hexagonal boron nitride (#-BN)
sheet

1.54, and 1.54 A, respectively, longer than those in the
pristine 4-BN sheet with sp® hybridization (1.45 A). Such
structural deformation is attributed to the change from sp”
to sp> hybridization on the adsorbed B atom by OH radical,
leading to the destruction of one of the B-N 7t bonds. In
addition, two meta-stable configurations are obtained,
where the OH radical is adsorbed on the P, or P3 site with
adsorption energies of —0.36 and —0.35 eV, respectively, as
shown in Table 1.

NEB calculations show that the adsorbed OH radical
easily diffuses on /#-BN sheet surface with an energy bar-
rier of 0.56 eV along a path where the O atom in the
adsorbed OH radical moves from the top of the B atom to
the adjacent B atom (see Fig. 3a), while the H atom remains
pointing toward the center of six-fold ring. In the diffusion
transition state, OH remains only weakly bound to the /-
BN sheet, as can be seen from the distance between the OH
radical and the /#-BN sheet, which elongates from 1.51 to
about 2.40 A. Moreover, dissociation of the adsorbed OH
radical on BN sheet was found to be highly unfavorable
both thermodynamically and kinetically, since the process
from the undissociated adsorbed OH radical to the final
configuration has an high energy barrier of 1.64 eV and
large endothermicity of 1.46 eV as shown in Fig. 3b. This
fact indicates that hydrogen atoms prefer to attach to oxy-
gen atoms rather than to /-BN sheet in the presence of an
oxygen atom, which is similar to the case of graphene [49].

Taking the most stable configuration of the individual OH
radical on BN sheet (Fig. 2a) as an example, we demonstrate
the effects of'its adsorption on the electronic structure of 7-BN

=~ - - B atom

(@)

(b)

sheet on the basis of the calculated band structure. For com-
parison, the band structure of the pristine /#-BN sheet is also
calculated (Figure S2). The results indicate that the band gap
of the pristine /#-BN sheet is 4.71 eV, in good agreement with
previous reports [26, 35, 50]. However, the adsorption of the
individual OH radical gives rise to a flat impurity band above
the valance-band edge by 0.11 eV of the band structure of the
pristine /-BN sheet (Fig. 2b), which is split into spin-up and
spin-down branches. The spin-up branch is occupied, while
the spin-down branch is empty, leading to a strong spontane-
ous magnetization of 1 pg in #-BN sheet. The spin density
(Fig. 2c) suggests that the magnetic moment of this system is
attributed mainly to the O atom of the adsorbed OH radical
and its three adjacent N atoms. Their contributions to the
magnetic moment of the whole system are 20 %, 14 %,
11 %, and 7%, respectively. Moreover, the projected density
of states (PDOSs) on the O atom of OH radical, the adsorbed
B atom, the neighboring N atoms show that the localized
impurity state originates mainly from the O and N atoms
(Fig. 2b), which is consistent with the spin density. Because
the OH radical lacks one electron, it is understood that this
adsorbate would loot electrons from the BN sheet. Hirshfeld
analysis shows that the lost electrons (~0.10 ¢) are predomi-
nantly from the N atoms around the adsorbed OH radical.

Adsorption of OH radicals on /-BN sheet at various
coverages

It is known that the coverage of addends plays an important
role on the stability and properties of the functionalized
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Fig. 2 a Optimized stable
configuration. b Band structure
and projected density of state,
where « denoted the induced
impurity level. ¢ Spin density of
an individual OH radical on /-
BN sheet. The unit of the bond
length is A and the Fermi level
is indicated with a red dotted
line

Energy (eV)

substrate. Thus, on the basis of the adsorption of one OH
radical, we investigated the adsorptions of various numbers
(n) of OH radicals on /#-BN sheet, where n equals to 2, 4,
10, 30, and 50, respectively. The corresponding coverage of
OH radical is 4 %, 8 %, 20 %, 60 %, and 100 %, respec-
tively. Note that the coverage is defined as the number of
OH radicals versus the total number of B and N atoms in
the #-BN sheet (the adopted supercell in the present work
includes 25 B and 25 N atoms).

When two OH radicals are adsorbed on %-BN sheet, a
number of initial possible configurations were considered as
shown in Fig. 1c: the two OH radicals are bound with boron or
nitrogen atoms from the same (A—A) or different sublattice
(A-B) on one or two sides (A—A’, B-B’, A-B’, and A'-B) of
h-BN sheet. Moreover, the prime indices are used for the

@ Springer
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Table 1 Parameters for an individual OH radical adsorbed on hexag-
onal boron nitride (2-BN) sheet®

Site P, P, Ps

E e (V) ~0.88 ~0.36 ~035
d (A 1.51 2.40 2.85
h(A) 125 0.03 0.01
(1) 1.00 1.00 1.00
0 @ 0.10 0.12 0.12

*E .4 i the adsorption energy; d is the shortest distance between
adsorbed OH radical and /#-BN sheet; # denotes the maximum devi-
ation of the adsorbed atom by individual OH radical along the z
direction from the /#-BN sheet plane, p is the magnetic moment of
the whole system, and Q is the charge transfer from /#-BN sheet to the
adsorbed OH radical
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Fig. 3 a The diffusion and (b)
dissociation process of an
individual OH radical adsorbed
on /-BN sheet

1.64cV

1. 46eV

—
-0 88V

P

(b)

latter. We find that the two adsorbed OH radical on Ay—B;,
AgBy’, A;—Bs, and Ay—B;' form a nonmagnetic configura-
tion as shown in Table 2. On the contrary, in the case of Ag—A,
and Ag—A,’, the magnetic moments of the two configurations
are basically the same as that of the individual OH radical.
Among all configurations listed in Table 2, A;—B;’ is the most

stable, where the two OH radicals are located on top of the B
atom and its ortho-site N atom on both sides of the #-BN
sheet. The adsorption energy of this configuration is —1.48 eV
per OH radical, which is much larger than that of the most
stable configuration of the individual OH radical (—0.88 eV).
The 68.2 % increase in the adsorption energy is likely to be

Table 2 Average adsorption energies (£ ,45), distance between adsorbates and substrates (d), magnetic moments () of two OH radicals adsorbed
on /-BN sheet, and charge transfer from /-BN sheet to OH radicals (Q)

Configuration Ay—B; Ay—By Ag—A, Ap— A, Ay—B; Ay—B; Ag—Ay Ap—A,
E s (€V) -1.23 -1.48 -0.70 -0.65 -0.83 -0.15 -0.36 -0.39
d (A)? 1.50 1.46 1.50 1.51 1.51 1.48 1.51 1.50
1(tp) 0.00 0.00 1.00 1.00 0.00 0.00 1.00 1.00
0(e) 0.07 0.08 0.10 0.09 0.08 0.08 0.10 0.10

* d refers to the shortest distance between the adsorbed OH radical and the plane of #-BN sheet

@ Springer
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due to a smaller tension being incurred for dual-site chemi-
sorption. Furthermore, the newly formed B—O and N-O bond
lengths are 1.46 and 1.49 A. Because the OH-adsorbed B and
N atoms change from sp” to sp* hybridization, obvious struc-
tural deformations in the /-BN sheet can be observed upon
adsorption of two OH radicals: (1) the adsorbed B and N
atoms are displaced out of the plane of the /#-BN sheet; (2)
the B-N bond length between the two OH radicals is elongat-
ed from 1.45 A (pristine /2-BN sheet) to the present 1.64 A.

To find the most stable configuration of a second OH
radical on /-BN sheet in which a first is located, we also
estimated the energy barrier of its diffusion from the top of one
N atom to its nearest N atom (Fig. 4). In the diffusion transi-
tion state, the shortest distance between the second OH radical
and BN sheet is about 1.94 A. The barrier of diffusion of the
seconded OH radical on the N atom is as high as 1.71 eV.
Meanwhile, this process is endothermic by 1.33 eV. Hence,
we expect that the diffusion of the second OH radical cannot
occur at room temperature. This can be understood from the
following explanation: the chemisorption of one OH group on
one of the B atoms makes the free radical transfer from the OH
group to the adjacent N atoms of the B atom involving OH
adsorption, leading to the “activation” of these N atoms. As a
result, the addition of the second OH radical to the “activated”
N atoms is very desirable. In other words, OH radicals prefer
to adsorb onto /#-BN sheet in pairs.

Although a single OH radical can induce magnetic prop-
erties in #-BN sheet, the two adsorbed OH radicals at the
ortho position on both sides of #-BN sheet form a
nonmagnetic configuration. The average charge transfer
from 4 -BN sheet to OH radicals is about 0.08 e. The band
structure and PDOS of the most stable configuration for
two OH radicals on /2-BN sheet are displayed in Fig. 5. It is
shown that the band gap is reduced to 3.46 eV due to the
introduction of an empty impurity state within the band gap

Fig. 4 Diffusion process of a
second OH radical on #-BN
sheet where the first OH radical
is located on the B site
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Fig. 5 Calculated band structure and projected density of state of a

pair of OH radicals on /4-BN sheet, where 3 denotes the induced
impurity level. The Fermi level is plotted with the red dotted line

4 Em—— S
r K

of 7#-BN sheet, which lies deeply below the valence band
edge (VBE). The PDOS analysis indicates that the impurity
states within the band gap are contributed mainly by the O
atom of the adsorbed OH radical on the B atom.

Since OH radicals can form an ordered phase on
graphene, can they form a similar configuration on /#-BN
sheet or not? If so, what is the OH coverage for the most
stable configuration? To answer the above questions, we
investigated the adsorption of OH radicals at several cov-
erages on /#-BN sheet, i.e., 8 % (4 OH radicals), 20 % (10

1.71eV

1.33eVv
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Fig. 6 The obtained stable configuration and respective adsorption energies of 8 % OH coverage on /-BN sheet

OH radicals), 60 % (30 OH radicals), and 100 % (50 OH
radicals). In the case of four OH radicals, they can be
attached to the /#-BN sheet from the same side or both
sides along a line in zigzag or armchair configurations,
forming a very stable aggregate. As shown in Fig. 6, we
find that the linear adsorption structures along a zigzag
chain on both sides of the %#-BN sheet are the most favor-
able. The average adsorption energy of this configuration is
—1.68 eV, slightly larger (by 0.20 V) than that of armchair
chains on both sides. Considering that the two configura-
tions in Fig. 6a and b have enough space and less steric
repulsion for the adsorbed OH radicals than those of Fig. 6¢
and d, it is not surprising that the former are more stable the
latter. In addition, we note that one OH radical is slanted
towards the O atom of the other OH radical, leading to the

Fig. 7 The obtained stable
configuration and the respective
adsorption energies of (a) 20 %,
(b) 60 %, and (c) 100 % OH
coverage on /1-BN sheet

(a) By =-1.84 eV

formation of hydrogen bonds between two OH radicals. For
example, in the most stable adsorption configuration
(Fig. 6a), the lengths of the O-H...O bonds are about
1.86 (the two OH radicals locate on B atoms) and 1.74 A
(the two OH radicals locate on N atoms).

In the most stable configuration of 20 % OH coverage
shown in Fig. 7a, ten OH radicals are attached to /#-BN sheet
in a symmetric style, where these OH radicals are adsorbed in
pairs on the both sides of sheet. Among the ten adsorbed
molecules, five OH radicals locate on the B sites of the same
side of 7-BN sheet with an average B-O distance of 1.45 A,
while the other five are chemisorbed on the N atoms on the
other side of #-BN sheet with the average N-O distance of
1.48 A. Similar to the case of 8 % OH coverage, certain amount
of hydrogen bonds forms between these adsorbed OH radicals.

(b) E,g=-191¢eV

(C) By =-1.78 eV
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Fig. 8 Variation in adsorption energies (per OH radical) as a function
of OH coverage for their corresponding most stable configurations

The adsorption energy is —1.84 eV per OH radical for this
configuration. Figure 7b displays the most stable configuration
of 60 % OH coverage, in which the adsorbed OH radicals are
located on B and N atoms in pairs with the average lengths of
B-O and N-O bonds of 1.43 and 1.48 A, respectively. The
adsorption energy of this configuration is —1.91 eV per OH
radical. In the case of 100 % OH coverage, all B and N atoms
are covered by 50 OH radicals as listed in Fig. 7c, whose
adsorption energy per OH radical is —1.78 eV and the average
B-O and N-O bond lengths are 1.41 and 1.48 A, respectively.
In Fig. 8, the adsorption energy per OH radical is
presented as a function of OH coverage. In general, the
adsorption energy per OH radical increases, apparently with

Fig. 9 Changes in temperature 400
and energy of the most stable

functionalized /-BN sheet by <
OH radicals with times obtained =
L Q
from first-principle molecular =
d L . = 300
ynamics simulation =
@
o
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T
>
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L
I
o - I TRy
e 4263.840
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the increase in OH coverage at low coverage (< 60 %). At
high coverage, however, OH radicals repulse each other
due to the formation of more hydrogen bonds. As a result,
full coverage (100 %) is not the most stable configuration,
similar to the case of graphene [10]. Interestingly, the linear
adsorption structures along zigzag chains at the OH cover-
age of 60 % is shown to be the most stable structure among
all considered configurations in the present work, in which
the B—N bonds are covered by OH radical alternatively.
Another important issue is the stability of the function-
alized #-BN sheet with OH radicals at room temperature
because most electronics work at room temperature. To
make sure that this functionalized %#-BN sheet will be
useful for future electronics, first-principle molecular dy-
namics simulations in NVT (constant number of particles
volume temperature) ensemble at room temperature (T=
300 K) with a time step of 1 fs were carried out; #-BN
sheet functionalized at an OH coverage of 60 % is taken as
an example. The fluctuation of energy and temperature with
time during the simulation is plotted in Fig. 9. We find that
the geometry is still intact after running 3,000 steps, sug-
gesting that this nanomaterial exhibits good thermal stabil-
ity at room temperature. Moreover, no imaginary frequency
was found, and the lowest frequency is about 47.0 cm™,
suggesting that this structure is dynamically stable.
Finally, we explore the effects of functionalization of
OH radicals at various coverages on the electronic proper-
ties of #-BN sheet. Because some impurity levels are
introduced within the band gap of the BN sheet, this band
gap is obviously decreased from 4.71 to 3.41 (by about
27 % change), 3.30 (by about 30 % change), 3.25 (by about
31 % change), and 2.72 eV (by about 42 % change),

1500 2000 2500

Time (fs)

!
1000 3000
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respectively, at OH coverages of 8 %, 20 %, 60 %, and
100 %. This decrease in band gap would result in an
electrical conductivity change of the #-BN sheet according

to the following equation: o«=exp (;ki;) , where o is the

electric conductivity and & is the Boltzmann constant [51].
According to the equation, smaller values of £, at a given
temperature lead to larger electric conductivity. Therefore, the
predicted substantial decrement of £, in 2-BN sheet upon the
adsorption of OH radicals at various coverages enhances its
electric conductivity to different degrees, although the func-
tionalized BN sheets are still semiconductors with wide band
gaps. In other words, the functionalization of #-BN sheet with
OH radicals not only enhances its solubility, but also effec-
tively modifies its electronic properties, which will be useful
in the development of /#-BN sheet-based electronics. Al-
though current DMol3 based DFT-GGA calculations are not
very accurate in terms of the absolute magnitude of the band
gap, we expect that our qualitative results on the effects of OH
functionalization on the electronic properties of /#-BN sheet
remain robust with more accurate calculations.

Conclusions

By carrying out systematic density functional theory calcula-
tions, we have studied the functionalization of the pristine /-
BN sheet with OH radicals at various coverages. The results
show that, when a single OH radical is attached to /-BN sheet,
it prefers to chemisorb on the top of B atom of /#-BN sheet
with an adsorption energy of —0.88 eV. Moreover, the
adsorbed individual OH radical can diffuse with an energy
barrier of 0.56 eV, while it would not dissociate due to the high
barrier (1.64 eV) and large endothermicity (1.46 eV). Upon
adsorption of more OH radicals on /2-BN sheet, it is found that
these adsorbates are preferable to adsorb on both sides of /-
BN sheet in pairs without magnetic moment. Among all
studied configurations, the most stable functionalized #-BN
sheet is that the substrate is covered by 30 OH radicals (60 %
coverage), which is shown to possess good stability at room
temperature both thermally and dynamically. Because
certain impurity states are introduced, the band gap of
h-BN sheet is greatly reduced after OH adsorption,
thereby enhancing the electric conductivity of the /-
BN sheet. Our results may be useful not only to deeply
understand the experimental results, but also to further
fabricate #-BN sheet-based nanodevices.
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