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First  principle  calculations  for a  hexagonal  (graphene-like)  boron  nitride  (g-BN)  monolayer  sheet  in the
presence  of a  boron-atom  vacancy  show  promising  properties  for capture  and  activation  of  carbon  diox-
ide. CO2 is found  to decompose  to produce  an  oxygen  molecule  via  an intermediate  chemisorption  state
ccepted 28 February 2011
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eywords:
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ctivation

on the  defect  g-BN  sheet.  The  three  stationary  states  and  two  transition  states  in the  reaction  pathway
are  confirmed  by  minimum  energy  pathway  search  and  frequency  analysis.  The  values  computed  for  the
two  energy  barriers  involved  in  this  catalytic  reaction  after  enthalpy  correction  indicate  that  the  catalytic
reaction  should  proceed  readily  at room  temperature.

© 2011 Elsevier B.V. All rights reserved.
raphene-like boron nitride
oron vacancy

. Introduction

Carbon dioxide capture and activation is a topic of extensive
ngoing research. On one hand, there is a pressing need to reduce
O2 emissions, while on the other, CO2 may  be viewed and poten-
ially exploited as a nontoxic and renewable feedstock for the
roduction of many chemicals [1,2]. If it could be implemented
conomically on a large scale, the manufacture of chemicals uti-
izing carbon dioxide may  have some positive effect on the global
arbon balance. Previous research on CO2 activation has mainly
ocused on how to improve the reaction efficiency and decrease
he impractically high conversion temperatures [3,4]. Due to the
ighly stable nature of carbon dioxide, the development of materi-
ls or catalysts for efficient fixation and chemical activation of CO2
ith respect to subsequent chemical transformations is an obvious
oint of focus. Catalyst support for CO2 reduction materials should
ossess properties such as high surface area, good chemical and

echanical stability, good electrical conductivity as well as good

atalytic performance.
According to several recent studies, nitrogen atoms incorpo-

ated in a system possessing negative charge density behave as
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the potential active site for carbon dioxide chemisorption [5–8].
Although the hexagonal aluminium nitride structures proposed
in our recent work [7,8] show strong binding with carbon diox-
ide, such structures (while theoretically stable) remain to be
synthesized. Hence studies of other more readily synthesized nano-
materials possessing similar chemical functionality are needed in
order to explore whether they may  exhibit comparable – or better
– performance in CO2 fixation and activation.

Recently, several groups have reported the experimental prepa-
ration of hexagonal graphitic boron nitride (g-BN) single layers
[9–13]. g-BN formation is reported to be energetically favourable;
these structures are mechanically and chemically as robust as their
carbon counterparts, i.e. graphene, while exhibiting better thermal
conductivity [14]. In passing one note that the successful synthesis
of graphene-like boron nitride consistent with theoretical predic-
tions [15] along with other first principle calculations on similar
structures [16,17] reveals the importance of computational chem-
istry in this field.

Similar to its tubular form, i.e. BN nanotubes [18], single-atom
vacancies exists in synthesized g-BN. Furthermore, these vacancies
could in principle be created in a controllable manner by electron
beam irradiation onto g-BN sheets [13]. Unlike in crystalline boron
nitride, where nitrogen vacancies are easier to create [19,20], boron

vacancies are easier to create in boron nitride nanotubes [14]. Boron
vacancies, with edges terminated by doubly coordinated nitrogen
atoms, dominate single-atom defects in g-BN [12]. Other theoreti-
cal work has also indicated that the single-atom boron vacancy is
more easily created in g-BN, being more stable than the equiva-
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ent nitrogen vacancy [21]. For these reasons, we examine in this
aper the effect of single-atom boron vacancy defects in g-BN on
O2 fixation and activation.

. Computational and theoretical details

Our density functional theory calculations of CO2 adsorption
n infinitely large graphene-like boron nitride sheets utilized
he Dmol3 code [22,23] to compute equilibrium geometries, total
nergies, transition states, and to perform frequency and charge
nalysis. Electronic exchange correlation was treated using gen-
ralized gradient approximation (GGA) [24,25] with the PW91
unctional [26]. The positions of all the atoms were fully relaxed
ntil the following convergence criterion are respectively met:
0−5 Ha for total energy, 0.002 Ha/Å for force and 0.005 Å for
isplacement. The self-consistent field computations criterion
as chosen to be 10−6 Ha. The electronic wave functions were

xpanded in a 3.5 version double numerical plus polarization
asis set (DNP) truncated at a real space cut-off of 4.1 Å. Due
o the presence in the models of boron vacancies, all calcula-
ions were spin unrestricted. A 5 × 10−4 Ha smearing [27] and 6
ulay direct inversion of the iterative subspace (DIIS) [28] was
pplied to the system to facilitate convergence of the electronic
tructures.

3D periodic boundary conditions were applied to the whole
ystem to simulate the infinitely large g-BN. The size of the vac-
um space in-between two sheets was set to be 20 Å to prevent
he interaction of atoms with its periodic images. The Brillouin
one for a single cell was sampled by 12 × 12 × 1 special k-points.
he lattice parameter of the single cell was optimized to 2.516 Å.
he supercell was constructed by five such single cells on each
ide of the lattice except for the (0 0 0 1) direction, and the lat-
ice parameter was 12.580 Å. The k-points set for such a supercell
as 2 × 2 × 1 during all the calculations including the vacancy
odel.
The transition state search was conducted by the complete syn-

hronous transit method [29] implemented in Dmol3 code, which
voids the time-consuming computation of the Hessian matrix.
he root-mean-square convergence criterion of the gradient was
et to be 0.002 Ha Å−1. All computed stationary points and tran-
ition states on the potential energy surface were confirmed by
requency analysis and minimum energy pathway (MEP) search
ased on Nudged-Elastic Band (NEB) algorithm [30] in Dmol3

ackage.
The equation below was used to calculate the adsorption energy

f gas molecules onto g-BN.

ad = ESub+gas − (ESub + Egas) (1)

here ESub+gas is the total energy of the substrate (g-BN
ith/without boron vacancy) after gas adsorption, ESub is the

nergy of pure substrate, and Egas is the total energy of isolated
as molecule.

The charge distribution on the system was analyzed by the
irshfeld method [31], and the bond orders were quantified by
ayer bond order analysis [32]. Since Dmol3 can only calculate

ond order on systems with C1 symmetry, the periodicity of the
nalyzed system was broken first and the resultant dangling bonds
ere saturated with hydrogen. A geometry optimization with
he backbone atom fixed was carried out, followed by the bond
rder calculation. The electron density difference was  generated by
ubtracting the electron densities of separate adsorbents and adsor-
ate, i.e. the gas molecule, from the total electron density of the
ystem.
 175 (2011) 271– 275

3. Results and discussion

3.1. CO2 adsorption on perfect g-BN sheet without vacancy

The B–N bond length of our optimized g-BN structure is 1.45 Å,
in good accordance with experimental and previous theoretical
results [11,33].  The adsorption energy of CO2 on a pure g-BN sheet
is calculated to be −0.05 eV, with the carbon dioxide molecule par-
allel to the sheet plane and right above one nitrogen atom on the
BN sheet. The distance between the carbon of CO2 and the adja-
cent nitrogen atom in the g-BN sheet is 3.51 Å. Unlike hexagonal
graphene-like single layer aluminium nitride (g-AlN), which forms
a chemisorption complex with CO2 as we  reported previously [7],
carbon dioxide apparently only physisorbs onto the g-BN sheet. The
smaller computed physisorption energy and larger C–N distance
compared to the g-AlN case (−0.09 eV and 3.45 Å, respectively)
using the same model chemistry may  be rationalized by the larger
electro-negativity of boron (2.04) compared with aluminium (1.61)
[34]. Consequently the electron accumulation at the adsorption
center, i.e. the nitrogen atom, is less in g-BN than in g-AlN, resulting
in smaller electrostatic interaction between carbon and nitrogen.
This results ultimately in a smaller adsorption energy and in fact
a qualitatively different mechanism (i.e. physisorption compared
with chemisorptions in the case of AlN). Stated in another way, the
absence of chemisorption for g-BN interacting with CO2 may  be
attributed to insufficient electron density on the nitrogen atom to
promote the formation of a covalent bond with the CO2 carbon.

3.2. Boron vacancy on g-BN

After the creation of a boron vacancy, the geometry and the
charge distribution around the vacancy is slightly changed in the
fully relaxed structure. The bond length between the three dangling
nitrogen atoms with adjacent boron atoms shortened from 1.45 Å
to 1.41 Å, which is consistent with previous calculations [35]. The
electronic charge possessed by these three nitrogen atoms changed
from −0.20 to −0.16 e, while the boron atoms attached to them
changed from 0.20 to 0.18 e. Unlike in relaxed graphene with one
atom vacancy, in which a pentagon is formed resulting from the
paring of two of three unpaired bonds [36,37], the relaxation of the
g-BN did not lead to the formation of a pentagonal structure. The
optimized geometry for this defected system is perfectly planar.

3.3. CO2 adsorption onto a g-BN sheet with a single-atom boron
vacancy – stationary points

Three stationary points were identified for CO2 adsorption
onto g-BN with a single-atom boron vacancy, corresponding to (i)
physisorption, (ii) chemisorption and finally (iii) dissociation of an
O2 molecule. The active site identified for these three states is in all
cases the boron vacancy.

The configuration of the physisorption state is similar to CO2 on
a perfect g-BN sheet, except that the carbon atom is right above
the vacancy with a distance of 3.24 Å. The planarity of the sheet
is not affected by physisorption; the natural linear structure and
bond lengths of carbon dioxide are also unaffected. The physisorp-
tion energy is −0.10 eV. The physisorption configuration and the
larger adsorption energy compared with the perfect g-BN case can
be explained as follows. The carbon atom possesses positive charge
due to its lower electro-negativity comparing to oxygen and hence

it is attracted electrostatically to the triangle formed by negatively
charged nitrogen atoms surrounding the vacancy. The absence of
the boron atom lessens the repulsive component of the interaction.
Upon physisorption the charges on the atoms of these two moieties
are not changed.
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ig. 1. (a) Structure, electron density difference, and (b) bond length around adsorp
he  figure is in angstrom. The electronic density difference isosurface cut-off value i
orresponds to charge depletion. Atom color code: blue, nitrogen; pink, boron; gr
egend,  the reader is referred to the web version of the article.)

The chemisorption energy of CO2 onto the defect g-BN is
0.62 eV. As shown in Fig. 1, the two moieties are linked by

hree newly formed covalent bonds: two C–N bonds which
re 1.48 Å and one O–N bond whose length is 1.42 Å. A six-
embered ring B2N3C and two seven-membered rings B2N3CO

re in this way formed. The electron density difference around
he adsorption center is also shown in the figure. Electron clouds
ccumulate in between carbon and nitrogen to facilitate the C–N
ond formation. The slight electron depletion around the C–O
ond leads to the change in C–O bond order from two to one.
he atoms on the BN sheet near the adsorption center move
oward the chemisorbed CO2 which leads to sheet deformation
nd slight stretching of the BN bonds around the chemisorption
enter. Charge analysis shows that 0.1 electron transfers from
he g-BN to the chemisorbed CO2 of which the carbon atom
cquires 0.1 e− charge, one of the oxygen atoms gains 0.5 e−

harge, while the other loses 0.5 e− charge. The formation of the
hemisorption state is attributed to the loss of the boron atom
hich gives room for the positively charged carbon to nestle

nto the vacancy surrounded by the negatively charged nitrogen
toms.

A third stationary point on the potential energy surface was
lso identified, in which the carbon atom is implanted into the
oron nitride lattice, leaving an oxygen molecule outside and par-
llel to the g-BN plane. The O–O bond length is 1.29 Å, larger
han that of an isolated oxygen molecule calculated on the same

odel chemistry (1.22 Å). This can be attributed to the interac-
ion of oxygen with the lattice carbon atom. The distance between
arbon atom in the BN lattice and the nearest oxygen atom is
.85 Å. The main g-BN sheet remains essentially planar, with only
he carbon atom displaced 0.24 Å out of the plane toward the
xygen molecule. The configuration and electron charge differ-
nce is plotted in Fig. 2. At this state, charge on the carbon atom
emains the same as the chemisorption one, while the two  oxy-
en atoms both donate electron to the g-BN sheet which makes
he oxygen complex more neutral. Comparing to the O2 totally
issociated state, the lattice-embedded carbon carries more 0.1 e+

harge because the distance of oxygen complex to the carbon atom
s in the range of electron cloud overlap between the two  moi-
ties. Comparing to the chemisorption case, the carbon atom and

he nitrogen atom that was not connected with are now linked by

 newly formed bond. With the cleavage of the two  C–O bonds,
 new bond between the two oxygen atoms is created. The total
nergy for this configuration is 1.32 eV lower than the chemisorp-
ion one.
enter of carbon dioxide chemisorption on g-BN with one boron vacancy. The unit in
lectrons/Å3. Azure surface corresponds to charge accumulation, and yellow surface
rbon; and red, oxygen. (For interpretation of the references to color in this figure

3.4. CO2 adsorption on g-BN sheet with boron vacancy –
transition states

Two  transition states were found connecting the three station-
ary points identified in Section 3.3.  The first one (TS1) connects the
physisorption and chemisorption states of carbon dioxide, with a
calculated barrier height of 0.82 eV. The CO2 molecule bends, with
carbon displaced toward the boron vacancy and the C–O bonds
stretched to 1.21 Å. One of the three dangling nitrogen atoms moves
toward to the carbon of the CO2, and leads to elongation of the two
connected B–N bonds from 1.41 Å to 1.45 Å. Charge analysis shows
0.26 e− charge transferred from the boron nitride lattice to CO2 of
which the carbon atom and two  oxygen atoms acquire 0.09, 0.10,
and 0.08 electron.

The dissociation of CO2 to yield lattice-embedded carbon and
adsorbed O2 is predicted to be achievable following chemisorp-
tion of CO2 onto the defect g-BN via transition state 2 (TS2) with
a 0.72 eV barrier. In the transition state, one former C–O bond
is broken, yielding CO and another oxygen attached to the dan-
gling nitrogen atom which was  not connected with carbon in
the chemisorption complex. The carbon carries 0.21 e+ charge,
while the oxygen connected to it carries 0.23 e− charge, and the
oxygen atom connecting to the nitrogen atom carries 0.15 e−

charge.
The single imaginary frequency calculated at TS1 is 467.8i cm−1

and that at TS2 is 212.1i cm−1, indicating that the two  transi-
tion states searched are indeed the connecting local maxima of
their respective stationary points which are further confirmed by
MEP  search. All the identified states are summarized in Fig. 3,
which also shows the proposed overall minimum energy reac-
tion path for the adsorption and activation of CO2 on defect
g-BN.

3.5. Energy barrier after enthalpy correction

The energies reported above correspond to only electronic ener-
gies under zero Kelvin and as a result the contributions from the
vibrational, rotational, and translational energies were not taken
into account. Considering explicitly the temperature dependence
of the activation barriers gives a more realistic picture of the cat-

alytic reaction. The reaction barriers were corrected by calculating
the enthalpy correction and add to the original electronic energies
as shown in Table 1.

According to previous study, reactions with a barrier of
21 kcal/mol (∼0.8 eV) or less will proceed readily at room temper-
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Fig. 2. (a) Structure and (b) electron density difference around adsorption center of oxygen on g-BN with one boron replaced by a carbon atom. The electronic density
difference isosurface cut-off value is 0.1 electrons/Å3. Surface and atom color code: please refer to Fig. 1. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web  version of the article.)

Fig. 3. Catalytic reaction schemes for CO2 on g-BN layer with one boron vacancy. All the indicated energies are relative to gas phase. The atoms around the adsorption center
are  represented in ball and stick style, the atoms linking with the adsorption center are represented by stick style, and other atoms are omitted from the figure to keep clarity.
A  (a) an
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tom  color code: please refer to Fig. 1. The MEPs of the reaction are shown as inset
tates  in between. (For interpretation of the references to color in this figure legend

ture [38]. The corrected reaction barriers at room temperature
re within this threshold, indicating that the predicted reaction
hould be feasible at room temperature. Comparing to a previ-
us study of CO2 adsorption on defective graphene sheets [39], the
urrent research shows much smaller energy barriers and indicate

hat these defect-facilitated chemical transformations could pro-
eed under room temperature, suggesting a possible route to CO2
ctivation and reduction.

able 1
riginal and corrected barrier of transition states under different temperatures.

Barrier (eV) No correction Corrected under different temperatures

298.15 K 700 K 1000 K

TS1 0.82 0.76 0.77 0.78
TS2 0.72 0.73 0.69 0.66
d (b). Red dots represent corresponding identified adsorption states and transition
eader is referred to the web  version of the article.)

4. Conclusions

In summary, we  have performed first principle calculations
exploring the adsorption of CO2 onto g-BN with and without
single-atom boron vacancies. Unlike the adsorption onto a per-
fect g-BN plane, carbon dioxide can be captured and activated by
g-BN with a boron vacancy, followed by dissociation to produce
lattice-embedded carbon and surface-adsorbed molecular oxygen.
The strong double bonds in carbon dioxide with energy around
7.7 eV are easily broken due to the presence of the boron vacancy.
This reaction suggests a possible route to overcome the obstacle of
CO2 activation, which usually requires very high temperatures. The
high surface area, high chemical and mechanical stability suggest

that defect-engineered single-layer boron nitride may be a catalyst
candidate supposing that the embedded carbon can be removed
easily since only the unoccupied boron vacancy site could react
with CO2. Since single-layer g-BN has been successfully synthesized
and boron vacancies could in principle be created in a controllable
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anner via electron beam irradiation, the reaction scheme we  pro-
ose in this paper provides an interesting target for experimental
alidation studies.
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