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The catalytic activity for oxygen reduction reaction (ORR) of the pristine and defected hexagonal boron nitride (h-BN) monolayer
and H-terminated nanoribbon have been studied theoretically using density functional theory. It is demonstrated that inert h-BN
monolayer can be functionalized and become catalytically active by nitrogen doping. It is shown that energetics of adsorption
of O,, O, OH, OOH, and H,0 on N atom impurity in h-BN monolayer (Nz @h-BN) is quite similar to that known for Pt(111)
surface. The specific mechanism of destructive and cooperative adsorption of ORR intermediates on the surface point defects is
discussed. It is demonstrated that accounting for entropy and zero-point energy (ZPE) corrections results in destabilization of the
ORR intermediates adsorbed on Ny @h-BN, while solvent effects lead to their stabilization. Therefore, entropy, ZPE and solvent
effects partly cancel each other and have to be taken into account simultaneously. Analysis of the free energy changes along the
ORR pathway allows us to suggest that N-doped h-BN monolayer can demonstrate catalytic properties for ORR under condition

that the electron transport to the catalytically active center is provided.

1 Introduction

Oxygen reduction reaction (ORR) is a key process that allows
fuel cells to operate. Currently the most efficient catalysts for
ORR are based on precious metals, such as platinum. ! The
relatively low efficiency of the known ORR catalysts, voltage
losses at the cathode, the high cost and limited resources of
platinum prevent the wide use of fuel cells in practical ap-
plications. Therefore, many efforts are underway to develop
the efficient and non-precious metal ORR catalyst. The re-
search in this direction can be divided into two groups - (i)
understanding the mechanisms of ORR on Pt catalyst and im-
proving characteristics of Pt based catalysts; (ii) attempts to
develop alternative Pt-free catalysts using more abundant ele-
ments. In the first group a progress has recently been achieved
by using platinum alloys with transition metals, like Fe, Ni,
Co, Pd, and Ru, or considering a thin films of Pt deposited on
various metal or carbon supports. = In the second group ORR
activity has been found in some of the transition metal oxides
and carbides, effective polyaniline bases catalysts and carbon
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alloys doped with a certain amount of N and B atoms.>*!° Re-
cently, it has been reported that carbon-based nanomaterials,
such as graphene clusters doped with nitrogen or nitrogen and
boron atoms (carbon alloy catalyst) demonstrate high ORR ac-
tivity. ''=1416-20 Boron atom stabilizes the N impurity nearby
the edge of the graphene cluster and make it more reactive. '6
Therefore, the N-B doped carbon alloys can be considered as
a good candidate for an effective and cheap ORR catalyst. Un-
fortunately, the mechanism of ORR and even clear identifica-
tion of the ORR active sites in the N-B doped carbon alloys
remain elusive.

Thus, it was demonstrated that in the case of N doped
graphene clusters the active sites for ORR are C atoms on
graphene-like zigzag edges if a graphite-like N atom is lo-
cated near the edge.'* This position of N impurity is not sta-
ble thermodynamically in comparison with the pyridinum-like
configuration of N which in turn is not active for ORR. ' It
was shown that in the case of the N-B doped graphene clus-
ters the ORR active sites are boratabenzene-like B atoms lo-
cated nearby the graphite-like N atoms.'® In both cases the
graphite-like N atom nearby the zigzag edge of the cluster
activates the neighboring C and B atoms. However, ref. 18
demonstrates that namely pyridine-like and pyrrole-like ac-
tive centers possess electrocatalytic property for ORR in the
case of N-graphene clusters C,sNH,, and C,sNH,3. More-
over, it was shown that the N doped graphene monolayer can
also possesses ORR activity.'” In the latter case, the catalytic
reaction occurs not at the edge of the finite cluster or one-
dimensional carbon nanoribbon, but on the surface of the N
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doped graphene sheet. It was demonstrated that the catalytic
activity of the N doped graphene monolayer decreases with
increase in the local concentration of N atoms.!” Thus, struc-
ture where N atoms are separated by three C atoms is more
active if compared with the structure with two C atoms be-
tween N atoms. 7 On the other hand, as it was discussed above
the co-doping of N-graphene clusters with B atoms promotes
their ORR activity. Therefore, one can suggest that the conse-
quent substitution of C atoms in the N-graphene by B atoms
might result in increase of the ORR activity. In the extreme
case when all C atoms in graphene are substitued by N and
B one can obtain the h-BN monolayer, which has geometrical
structure similar to graphene. Recently a promising ’chemi-
cal blowing’ method has been developed for mass production
of BN nanosheets. Such material is consideably cheaper than
Pt and consists of abundant elements.?"?> Can h-BN possess
any catalytic activity for ORR? The answer to this question
can open the way for development of the principally new class
of ORR catalysts, based on materials that traditionally were
believed to be inert.

In the present paper we demonstrate theoretically that nano-
materials mainly consisting of B and N atoms such as h-BN
can possess catalytic activity for ORR. We demonstrate that
among all adsorption sites considered on the surface of the
pristine and defected h-BN monolayer as well as at the H-
terminated edges of h-BN nanoribbons the N impurity defect
in h-BN monolayer (Nz @h-BN) can be a good candidate for
ORR active center. It is shown that adsorption energies of O,
and other ORR intermediates, such as O, OH, and OOH on
the N doped h-BN monolayer are similar to those known for
Pt(111) surface. This finding allows us to suggest that N; @h-
BN center can possess catalytic properties for ORR similar to
Pt.

2 Methods

In the present work we use a model approach introduced by
Ngrskov 2® and described in details by Keith and Jacob.?*-2° In
this approach in order to describe the whole ORR process one
should calculate the adsorption energies of ORR intermediates
on the model catalyst. The calculations are carried out using
density-functional theory (DFT) with the gradient-corrected
exchange-correlation functional of Wu and Cohen (WC).?’
The WC functional provides a good compromise adequately
describing energetics of covalent and noncovalent bonds in
oxygen and hydrogen molecules, ORR intermediates, as well
as h-BN lattice constants and electronic structure.?® Double-C
plus polarization function (DZP) basis sets are used to treat
the 2522p!, 2522p%, and 2s%22p* valence electrons of B, N,
and O atoms, respectively. 2*3° Triple-C plus polarization func-
tion (TZP) basis set is used for H atom. Basis set for hydro-
gen was optimized with the use of the Nelder-Mead simplex

method?! according to the procedure described in ref. 30. The
core electrons are represented by the Troullier-Martins norm-
conserving pseudopotentials? in the Kleinman-Bylander fac-
torized form.*? All calculations have been carried out with the
use of the SIESTA package.?*3¢ Periodic boundary condi-
tions are used for all systems, including free molecules. In
the latter case the size of a supercell was chosen to be large
enough to make intermolecular interactions negligible. The
h-BN lattice has been optimized using the Monkhorst-Pack >’
10x 10x4 k-point mesh for Brillouin zone sampling. The cal-
culated lattice parameters a = b = 2.504 A and ¢ = 6.656 A are
in excellent agreement with the experimental values of a = b
=12.524 + 0.020 A and ¢ = 6.684 4+ 0.020 A, reported in ref.
38. The h-BN monolayer is represented by the slab contain-
ing 66 unit cells (36 units of BN per slab). The periodically
replicated slabs are separated by the vacuum region of 15 A
to avoid interaction between h-BN layers. All atoms in the
h-BN slab are fully relaxed. Only the I" point is used for sam-
pling the Brillouin zone of the slab due to the large size of the
supercell. The energy cutoff of 200 Ry is chosen to guaran-
tee convergence of the total energies and forces. A common
energy shift of 10 meV is applied. The self-consistency of
the density matrix is achieved with a tolerance of 10~*. For
geometry optimization the conjugate-gradient approach was
used with a threshold of 0.02 eV A~'. To validate our ap-
proach and choice of WC functional we have calculated the
dissociation energies and interatomic distances for O, and H,
diatomic molecules. Our calculations demonstrate that the
dissociation energy, D., and bond length in O, (5.88 eV,
1.24 A) and H, (4.53 eV, 0.75 A) are in a good agreement
with experimental data O, (5.23 eV, 1.21 A) and H, (4.74 eV,
0.741 A).* We have also calculated geometries and energet-
ics of water monomer and dimer to illustrate the feasibility
of our approach for describing water molecules and hydro-
gen bonds. The calculated OH bond length and HOH angle
in H,O (0.97 A, 103.8°) are in good agreement with experi-
mental data (0.957 A, 104.52°).40 The calculated dissociation
energy, D., and the OO bond length in water dimer (0.26 eV,
2.82 A) are in excellent agreement with the experimental re-
sults (0.236 eV, 2.976 A)**2 and results of ab initio CCSD(T)
calculations (0.218 eV, 2.921 A).*3 In order to obtain the most
stable configuration of the adsorbed O, and ORR intermedi-
ates we have created a large number of starting geometries by
adding O,, OOH, O and OH species in different nonequivalent
positions (up to 30 in each case) at the edges of h-BN nanorib-
bon and on the surface of the pristine and defected h-BN. The
starting structures have been optimized without any geome-
try constraints. The similar approach has been successfully
used in our previous works to study adsorption and dissocia-
tion of O,, H,, and C,H, molecules on the free and supported
gold clusters*-! and cluster structure optimization.>>>* The
atoms in molecules method of Bader (AIM) has been used for
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charge analysis. >

3 Results and discussion

3.1 Low-dimensional h-BN based structures

The h-BN lattice has a layered hexagonal structure which
is very similar to graphite. The planar networks of B;Nj
hexagons are regularly stacked on top of each other.>” Due to
the partially ionic character of the B-N bonding, the B atoms
in one layer are located on top of the N atoms of the neigh-
boring layers and vice versa. In graphite, however, layers are
shifted in respect to each other, thus C atoms in one layer are
located on top of the middle of the hexagonal ring in the neigh-
boring layers. Both graphite and h-BN materials are strongly
bonded within the layers, while interaction between the layers
is weak. In spite of similarities in structures, the physical and
chemical properties of graphite and h-BN are very different.
Thus, graphite has a black color and possess electron conduc-
tivity, while h-BN is a white color dielectric with a wide band
gap of 5-6 eV and high thermal and chemical stability. It is un-
likely that O, and other ORR intermediates can be adsorbed
on the h-BN surface. It is even more unlikely that O, can be
activated on such a support. Moreover, catalyst for a fuel cell
cathode must provide an electron transport to the active sites
of ORR. This is impossible task to do, when catalyst has di-
electric properties. These are the reasons why h-BN has never
been considered as ORR catalyst for fuel cells. However, elec-
tronic properties of the low-dimensional h-BN systems such
as h-BN monolayer and h-BN nanoribbons can differ con-
siderably from those known for the h-BN bulk. Recently, it
was shown, that the h-BN nanoribbons become semiconduct-
ing due to doping-like conducting edge states and vacancy
defects.”® The band gap in a h-BN monolayer can be con-
siderably reduced by vacancy and impurity defects>®>° or by
decorating BN sheet with hydrogen atoms.® Recently Geim
and Novoselov with colleagues demonstrated an electron tun-
neling effect through h-BN sheets deposited on a gold sub-
strate.®! Moreover, it was demonstrated experimentally that
h-BN monolayer deposited on the transition metal support can
be a conductor under certain conditions.®> Theoretical calcu-
lations confirm that the electronic properties of h-BN mono-
layer supported on 3d, 4d and 5d transition metal surfaces can
be strongly modified as a result of mixing of the d,= metal
orbitals with N-p, and B-p, orbitals of h-BN monolayer.%* It
is important to note, that adsorption energies of ORR inter-
mediates can be strongly affected by the density of electronic
states (DOS) near the Fermi level. Therefore metal substrate
can influence catalytic reaction on h-BN surface. It can be also
possible to tune adsorption energies of ORR intermediates on
h-BN by the metal support to design the most effective cata-
lyst. This suggestion requires further investigation that goes

far beyond the aims of the present study. However, in order
to investigate the interconnection between electronic structure
and catalytic activity of the pristine and defected h-BN struc-
tures we have performed analysis of the density of electronic
states of the considered systems.

In the present paper we study ORR activity of pristine
and defected h-BN monolayer and the H-terminated h-BN
nanoribbon without addressing the conductivity problem di-
rectly. The effect of transition metal support on ORR activity
of h-BN monolayer (nanomesh) and possibility to provide an
electron transport to the catalytically active centers on the h-
BN surface will be reported in a further publication.

3.2 Adsorption and activation of O, on the h-BN based
structures

Adsorption and activation of O, on the catalytic material is
the first and the most important step for ORR. In the present
work we study several possible sites for O, adsorption, in-
cluding pristine h-BN monolayer, h-BN monolayer with four
simplest types of point defects, such as boron vacancy (Vp),
boron impurity (By), nitrogen vacancy (Vy), and nitrogen im-
purity (Ng), as well as the H-terminated zigzag edge of h-BN
sheet represented by the h-BN nanoribbon with a finite width
of 9.44 A. The considered structures are schematically shown
in Fig. 1.

- ER T Y \(5- L2 J»T;-..YxT,a. &Y‘-? r
Cg g g Gy g g g g g g g g
Nz@h-BN Bu@h-BN  Vy@h-BN  Vs@h-BN

Fig. 1 Surface models: top view of the H-terminated h-BN
nanoribbon p(7) slab with a width of 9.44 A; h-BN monolayer
p(6x6) slab; schematic presentation of the h-BN monolayer with
nitrogen impurity (Ng), boron impurity (By), nitrogen vacancy
(Vn), and boron vacancy (V) defects (only part of the slab is
shown). Boron and nitrogen atoms are colored gray and blue,
respectively, while hydrogen atoms are colored light blue.

The relative stability of various point defects in h-BN has
been intensively investigated. It was demonstrated Ny and
By impurity defects have low formation energies, compara-
ble to those of the vacancies Vy and Vg.%*% Thus, it was
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found that Ny is the most stable defect in h-BN under N-rich
conditions followed by the nitrogen vacancy.® This is con-
sistent with experimental findings of large concentrations of
nitrogen interstitials and vacancies, and of the trapping of ni-
trogen in the hexagonal phase of BN thin films grown by ion-
bombardment assisted deposition techniques; see, ref. 64 and
references therein. The relative stability of particular type of
defects in h-BN often depends on the experimental conditions.
Therefore, in the present work we study only the simplest and
the most stable point and linear (H-terminated zigzag edge)
defects in h-BN.

To gain more insight into the electronic structure of the con-
sidered h-BN based systems we have calculated the spin po-
larized DOS which are presented in Fig. 2.
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Fig. 2 Spin polarized density of electronic states (DOS) calculated
for the defect free h-BN monolayer, H-terminated h-BN nanoribbon
and h-BN monolayer with Ny, By, Vy, and Vg point defects. The
location of the Fermi level is indicated by a dashed vertical line at 0
eV. Arrows directed up and down indicate the up-spin and
down-spin DOS, respectively. A Gaussian broadening of half-width
0.1 eV has been used.

The detailed analysis of the electronic structure of nitrogen,
boron and carbon impurity as well as nitrogen and boron va-
cancy defects in h-BN monolayer has been recently reported
in ref. 59. Our results are in a very good agreement with
data presented in ref. 59. Our calculations demonstrate that
the defect-free h-BN monolayer has a wide band gap of 4.61
eV. Experimental values of the band gap energy for solid h-

BN are widely dispersed in the range between 3.6 and 7.1
eV depending on the experimental method.® Recent results
obtained from the analysis of laser-induced high-resolution
fluorescence excitation spectrum of h-BN powder have de-
termined the band gap energy of the solid h-BN: E; = 4.02
+ 0.01 eV.% In the case of H-terminated h-BN nanoribbon
the band gap depends on the ribbon width, decreasing with
increase in width. The value of the band gap calculated for
the nanoribbon of a width 9.44 A is 4.39 eV which is slightly
smaller if compared with the band gap of the defect-free h-
BN monolayer. Figure 2 demonstrates that incorporation of
Ny, By, Vy, and Vg point defects in h-BN monolayer re-
sult in a significant change of the electronic structure of h-BN
and appearance of the defect levels in the band gap.>® Nitro-
gen impurity introduces occupied level located 1.29 eV above
the edge of the conductivity band, decreasing the bang gap
in Ny @h-BN to 3.27 eV. Boron impurity defect induces two
nearly degenerated occupied levels and one unoccupied level
in the forbidden zone decreasing the band gap in By @h-BN
to 1.45 eV as shown in Fig. 2. The results of our calcula-
tions show that Vy and Vg vacancy defects in h-BN mono-
layer induce spin polarization of DOS. The Vy defect intro-
duces two levels in the forbidden zone, one of which (spin-
up) is occupied and another one (spin-down) is located just
above the Fermi level. The energy difference between two
defect levels in Vy@h-BN is 0.65 eV. The energy gaps calcu-
lated for spin-up (E;”’) and spin-down (Eg"“’") electrons in
Vy@h-BN are 1.83 eV and 1.44 eV, respectively. It is seen
from Fig. 2 that V\y@h-BN monolayer possesses properties of
n-type semiconductor for spin-up electrons, and p-type semi-
conductor for spin-down electrons. The boron vacancy Vg
defect in h-BN is one of the most interesting defects as it in-
duces occupied (spin-up) and unoccupied (spin-down) levels
in the vicinity of the Fermi level, and unoccupied spin-down
level located 1.61 eV above the Fermi level. Therefore Vi de-
fect in h-BN behaves as a triple acceptor of electrons.” The
strong acceptor ability of V3 defect in h-BN has been also re-
ported in our recent works.’>>! Moreover, formation of the
defect states around the Fermi level can result in appearance
of the electronic conductivity in Vi @h-BN. Similar effect has
been found experimentally for h-BN nanoribbons with boron
vacancy defects.’® The features of electronic structure in de-
fected h-BN systems can affect the process of O, adsorption
and activation. The catalytic activation of the adsorbed O,
is related to an electron transfer from the support to the oxy-
gen anti-bonding 27 orbital. Therefore it is unlikely that O,
can be activated on the defect free h-BN monolayer as it has
a wide band gap with no electron density nearby the Fermi
level. On the other hand presence of the defect levels nearby
the Fermi level in defected h-BN can result in catalytic activa-
tion of O,. However, analysis of the electronic structure of BN
based nanosystems can not give information about the values
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of binding energies of O, to defects in h-BN. Therefore we
perform systematic analysis of O, adsorption on h-BN sys-
tems.
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Fig. 3 The most stable (left) and the first activated (right)
configurations of an oxygen molecule adsorbed on the H-terminated
edges of h-BN nanoribbon containing pyridinium-like N (top row)
and boratabenzene-like B (bottom row) atoms. The interatomic
distances are given in Angstroms and angles are given in degrees.
Binding energy of O, to h-BN nanoribbon is indicated at the bottom.

It was shown that a BN pair dopant at the edge of car-
bon sheet can serve as an active site for adsorption, cat-
alytic activation and further reduction of O,.'® The edges
of h-BN nanoribbons consist only of BN pairs and hence
might demonstrate promising activity for ORR. Our calcu-
lations demonstrate, however, that O, binds weakly to the
H-terminated edges of the model h-BN nanoribbon and re-
mains non-activated. Figures 3a) and 3b) demonstrate that
O—0 bond in the adsorbed O, is oriented parallel to the h-BN
nanoribbon edge containing pyridinium-like N atoms and per-
pendicular to the edge containing boratabenzene-like B atoms
with the binding energy of 0.06 eV and 0.04 eV, respectively.
Here, the binding energy of O, to the h-BN nanoribbon is de-
fined as

Ep(Oy/h—BN) = Ei4t(045)+Etor (h—BN)— Etot (05 /h—BN),

ey
where E.:(0,/h-BN) denotes the total energy of the O,/h-BN
system, while E;,:(O,) and E;,:(h-BN) are the total energies
of the non-interacting O, and h-BN nanoribbon, respectively.
It is unlikely that such weakly adsorbed and non-activated
O, can participate in ORR. On the other hand the activated
configurations of the adsorbed O, (Figures 3c) and 3d)) are
metastable, with the binding energies to the pyridinium-like
and boratabenzene-like edges of h-BN nanoribbon of -1.56 eV
and -0.95 eV, respectively. The negative sign of Fj indicates
that adsorbant is not stable towards desorption from the sup-
port. Therefore the H-terminated edge of the considered h-BN

nanoribbon does not likely possess catalytic activity for ORR
in contrast to the BN defect pair at the edge of graphite sheet.

Let us now consider adsorption of O, on h-BN monolayer
with simple point defects. Figure 4 presents the optimized ge-
ometries of O, adsorbed on the defect-free h-BN monolayer
and h-BN monolayer with N, By, Vy, and Vy defects. It is
seen from Fig. 4 that O, adsorbs in a configuration when the
O—O0 bond is oriented parallel to the surface plane in all con-
sidered cases with an exception of Byy@h-BN support. In the
latter case O, adsorbs on top of B impurity atom and inclined
from the surface normal. Note that defected h-BN monolayer
possesses structural relaxations upon O, adsorption. Our cal-
culations demonstrate that molecular oxygen physisorbed on
the defect-free h-BN monolayer in a triplet spin state with
the binding energy of 0.06 eV, and remains catalytically non-
activated. However, O, chemisorbs on Ny, By, Vy, and Vg
point defects in a singlet spin state with F=0.24 eV, 1.62 eV,
3.10 eV, and 1.96 eV, respectively. Interaction of O, with the
point defects in h-BN monolayer results in activation of the ad-
sorbed O, and weakening of the O—O bond. Figure 4 demon-
strates that the O—O bond length in O, adsorbed on Ny @h-
BN, By @h-BN, and V@h-BN support is enlarged similar to
the superoxide state of oxygen (the O—O bond distances in O,
is 1.33 A%7). In the case of O, adsorption on the Vg defect in
h-BN monolayer oxygen molecule is partially dissociated with
the distance between O atoms of 1.79 A. Can this adsorbed
O, be active for ORR? To answer this question let us com-
pare the binding energies of O, to the considered BN based
systems and to the Pt(111) surface. Of course Pt(111) is not
the ideal catalyst for ORR, but such a comparison can give a
clue whether or not BN based nanomaterials can have catalytic
properties similar to Pt. The low-temperature thermal desorp-
tion spectroscopy and electron energy-loss spectroscopy have
determined the low-coverage Ej of O, to Pt(111) to be 0.3-
0.5 eV; see, e.g., refs. 68—70 and references therein. The DFT
calculations of a gas phase adsorption of O, on a Pt;5 clus-
ter, as a model for Pt(111) surface give the value of Ey= 0.49
eV. %0 Earlier theoretical studies of O, adsorption on the model
Pt(111) surface gives values of the binding energy to a sur-
face to be 0.65-0.72 eV for peroxo-like state and 0.53-0.68 eV
for superoxo-like state of the adsorbed O,.”""’? In general the
ideal E of O, to a good catalytic material for ORR should be
as small as possible, but large enough to prevent O, to drift
away or desorb from the catalytic center. We can also add that
the heats of formation of the adsorbed O, should be smaller
than the heats of formation of OOH intermediate on the sur-
face, otherwise ORR will not be energetically favorable pro-
cess. Although O, adsorbed on By @h-BN, V@h-BN, and
Vi @h-BN is catalytically activated, the binding energy of O,
to the support is too large. Therefore, h-BN monolayer with
By, Vy, and Vg defects can not be a good catalyst for ORR.
On the other hand, in the case of O, adsorption on the Ny
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impurity defect, the oxygen molecule is activated and weakly
bounded to the surface. It is interesting that binding energy of
O, to Ny @h-BN is similar to that known for O, adsorbed on
the Pt(111) surface. Therefore, one can suggest that the N im-
purity in h-BN monolayer can play a role of an active center
for ORR. In order to check this suggestion we calculate bind-
ing energies of ORR intermediates, such as O, OOH, OH and
H,0 to V@h-BN center.

3.3 Adsorption of the ORR intermediates on the h-BN
monolayer with N impurity defect

Figure 5 presents the most stable configurations of OZ, OOH",
O*, OH*, and HZO* adsorbed on the h-BN monolayer with N
impurity defect. Here and below molecules adsorbed on the
surface are marked by asterisk . O, adsorbs on Ny @h-BN
in the vicinity of the B atom located nearby the Ny impurity.
Adsorption of O, results in the local distortion of the h-BN lat-
tice. Thus, the B atom localized in the vicinity of the adsorbed
O, protrudes above the surface plane by ~ 0.4 A.

The binding energy of O, to Ny @h-BN is 0.24 eV. The
adsorbed O; is strongly activated with the O—O bond length
increased to 1.35 A. In order to clarify mechanism of O, ac-
tivation on Ny @h-BN we present analysis of the partial den-
sity of electronic states (PDOS) projected on B and N atoms
(solid line) and O, (dashed line) calculated for noninteracting
Ny @h-BN monolayer and free O, (Fig. 6a); as well as O,
adsorbed on Nz @h-BN (Fig. 6b). As it was discussed above
the Ny defect in h-BN monolayer induce an occupied level in
the forbidden zone, as it is shown in Fig. 6a. This level local-
ized at the N defect and has p, character. Oxygen molecule
possesses the occupied up-spin antibonding 27* orbital which
is located below the Fermi level and the unoccupied down-
spin 27" orbital above the Fermi level. Adsorption of O, on

@) ! 0, N;@h-BN (b)

0,N,@h-BN
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Fig. 6 (a) Spin polarized DOS calculated for Ny @h-BN monolayer
(solid line) and free O, (dashed line); (b) Partial density of
electronic states (PDOS) projected on B and N atoms (solid line)
and O, (dashed line) calculated for O, adsorbed on Ny @h-BN. The
location of the Fermi level is indicated by a dashed vertical line at 0
eV. Arrows directed up and down indicate the up-spin and
down-spin DOS, respectively. A Gaussian broadening of half-width
0.1 eV has been used. (c) Energy level splitting for interaction of O,
with Ny @h-BN.
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N @h-BN leads to the prominent splitting of the defect N-p,
level due to the strong interaction with the occupied oxygen
27* orbital. Such a splitting results in appearance of the occu-
pied O,-27* + N-p, component just above the edge of the va-
lence band and unoccupied O,-27* - N-p, component above
the Fermi level in PDOS, as it is shown in Fig. 6a. In addition
interaction of O, with Ny defect leads to the partial popula-
tion of the down-spin O,-27* orbital due to depopulation of
the N-p, orbital. Figure 6¢ schematically represent the energy
level splitting due to interaction of O, with Ny @h-BN. Par-
tial population of the antibonding 27* orbital of O, due to the
charge transfer from the surface defect is responsible for the
catalytic activation of the adsorbed oxygen and stretching of
the O—O bond. According to the Bader analysis, the charge lo-
calized on the adsorbed O, is -0.94e, where € is an elementary
charge. Such mechanism of the charge-transfer-mediated ac-
tivation of O, has been intensively studied for O, adsorbed on
metal clusters; see, e.g., refs. 44,49,51,73-79 and references
therein.

The hydroperoxyl OOH intermediate binds to the B atom
nearby the N impurity on the surface. The theoretical value of
the binding energy of OOH to Ny @h-BN is 1.28 eV, which
is close to the theoretical value of 1.06 eV reported for OOH
adsorbed on the Pt(111) surface.?® The calculated O—O bond
length in the supported OOH" is 1.47 A. The weakening of the
O—0 bond should promote dissociation of OOH" onto O and
OH" fragments.

Competition between O—O bond breaking in O; and OOH"
can define the favorable path of ORR. However, before con-
sidering dissociation of OZ and OOH" we study independent
adsorption of ORR intermediates on Nz @h-BN. Thus, we
have found that oxygen atom adsorbs on top of the N impu-

rity with the binding energy of 3.35 eV (referenced to atomic
oxygen). Itis interesting that this value is very close to the cal-
culated,?*80 3.11 - 3.68 eV, and experimentally determined, 8!
3.68 eV, binding energies of oxygen atom on the Pt(111) sur-
face. Figure 5 demonstrates that OH intermediate adsorbs
on top of the B atom nearest to the N impurity. The calcu-
lated binding energy of OH to the surface is 2.59 eV. Previ-
ous DFT calculations of OH adsorption on the Pt(111) sur-
face performed with the use of Perdew, Burke and Ernzer-
hof (PBE)®? functional led to E,(OH/Pt(111)) =2.26 eV.%
DFT calculations using the hybrid Becke-type three-parameter
exchange functional® paired with the gradient-corrected Lee,
Yang and Parr correlation functional 33> (B3LYP) performed
on a 35 atom Pt cluster (Pt;5) imitating Pt(111) surface led
to E,(OH/Pt(111)) = 2.06 eV.® Finally, we have found that
the water molecule adsorbs on top of N impurity in the geome-
try configuration where the OH bond oriented perpendicular to
the surface. The calculated binding energy of H,O" to N @h-
BN is 0.31 eV. B3LYP DFT calculations of H,O adsorption on
Pt(111) surface give E,(H,O/Pt(111)) = 0.60 eV;2° while
PBE DFT approach predicts Ej(H2O/Pt(111)) = 0.22 eV.%0
The determined experimental values of Ey(H2O/Pt(111)) to
be 0.43 - 0.65 eV.%’

The obtained results are amazing. The energetics of O,,
OOH, O, OH and H,O adsorption on Ny @h-BN under vac-
uum conditions is similar to those known for Pt(111) catalyst.
Therefore one can suggest that N rich h-BN monolayer can be
(under certain conditions that we discuss below) an effective
catalyst for ORR, with the catalytic properties similar to plat-
inum. Thus chemically inert h-BN monolayer can be function-
alized by doping. There is however considerable difference
between ORR processes on Ny @h-BN and Pt(111) surfaces.
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In the case of Ny @h-BN system the active cite for ORR is a
point defect (N impurity), while for the Pt(111) catalyst it is an
extended surface. Therefore, in the case of Ny @h-BN system
one should take into account destructive or cooperative inter-
action between ORR intermediates adsorbed in the vicinity of
point defect; while in the case of Pt(111) surface it is possible
to operate with the binding energies of ORR intermediates ad-
sorbed independently. That becomes clear if one consider O,
dissociation on Ny @h-BN. As it was shown above, the most
favorable position for O" on Ny @h-BN is atop of N impurity.
When molecular O; dissociates on the Ny @h-BN, one of the
oxygen atoms can occupy the energetically favorable position
atop of N, but another one occupies energetically unfavor-
able position, bridging B and N atoms nearby the Ny impu-
rity, as it is shown in Fig. 7a. Therefore, the binding energy
of two oxygen atoms formed after O; dissociation on Nz @h-
BN is smaller than the doubled binding energy of a single (o}
on Nz @h-BN. The similar situation occurs upon dissociation
of OOH" on Ny @h-BN, where the resulting products 0" and
OH" are competing for the best position nearby the point de-
fect, as it is shown in Fig. 7b.

Our calculations demonstrate that dissociation of O, on
N @h-BN is not favorable energetically: the binding energy
of 20" on Ny @h-BN is -0.24 eV with respect to free O,. On
the other hand dissociation of OOH" on N @h-BN is ener-
getically favorable process. In the case of ORR on the Pt(111)
surface the reaction can occur via O, dissociation and OOH
association mechanisms, although OOH association mecha-
nism is favorable.26 However, in the case of h-BN based cat-
alyst with Ny active center only OOH association mechanism
of ORR can occur, while the dissociation mechanism is for-
bidden energetically.

Similar mechanism of self-influence of two ORR intermedi-
ates adsorbed on a single catalytic center takes place for 2 OH"
and 2H,O". In the case of 2OH" system both of OH adsorb in
the energetically favorable positions on top of B atoms nearby
the N impurity, as it is shown in Fig. 7c. This type of adsorp-
tion is cooperative - the binding energy of 2OH" to Ny @h-BN
is 5.49 eV, which is 0.31 eV larger, if compared with the inde-
pendent adsorption of two OH molecules on different N; @h-
BN centers. Two water molecules adsorb on a single N @h-
BN center also cooperatively. In this case one of the water
molecules adsorbes in the energetically favorable position on
top of Ny impurity, while another one interacts via hydrogen
bond with the adsorbed HZO*, forming water dimer. The bind-
ing energy of 2 HQO* to a single Ny @h-BN center is 0.78 eV,
which is 0.16 eV larger, if compared with the independent ad-
sorption of two non-interacting H,O.

3.4 Reaction energies

In order to describe the overall energetics and ORR mech-
anisms on Nz @h-BN we use a model approach introduced
by Ngrskov ef al in ref. 23. Information on binding pref-
erence and adsorption energies of the ORR intermediates al-
lows one to calculate heats of formation, AH s, along the re-
action path,!7-23-2688-91 The free H, and O, molecules and
Ny @h-BN surface are considered as standard states, i.e.,
AH;(H,)=0, AH;(0,)=0, and AH;(Nz@h-BN)=0. This
reference set simplifies the consideration of the ORR mech-
anisms: the reaction starts from the free H, and O, and goes
to the final product — a free H,0.?* Figure 8 presents heats of
formation, AH ¢, calculated for the OOH association mecha-
nism of ORR on Ny @h-BN. The following reaction steps are
considered:

O, +* — O} )

O+ (H*+e) — OOH" 3)
OOH* — O*+OH* “

O*+ (H*+e”) — OH" 5)
20H" +2(H" +e7) — 2H,0" (6)
2H,0* — 2H,0 + %, (7

where asterisk (*) denotes the Ny @h-BN active cite. Heats of
formation along the reaction pathway obtained in the approx-
imation of the independent adsorption of ORR intermediates
are presented by solid line in Fig. 8. In this approximation
we assume that O*, OH" and HZO* intermediates adsorb on
the different Ny @h-BN centers and thus do not interact with
each other. Such scenario can occur, for example, if o pro-
duced after OOH" dissociation will migrate from the energeti-
cally unfavorable position nearby OH*/NB @h-BN center (see,
Fig. 7b) ) to the nearest free Ny @h-BN center, where it can oc-
cupy energetically favorable position ontop of the N impurity
(see, Fig. 5). On the other hand, if ORR occurs on a single
point Ny @h-BN center the ORR intermediates can compete
for the best position nearby the Ny impurity as it happens for
(0", OH") pair or cooperate in adsorption, as it happens for
(OH*, OH*) and (HZO*, HZO*) pairs. The heats of formation,
obtained in the approximation of the one-center reaction are
presented in Fig. 8 by dashed line.

It is seen from Fig. 8 that A H; goes downhill for all consid-
ered steps of ORR, demonstrating that this process is favorable
energetically. Moreover, as the binding energies of ORR in-
termediates on Ny @h-BN are quite similar to those known for
Pt(111) surface, the energy diagram for AH along the reac-
tion pathway reminds that obtained for Pt(111), see, e.g., refs.
24-26. The destructive and cooperative interaction of O*, OH"
and H,O" ORR intermediates in the case of the one-center ad-
sorption slightly modifies the energy diagram of ORR. Thus, it
destabilizes the O"-OH /Ny @h-BN configuration after OOH"
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Fig. 8 Heats of formation, AH, calculated for ORR on Ny @h-BN
in the case of (a) intependent adsorption of ORR intermediates (solid
line); (b) one-center adsorption of ORR intermediates (dashed line).

dissociation, and slightly stabilizes OH"-OH"/Ny @h-BN and
HZO*-HZO*/NB@h-BN configurations. Although, the desta-
bilization effect of the (0", OH") pair adsorbed on a single Ny
defect is rather noticeable (0.7 eV), it will not affect strongly
the overall reaction rate, because the O*—OH*/NB @h-BN con-
figuration is still energetically favorable in comparison with
OOH*/NB@h—BN. On the other hand the cooperative stabi-
lization of (OH", OH") and (HZO*, HZO*) pairs not so large.
Therefore, for the sake of simplicity the further analysis of
ORR energetics will be performed in the approximation of
independent adsorption of ORR intermediates. However, we
must note that accurate analysis of ORR energetics might re-
quire accounting for destructive and cooperative interaction of

intermediates adsorbed on a single reaction center.

Evolution of the uncorrected AH along the reaction path
can serve for a quick and qualitative analysis of the ORR ener-
getics. The accurate investigation of the ORR process requires
analysis of the change in a free energy along the reaction path-
way, which can be done accounting for the change in entropy,
AS, during the reaction. It is also necessary to take into ac-
count the ZPE corrections, AEpg:

AGuee = AHJ& + AEzpg — TAS, )

where G, is the free energy in vacuum and T is the temper-
ature.

In the present work the entropy has been calculated for the
free molecules in the ideal gas approximation®? and has been
put to O for the molecules adsorbed on the catalytic surface.
This is a good approximation, because molecule loses the
translational and rotational degrees of freedom upon adsorp-
tion. Namely these degrees of freedom make largest contribu-
tion to the total entropy. Small corrections to entropic part can
arise if one take into account vibrational degrees of freedom of
the adsorbed intermediates, however such contributions to the
total entropy is small and can be neglected. Note, that in the
approximation described above the change in entropy along
the reaction pathway does not depend on the type of catalyst
or surface. Therefore, entropic corrections can be easily tabu-
lated. The zero-point energy has been calculated by summing
vibrational frequencies w, over all normal modes v:

1
EZPE:iZth' (9)

In order to simulate realistic electrochemical conditions it is
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also necessary to take into account influence of water environ-
ment on the ORR process, which can be included by adding
the corresponding energy correction, A Fy,q¢er, to the free en-
ergy:

AGwatw' = AGU(LC + AEwateT- (10)
Corrections A 41 have been calculated using the first prin-
ciples molecular dynamics (FPMD) simulations accounting
for water explicitly. We have added 48 water molecules to the
system which corresponds to the normal water density in the
given simulation cell and performed FPMD simulations for
the Nosé-Parrinello-Rahman NPT ensemble of particles keep-
ing constant the number of particles with temperature con-
trolled by means of a Nosé-Hoover thermostat®*°* and pres-
sure controlled by the Parrinello-Rahman method.” A total
FPMD simulation has been performed at 300 K for 10 ps with
an initial equilibration time of 5 ps. The total energy of the
system has been averaged, and AF,, .. has been calculated
as a difference in heats of formation of ORR intermediates
with and without water environment.

Water considerably stabilizes the adsorbed ORR interme-
diates that can form hydrogen bonds. Figure 9 demonstrates
snapshot of FPMD run for O, surrounded by water molecules
(only part of the slub is shown). It is seen from Fig. 9 that
several water molecules located in the vicinity of OZ form hy-
drogen bonds with the adsorbed oxygen molecule. Formation
of the hydrogen bonds results in considerable stabilization of
O; on Ny @h-BN. Thus, for example, explicit accounting for
water results in increase of the binding energy of O, to Ny @h-
BN from 0.24 eV to 0.96 eV. Therefore, AF,,4ter, i8S One of
the very important corrections to the free energy of the sys-
tem. 3 Interaction of O, with the water molecules results in
additional activation of the adsorbed oxygen and increase in
the O—O bond length. Figure 9 demonstrates that the O—O
bond in O; increases from 1.35 A for oxygen adsorbed on
Ny @h-BN under the vacuum conditions (thick dashed line),
to 1.39 A for O; in water (thick solid line). Similar effect has
been discussed in ref. 17.

Figure 10a presents energy diagram calculated for the OOH
association mechanism of ORR on Ny @h-BN. Heats of for-
mation, AH ¢, without ZPE and solvent corrections are pre-
sented by solid lines, while changes in free energy, AG yqter
accounting for entropy, zero-point energy and solvent effects
are presented by dashed lines.

Let us consider how AE,pg, —TAS, and AFE,,4ter COI-
rections affect the energetics of the ORR process. Solid line
in Fig. 10b presents the sum of the ZPE and entropic contri-
butions, AEzpr — T'AS to the free energy along the reac-
tion pathway, while dashed line presents the contribution of
the solvent corrections, A Eyyqter. It is seen from Fig. 10b that
ZPE and entropy corrections are positive and hence destabilize
the system; while accounting for a water environment results
in considerable stabilization of ORR intermediates. The abso-

1504 <r,o> for O, in water
’ - == 1y, for0,*in vacuum
1.45
ot 1.40 -
2
< 1.35-gRA 1SR T R (SR L L R
1.30 equilibration time production time
1.25

0 2000 4000 6000 8000
Simulation time, fs

10000

Fig. 9 Top: Snapshot of FPMD run for O, surrounded by water
molecules (only part of the slub is shown). Formation of the
hydrogen bonds results in stabilization of O,. Bottom: The O—O
bond length, rg g, in the adsorbed oxygen as a function of
simulation time (thin line), time averaged <rq o> calculated for O,
in water (thick solid line), and the O—O bond length in 05 adsorbed
under the vacuum conditions (thick dashed line).

lute values of energy corrections are large. However, as it is
seen from Fig. 10b the destabilizing, AFz pg—TAS, and sta-
bilizing, A Fyq¢er, corrections partly cancel each other. Thus
the total contribution of AEzpgr — TAS + AE,,4te, correc-
tions to the free energy is relatively small (line with dots in
Fig. 10b). Therefore, in order to reproduce the energetics of
the ORR process correctly it is important to take into account
zero-point energy, entropy and solvent effects simultaneously.
Each of these effects taken separately is rather large and can
considerably contribute to the free energy. Thus accounting
for example only for A F,y 4t term can result in considerable
overestimation of the binding energies of ORR intermediates,
while neglecting the solvent corrections can result in consid-
erable destabilization of ORR intermediates.

10| Journal Name, 2010, [vol], 1-13

This journal is @ The Royal Society of Chemistry [year]



>
)
>
(@]
—
)
c
L
Reaction coordinate
¢ b
3 ) .
,  2H0
2 2H 3/2H2 3/2H2 20H
> 1] O, OOH O,0H MO
o ° ’/\.“
> 0 ——i— o
S M— PR \.
O 1 < , R
C e \—\ —_—
LU e~
2]— AE,,_-TaS
--- AE
_3_ water
4 - AEZPE - TAS + AEwaier

Reaction coordinate
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4 Conclusions

In summary, the present theoretical study demonstrates that
inert h-BN material can be functionalized and become cat-
alytically active for ORR. We have investigated the binding
preference and catalytic activation of O, adsorbed on the sur-
face of the pristine and defected h-BN monolayer as well as
the various adsorption sites at the H-terminated edges of h-BN
nanoribbon. We have demonstrated that the N impurity defect
on the surface of the h-BN monolayer can be a good candi-
date for the active center of ORR. We have shown that the
adsorption energies of O,, O, OH, OOH, and H,O on N @h-
BN are quite similar to those known for adsorption of ORR
intermediates on Pt(111) surface. An important role of en-
tropy contribution, zero-point energy corrections and solvent
effects on adsorption energies of O, and ORR intermediates
is discussed. We have demonstrated that AEzpg, —TAS,

and AF 4 terms in the expression for the free energy can
partly cancel each other. Therefore, in order to reproduce the
energetics of the ORR process correctly it is important to take
into account ZPE, entropy and solvent effects simultaneously.
The uncorrected heats of formation, AH ¢, can be considered
as a good initial approximation for simple analysis of the ORR
energetics on Ny @h-BN.

On the basis of free energy analysis we have suggested that
N-doped h-BN monolayer can demonstrate catalytic proper-
ties for ORR. However in order to use such a catalist on the
cathode of a fuel cell it is necessary to provide an electron
transport to the catalytically active center. As it was already
discussed, the electron transport phenomenon can occur if h-
BN monolayer is deposited on a surface of some transition
metals, such as, Ni(111) or Au(111). This suggestion re-
quires further investigation that goes far beyond the aims of
the present study. The study on adsorption of O, and other
ORR intermediates on the metal supported h-BN monolayer
will be given in a further publication. We hope that our work
will stimulate further experimental and theoretical study of the
considered phenomena.
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