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Цель работы
Установить, как влияет легирование углеродных материалов 
легкими элементами на их электрокаталитическую активность в 
реакции восстановления кислорода в апротонной среде
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Br, I, POH, SOH, PO 2 , SeO 2 , and SO 2 , etc.), and determined 
the rate-limiting step by selecting the maximum overpoten-
tials in the elementary reaction steps (materials and methods 
for free energy and overpotential calculations are described in 
detail in the Supporting Information). The doping positions in 
each structure were changed with respect to the graphene edge 
to reveal the effect of doping sites ( Figure    1  A and Figure S1, 
Supporting Information). Free energy diagrams (Figure  1 B and 

Figure S2a, Supporting Information) indicate that the third step 
(Equation (S20), Supporting Information) in OER is the rate-
limiting step for X-doped structures. Figure  1 D shows the free 
energy of OER in the third electron transfer (Equation (S20), 
Supporting Information) versus the second one (Equation (S19), 
Supporting Information) for X-doped graphene structures in 
alkaline media. The free energies of the third reaction of OER 
is linearly related to that of the second one by ∆ = −∆ +3 2 XG G C , 
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 Figure 1.    A) Schematic of the X-doped graphene nanoribbons, showing the possible positions of dopants. Free energy diagram of X-doped graphene 
nanoribbons with the best catalytic performance at the equilibrium potential ( U  0  = 0.402 V) for B) OER and C) ORR in alkaline medium. D) Reaction 
energies of the third electron transfer, ∆ G  3  (Equation (S20), Supporting Information) versus the second electron transfer, ∆ G  2 , (Equation (S19), Sup-
porting Information) on different sites of armchair and zigzag graphene nanoribbons for OER in alkaline medium. E) The lower limit of OER/ORR 
overpotentials for X-doped graphene structures versus descriptor  Φ .

Zhao et al. Adv Mater 2015



Восстановление О2 в 0.1 M TBA ClO4 
N-графен

k 0
, c

m
/s

0.000

0.001

0.002

0.003

0.005

0.006

0.007

0.008

H
O

PG

G
r G
r

G
r

N
-G

r

N
-G

r

N
-G

r

@Ni(111) @Cu foil @Al foil

3

O2 + e- ⇄ O2-

2.0 2.5 3.0
–1.5

–1

–0.5

0

0.5

1

EWE vs Li/Li+, V

j, 
m

A
/c

m
2

800
600
400
200
100
64
36
16

Sweep rate, mV/s:

ДМСО



398400402404

N (гр.) 
0.61 ат.%

N (пир.) 
0.1 ат.%

N 1s

Энергия связи, эВ

k0 для атомов C: 0.00148 см/с
k0 для атомов Nгр (0.61 at.%): 
0.4465 см/с
(в 300 раз выше!)

5402 dx.doi.org/10.1021/nl2031037 |Nano Lett. 2011, 11, 5401–5407

Nano Letters LETTER

different kinds of nitrogen impurities. For graphene and CNTs, it
was found that mainly three types of bonding may occur: (i)
direct substitution (graphitic N), (ii) the pyridinic configuration,
and (iii) the pyrrolic structure. Figure 1 shows a variety of
possible configurations of the nitrogen impurities in graphene.
Each of these configurations affects the electronic and transport
properties of the functionalized material rather differently. In the
graphitic configuration, three nitrogen valence electrons form
three σ-bonds, one electron fills the π-states, and the fifth
electron enters the π*-states of conduction band, providing a
strong n-doping effect.6,25 However, the situation becomes more
complicated for pyridinic and pyrrolic environments, and the
implication of the simple tight-binding model does not predict
any charge transfer effect for such impurities.25 On the other
hand, DFT calculations for CNTs show a lowering of the Fermi
level for pyridinic and adatom configurations (p-doping), and a
rising in the case of graphitic N26,27 (n-doping). Graphitic N also
effectively increases metallicity of CNTs.27 Recent DFT calcula-
tions of N-graphene revealed p-type doping for pyridinic and
pyrrolic nitrogen in graphene,28 although the charge transfer per
N atom is much smaller than in the case of graphitic N.
Theoretical studies of the charge transport in N-graphene show
that graphitic nitrogen induces n-type conductivity, preserving
high mobility of charge carriers due to no defect formation upon
direct substitution,6 which is important for high speed electro-
nics. Thus, graphitic nitrogen may be considered as the most
efficient n-doping impurity among other bonding environments.

A few approaches have been devised recently for the synthesis
of N-graphene. These are graphene electrothermal reaction with
ammonia,14 nitrogen plasma treatment of graphene,9,18,29 chemi-
cal vapor deposition (CVD) of hydrocarbons in the presence of
ammonia,11,15,30 CVD with pyridine and other organic
molecules,17,31 CVD with liquid precursors,10 and other
methods.7,16,32 In the present work, we discuss in detail the
growth and electronic properties of quasi-freestanding N-gra-
phene, prepared in situ by CVD from triazine molecules. This
approach allows us producing single-layer graphene of high
quality, thus enabling the first extensive exploration of the
N-graphene band structure with photoemission (PE) and
X-ray absorption techniques.
Experimental Methods. The studied N-graphene samples

were prepared in situ by CVD of s-triazine (HCN)3molecules on
the Ni(111) surface. For the spectroscopic experiments, we
prepared Ni(111) films with a thickness of ∼10 nm grown
epitaxially on the W(110) substrate in ultrahigh vacuum
conditions.33 The high crystalline quality of the studied samples
was inferred from the sharp low energy electron diffraction
(LEED) patterns observed in all cases. After preparing the
Ni(111) surface, an N-graphene layer can be grown on top by
CVD of (HCN)3molecules. Usually, we performed the synthesis
at a vapor pressure of s-triazine of ∼1 ! 10"6 mbar in the
temperature range of 540"635 !C and exposing it for ∼30 min.
The exception was a time-dependent photoemission study when
the pressure was reduced to∼1.5! 10"8 mbar in order to slow
down the reaction and for safe operation of the spectrometer. In
the incipient reaction of s-triazine molecules with the Ni(111)
surface, a graphene monolayer, containing a variety of nitrogen
atom environments, is formed. Note that at these conditions the
graphene growth is self-limited to one atomic layer.34"36 In order
to explore the electronic properties of this system we performed
angle-resolved and core-level photoemission (ARPES and
XPS) and X-ray absorption (NEXAFS) experiments at various

facilities: (i) Elettra, at the spectromicroscopy instrument with
microspot ARPES (μARPES),37 (ii) BESSY, at the beamline
U49-2 PGM1 (time dependent XPS analysis), (iii) at the Russian-
German beamline (XPS andNEXAFS) andUE52, and (iv) at the
UE112-lowE-PGM beamline with a Scienta R8000 spectrometer
(ARPES). μARPES and ARPES measurements were performed
at room temperature. To estimate the atomic concentration of
nitrogen embedded into the graphenematrix, we analyzed relative
intensities of the C 1s and N 1s peaks (C/N ratio). The base
pressure of the experimental chamber was 2! 10"10 mbar, while
pressure in the s-triazine dosing line was 2 ! 10"7 mbar.
Results and Discussion. We begin with the time-dependent

photoemission experiments where the synthesis procedure is
combined with the data acquisition process. Using this approach,
we can follow the evolution of the N-graphene formation in real
time starting from the appearance and dissociation of the first s-
triazinemolecules at theNi(111) surface to the final construction
of the N-graphene layer. For this experiment, a freshly prepared
Ni(111) surface was stabilized at room temperature first. Then
(HCN)3 molecules were introduced into the chamber. The
partial pressure of s-triazine was adjusted to ∼1.5 ! 10"8 mbar
using a leak valve. Later on, the temperature of the substrate was
gradually increased from 20 to 630 !C . During the whole
synthesis procedure the C 1s and N 1s electron emission signals
were recorded and are depicted in Figure 2a,b, respectively.
A closer look at the evolution of the photoemission signal

reveals the following details: (i) room temperature adsorption of
s-triazine molecules leads to a manifold structure of the C 1s
spectra where mainly two spectral features labeled as c1 and c2 are
distinguished. The first N 1s spectra exhibit a dominant feature n1
that is accompanied by a shoulder at higher binding energy (BE).
This demonstrates that the s-triazine molecules attach in various
ways to the Ni(111) substrate. (ii) Upon increasing the tem-
perature gradually to ∼250 !C, both C 1s and N 1s photoemis-
sion signals exhibit noticeable changes. The intensity of c1 and c2
features is decreased and their energy position is shifted to higher
BE. This is accompanied by the appearance of a distinct peak at
∼283.5 eV. The shoulder n2 at ∼397.3 eV is now turned into a
well-defined peak, while the intensity of the n1 feature is reduced
and subsequently disappears from the N 1s spectra. This clearly
indicates a dissociation of the s-triazine molecules on the hot
Ni(111) substrate and an appearance of atomic C and N and
different molecular fragments. A detailed exploration of this stage
will be the subject of forthcoming studies, similar to that
performed for the graphene on Ir(111) system.38 (iii) Upon

Figure 1. Possible configurations of nitrogen impurities in graphene:
(1) substitutional or graphitic N, (2) pyridine-like N, (3) single N
pyridinic vacancy, (4) triple N pyridinic vacancy, (5) pyrrole-like, (6)
interstitial N or adatom, (7) amine, (8) nitrile.
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FIG. 3. (Color online) Comparison of scanning tunneling spectra
between graphene (black curve) and the simple substitution (gray
curve, red online). (a) Spectra taken with the feedback loop active
when moving from one spot to another. Inset: Spectra taken with
the feedback loop off when moving from one spot to another.
(b) Topographic image of the defect on which the spectra on
(a) have been taken. Tunneling parameters: Vs = +1.0 V, I =
500 pA. (c) Simulated partial DOS for a graphene 9 × 9 supercell
(162 atoms) including a single N substitution. The PDOS far away
from the nitrogen atom (Cbulk), on the neighboring C atoms (C1)
and on the nitrogen atom are represented by the solid, dashed, and
dotted-dashed (black, blue, and red online) curves, respectively.

Dirac energy at −0.5 V. The relationship between the charge
carrier concentration n, the Dirac energy ED , and the Fermi
velocity (vF ) n = E2

D

π(h̄vF )2 leads to n = 18 × 1012 electrons per
cm2 for vF = 106 m/s. Assuming 0.6% of nitrogen atoms, the
charge transfer can be estimated to 0.8 electron per dopant
atom. From a theoretical viewpoint, our simulations for a
0.6% doping [Fig. 3(c)] exhibit ED at −0.42 eV and then
a smaller charge transfer (0.55 electron per N atoms). These
values are larger than those reported by Zhao et al.13 and
the discrepancy can be explained by a number of potential
sources of uncertainties: the accuracy in the determination
of the nitrogen concentration as well as the position of the
Dirac point, the presence of several types of doping sites, and
the uncertainty on the value of the Fermi velocity27,28 on the
experimental side or the absence of quasiparticle corrections,29

and the regular spacing between the N sites in the supercell
technique for the DFT calculations.

The comparison between the dI/dV spectra at the nitrogen
doping sites and far from it [Fig. 3(a)] shows that a broad
peak centered around +0.5 eV appears in the vicinity of the
nitrogen atom [dI/dV spectra give a quantity proportional to
the local density of states (LDOS)]. This is an experimental

determination of the energy level of the localized state in
N-doped graphene. The simulated partial density of states
(PDOS) located on the N atom, and on a C atom close to
and far from the nitrogen (C1 and Cbulk atoms, respectively)
are displayed in Fig. 3(c). The states related to the graphitic
nitrogen are clearly obtained in the conduction bands but
display a double-peak structure at 0.15 and 0.50 eV. The
nitrogen-nitrogen interactions in the periodical structure used
in the calculation could lead to a splitting of the donor state that
would not be present for randomly distributed defects.30 The
absence of quasiparticle corrections29 or the reduced tunneling
current for low bias26 may also explain why the low-energy
states are not observed. Besides, experimental STS spectra
obtained for a tip above the center of the defect probably also
probe the PDOS of the C1 atoms. As the N PDOS, the C1
PDOS presents a double peak at 0.15 and 0.50 eV but with a
larger amplitude of the second one. Moreover, a state localized
at the C1 atoms appears around 1 eV and can be related to a
second feature in the experimental STS.

Coming back to the experimental STS spectra, at negative
bias, the dI/dV signal is found to be lower above the nitrogen
atom than above the graphene, as shown in Fig. 3(a). At
positive bias both STS spectra have comparable intensities.
To reconcile those measurements with the higher corrugation
above the dopant site (Figs. 1 and 2), we have to keep in mind
that spectra are measured with initial conditions corresponding
to the setpoint used for the STM image. As a consequence,
the tip is located at a larger distance from the atomic plane
when a spectrum is measured above the dopant site, compared
with a STS measurement on the graphene layer and the two
spectra cannot be quantitatively compared. As it is expected
that the nitrogen atom lies in the plane of the graphene sheet,
as demonstrated by DFT simulations performed on single6

and bilayer N-doped graphene,31 the observed corrugation is
a purely electronic effect. In such cases, the intensity of the
dI/dV spectra is artificially reduced above the N atom due to
the higher tip position. In order to overcome this difficulty of
interpretation, we have measured some spectra while scanning
with the STM feedback loop off, i.e., at a constant tip height. In
these conditions, STS spectra exhibit a very different behavior
[inset in Fig. 3(a)]. For negative bias, the spectrum recorded
above the dopant is slightly larger than above the graphene
layer, in agreement with what is observed on the images. For
positive bias, the difference is even more spectacular with a
LDOS measured at the doping site up to five times more intense
than the one of graphene, strongly confirming that the doping
states lie in the conduction band.

Besides the substitutional doping, other types of defects
have been frequently observed, examples of which are dis-
played in Fig. 4. Some defects appear higher at negative bias
[Figs. 4(a) and 4(c)] than at positive bias [Figs. 4(b) and 4(d)],
contrary to what was observed for substitution. Interestingly,
a simple substitutional N atom is also observed on top of Figs.
4(a)–4(d) close to the complex defects. These configurations
allow a direct comparison of the bias dependence of the simple
substitutional N (higher at positive bias) and of the other
defects (higher at negative bias). These unique dopant sites can
then be associated with hole doping and with a localized state
lying in the valence band.4,6 Furthermore, the experimental
signature (a triangular symmetry with extended oscillations of
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Boosting Graphene Reactivity with Oxygen by Boron Doping:
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ABSTRACT: Graphene (G) reactivity toward oxygen is very poor, which limits its use
as electrode for the oxygen reduction reaction (ORR). Contrarily, boron-doped
graphene was found to be an excellent catalyst for the ORR. Through a density
functional study, comparing molecular and periodic approaches and different functionals
(B3LYP vs PBE), we show how substitutional boron in the carbon sheet can boost the
reactivity with oxygen leading to the formation of bulk borates covalently bound to
graphene (BO3−G) in oxygen-rich conditions. These species are highly interesting
intermediates for the OO breaking step in the reduction process of O2 to form H2O as
they are energetically stable.

1. INTRODUCTION
Doped graphene has become a hot material for catalysis since it
has been recently reported to catalyze the oxygen reduction
reaction (ORR) with high durability and selectivity.1,2 The
development of an efficient but cheap and metal-free electrode
to be used as cathode in fuel cells and other electrochemical
energy devices is one of the major goals of the current research
in electrocatalysis.
Nitrogen-doped graphene3 is the most studied heteroatom-

doped graphene system with examples of very active nanoma-
terials for the ORR.4−6 During the last year, various approaches
to insert boron in the graphene layer have been reported,7−10

and, more importantly, boron-doped graphene was also found
to be an excellent catalyst for ORR.8,11 Boron is believed to be
substitutional to carbon, although in some cases oxygenated
boron species were supposed to exist at the sheet edges to
justify the broad feature for the B 1s peak at the X-ray
photoelectron spectra (XPS).8,9

Little is yet known regarding the mechanism of ORR on
doped graphene. Only a few investigations, based on density
functional theory (DFT) calculations, are present in the
literature,12−15 and only one focuses on the boron-doped
system.15 Moreover, although several computational studies in
the literature analyze molecular oxygen reactivity on pure
graphene,16−21 only O2 physisorption on boron-doped
graphene has been investigated.22−24 An atomic-level under-
standing of the processes involved in the oxygen interaction
and reactivity with doped graphene systems would be of great
scientific interest but could also help improving their efficiency
as electrocatalysts.
Herein, we compare the energetics of the various steps along

the reaction path of atomic and molecular oxygen with pure
graphene (G) and boron-doped graphene (BG). Our model is
based on density functional theory calculations where we
compare results obtained with different approaches, varying the
functional (standard GGA/PBE or hybrid B3LYP), the basis set

(localized atomic Gaussian functions or planewaves), and the
size and type of the model (periodic 4 × 4 or 8 × 8 sheet or
molecular circumcoronene). All of the approaches lead
consistently to the same conclusion that the presence of
boron in the carbon layer boosts the graphene sheet reactivity
toward oxygen to the formation of stable bulk borates. The
stability dependence with oxygen partial pressure or chemical
potential and electronic structure of the intermediates at the
different stages of oxidation are also investigated.

2. COMPUTATIONAL DETAILS
The periodic graphene model calculations were performed both
with the CRYSTAL0925 (C09) and the QuantumEspresso26

(QE) codes. We used 4 × 4 or 8 × 8 supercells of 32 or 128
atoms (Figure 1) and 12 × 12 × 1 or 6 × 6 × 1 Monkhorst−
Pack k-point grids, respectively. For the C09 calculations,
B3LYP functional27,28 was used and the Kohn−Sham orbitals
were described with localized Gaussian basis sets [631(1) for
C,29 6211(1) for B,30 and 631(1) for O31]. The addition of
oxygen was done by keeping the cell parameters fixed at the
corresponding G and BG optimized geometries and also
allowing them to relax in some cases. A denser 24 × 24 × 1 k-
point grid is used for the calculation of the total and projected
density of states (DOS and PDOS) on the 4 × 4 supercells. For
the QE calculations, the PBE functional32 and Vanderbuilt
ultrasoft pseudopotentials with energy cutoffs of 30 and 240 Ry
(for kinetic energy and charge density grids) were used.33 Cell
parameters were kept fixed at the G and BG optimized
geometries. The hexagonal lattice parameter of pure graphene
is computed to be 2.463 and 2.472 Å for B3LYP and PBE,
respectively. For B-doped graphene we observe a lengthening
of the lattice to 2.476 and 2.482 Å for the two functionals,
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Нитрид бора h-BN
Cathode reaction mechanism on the h-BN/Ni (111) heterostructure for
the lithium-oxygen battery
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

! Heterostructure of h-BN and Ni is
investigated for catalyst of LieO2

battery.
! The h-BN/Ni (111) heterostructure
thermodynamically prefers 2e"

pathway.
! Adsorption of intermediates is
mainly ionic bonds between B and O
atoms.

! Electrochemical performance is
comparable to Pt-based alloy
catalysts.

a r t i c l e i n f o

Article history:
Received 6 October 2015
Received in revised form
16 December 2015
Accepted 3 January 2016
Available online 12 January 2016

Keywords:
Lithium-oxygen battery
h-BN/Ni (111)
Oxygen reduction reaction
Reaction pathway
Density functional theory

a b s t r a c t

In this study, the heterostructure of h-BN and Ni (111) is adopted as effective cathode catalysts for the Li
eO2 battery using first-principles calculations. It was determined that h-BN/Ni (111) thermodynamically
prefers a 2e" pathway despite the large adsorption energy of O2, even larger than Pt (111), and disso-
ciation of O2 at the formation of the oxygen reduction reaction (ORR) intermediates of the LieO2 battery
on h-BN/Ni (111). In this respect, the result of h-BN/Ni (111) does not accord with previous studies that
found that strong adsorption and dissociation of O2 indicate a reaction to proceed via the 4e" pathway.
The reason for this behavior is identified as being adsorption of the ORR intermediates mainly conducted
by strong ionic bonds between the B atoms of h-BN and the O atoms of the intermediates, while the Li
atoms do not participate in the bonds. The electrochemical performance of h-BN/Ni (111) is remarkable
with a maximum discharge potential of 1.93 V and a minimum charge potential of 3.83 V, comparable to
noble metal based catalysts.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The rechargeable lithium-oxygen (LieO2) battery has recently
fascinated many researchers in terms of its extremely high energy
density to meet the emerging demand of a high-capacity energy

storage system for electric vehicles [1e5]. The discharge and the
charge of a LieO2 battery is operated by the oxygen reduction re-
action (ORR) and the oxygen evolution reaction (OER) on the
cathode (the so-called air electrode), respectively. The known
pathways of the non-aqueous LieO2 reactions are (i) 2Liþ þ O2 4
Li2O2 (2e" pathway) and (ii) 4Liþ þ O24 2(Li2O) (4e" pathway) [6].
However, high overpotentials during the ORR and OER result in low
round-trip efficiency [7,8], which is one of the biggest problems
hindering the commercial use of the LieO2 battery. Thus, re-
searches have attempted to determine the optimal choice for the

* Corresponding author.
E-mail addresses: mhwl100@hanyang.ac.kr (M. Lee), kheuvic@hanyang.ac.kr

(Y. Hwang), ykh2853@hanyang.ac.kr (K.-H. Yun), yongchae@hanyang.ac.kr
(Y.-C. Chung).

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour

http://dx.doi.org/10.1016/j.jpowsour.2016.01.013
0378-7753/© 2016 Elsevier B.V. All rights reserved.

Journal of Power Sources 307 (2016) 379e384

2814 Phys. Chem. Chem. Phys., 2013, 15, 2809--2820 This journal is c the Owner Societies 2013

Therefore, one can suggest that an N impurity in a h-BN
monolayer can play the role of an active center for the ORR.
In order to check this suggestion we calculated the binding
energies of ORR intermediates, such as O, OOH, OH and H2O,
to the NB@h-BN center.

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

Fig. 5 presents the most stable configurations of O!2, OOH*, O*,
OH*, and H2O* adsorbed on the h-BN monolayer with N
impurity defects. Here and below molecules adsorbed on the
surface are marked by an asterisk (*). O2 adsorbs on NB@h-BN
in the vicinity of the B atom located nearby the NB impurity.
Adsorption of O2 results in the local distortion of the h-BN
lattice. Thus, the B atom localized in the vicinity of the
adsorbed O2 protrudes above the surface plane by B0.4 Å.

The binding energy of O2 to NB@h-BN is 0.24 eV. The
adsorbed O!2 is strongly activated with the O–O bond length
increased to 1.35 Å. In order to clarify the mechanism of O2

activation on NB@h-BN we present an analysis of the partial
density of electronic states (PDOS) projected on B and N atoms
(solid line) and O2 (dashed line) calculated for a noninteracting
NB@h-BN monolayer and free O2 (Fig. 6a); as well as O2 adsorbed on
NB@h-BN (Fig. 6b). As discussed above the NB defect in the h-BN
monolayer induces an occupied level in the forbidden zone, as
shown in Fig. 6a. This level localized at the NB defect and has pz

character. The oxygen molecule possesses the occupied up-spin
antibonding 2p* orbital, which is located below the Fermi level and
the unoccupied down-spin 2p* orbital above the Fermi level.
Adsorption of O2 on NB@h-BN leads to the prominent splitting of
the defect N-pz level due to the strong interaction with the occupied
oxygen 2p* orbital. Such a splitting results in the appearance of the
occupied O2-2p* + N-pz component just above the edge of the
valence band and the unoccupied O2-2p*–N-pz component above
the Fermi level in PDOS, as shown in Fig. 6b. In addition,
interaction of O2 with NB defect leads to the partial population of
the down-spin O2-2p* orbital due to depopulation of the N-pz

orbital. Fig. 6c schematically represents the energy level splitting
due to interaction of O2 with NB@h-BN. Partial population of the
antibonding 2p* orbital of O2 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 localized on the adsorbed O2 is " 0.94 e,
where e is an elementary charge. Such a mechanism of the charge-
transfer-mediated activation of O2 has been intensively studied for
O2 adsorbed on metal clusters; see, e.g., ref. 44,49,51,73–79 and
references therein.

The hydroperoxyl OOH intermediate binds to the B atom
near the N impurity on the surface. The theoretical value of the

Fig. 5 The most stable configurations of O!2 , OOH*, O*, OH*, and H2O* adsorbed on the h-BN monolayer with N impurity defects. The interatomic distances are given
in Angstroms. Adsorbed configurations are marked by an asterisk (*). The binding energies of ORR intermediates to NB@h-BN (with respect to free species) are
indicated at the bottom. Only part of the slab is shown.

Fig. 6 (a) Spin polarized DOS calculated for NB@h-BN monolayer (solid line)
and free O2 (dashed line); (b) Partial density of electronic states (PDOS) projected
on B and N atoms (solid line) and O2 (dashed line) calculated for O2 adsorbed on
NB@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 O2 with NB@h-BN.
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vacancy defects in a h-BN monolayer has been recently reported
in ref. 59. Our results are in very good agreement with the 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 3.6–7.1 eV depending on
the experimental method.66 Recent results obtained from the
analysis of the laser-induced high-resolution fluorescence
excitation spectrum of h-BN powder have determined the band
gap energy of the solid h-BN: Eg = 4.02 ! 0.01 eV.66 In the case
of a 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 width 9.44 Å is
4.39 eV, which is slightly smaller if compared with the band gap
of the defect-free h-BN monolayer. Fig. 2 demonstrates that
incorporation of NB, BN, VN, and VB point defects in the h-BN
monolayer result in a significant change of the electronic
structure of h-BN and the appearance of the defect levels in
the band gap.59 Nitrogen impurities introduce an occupied
level located 1.29 eV above the edge of the conductivity band,
decreasing the bang gap in NB@h-BN to 3.27 eV. Boron impur-
ity defects induce two nearly degenerate occupied levels and
one unoccupied level in the forbidden zone, decreasing the
band gap in BN@h-BN to 1.45 eV, as shown in Fig. 2. The results
of our calculations show that VN and VB vacancy defects in
the h-BN monolayer induce spin polarization of DOS. The VN

defect introduces 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 VN@h-BN is 0.65 eV. The energy gaps calculated
for spin-up (Eup

g ) and spin-down (Edown
g ) electrons in VN@h-BN

are 1.83 eV and 1.44 eV, respectively. It is seen from Fig. 2 that
the VN@h-BN monolayer possesses properties of an n-type
semiconductor for spin-up electrons, and a p-type semiconductor
for spin-down electrons. The boron vacancy VB defect in h-BN
is one of the most interesting defects as it induces occupied
(spin-up) and unoccupied (spin-down) levels in the vicinity of the
Fermi level, and an unoccupied spin-down level located 1.61 eV
above the Fermi level. Therefore the VB defect in h-BN behaves as
a triple acceptor of electrons.59 The strong acceptor ability of the
VB defect in h-BN has been also reported in our recent works.50,51

Moreover, formation of the defect states around the Fermi level
can result in the appearance of the electronic conductivity in
VB@h-BN. A similar effect has been found experimentally for h-BN
nanoribbons with boron vacancy defects.58 The features of
the electronic structure in defect-possessing h-BN systems can
affect the process of O2 adsorption and activation. The catalytic
activation of the adsorbed O2 is related to an electron transfer
from the support to the oxygen anti-bonding 2p* orbital. There-
fore it is unlikely that O2 can be activated on the defect free h-BN
monolayer as it has a wide band gap with no electron density near
the Fermi level. On the other hand presence of the defect levels
near the Fermi level in defect-possessing h-BN can result in
catalytic activation of O2. However, analysis of the electronic
structure of BN based nanosystems cannot give information about
the values of binding energies of O2 to defects in h-BN. Therefore
we performed a systematic analysis of O2 adsorption on h-BN
systems.

It was shown that a BN pair dopant at the edge of a carbon
sheet can serve as an active site for adsorption, catalytic
activation and further reduction of O2.16 The edges of h-BN
nanoribbons consist only of BN pairs and hence might demon-
strate promising activity for the ORR. Our calculations demon-
strate, however, that O2 binds weakly to the H-terminated edges
of the model h-BN nanoribbon and remains non-activated.
Fig. 3a and b demonstrate that the O–O bond in the adsorbed
O2 is oriented parallel to the h-BN nanoribbon edge containing
pyridinium-like N atoms and perpendicular to the edge containing
boratabenzene-like B atoms with a binding energy of 0.06 eV and
0.04 eV, respectively. Here, the binding energy of O2 to the h-BN
nanoribbon is defined as

Eb(O2/h-BN) = Etot(O2) + Etot(h-BN) – Etot(O2/h-BN) (1)

where Etot(O2/h-BN) denotes the total energy of the O2/h-BN
system, while Etot(O2) and Etot(h-BN) are the total energies of the
non-interacting O2 and h-BN nanoribbon, respectively. It is
unlikely that such weakly adsorbed and non-activated O2

can participate in the ORR. On the other hand the activated
configurations of the adsorbed O2 (Fig. 3c and d) are
metastable, with 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 Eb indicates that
the adsorbant is not stable towards desorption from the

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
NB, BN, VN, and VB 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.
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tron intensity as a function of energy and momentum along
the !KM direction of the Brillouin zone. Evidently, a sharp
and intense structure of both ! and " bands indicates high
structural quality of h-BN. The weakly dispersing bands near
the Fermi level belong to the Ni 3d states slightly modified
by the h-BN !-Ni 3d orbital mixing,16 similarly to the case
of graphene/Ni!111".27–29 Because of the surface sensitivity
of ARPES, the appearance of nickel bands indicates a small
thickness of the synthesized h-BN and the presence of a
single ! band unambiguously confirms its monolayer nature.
The corresponding low-energy electron-diffraction !LEED"
pattern #Fig. 3!a"$ exhibits a sharp !1#1" hexagonal struc-
ture indicating high crystalline quality and uniform in-plane
orientation of h-BN with respect to the substrate.

Figure 4 shows an overview band-structure map taken
after the Au ML intercalation. For comparison, the ! and "
bands for pristine h-BN/Ni!111" are shown by dotted lines.
Clearly, the intensity of the Ni 3d bands becomes hardly vis-
ible, pointing at gold mediated attenuation of the electron
emission from the substrate. Neither ! nor " bands show
significant intensity reduction pointing out that the ML h-BN
remains on top. Both ! and " bands are shifted toward EF as
it was previously observed for graphene in the quasifree-
standing state.24,25 Moreover, the absence of original bands
unambiguously demonstrates that the intercalation process is
complete and ML h-BN has been lifted off the Ni surface.
Notably, for the Au intercalated ML h-BN the LEED pattern

gains an additional set of reflexes #Fig. 3!b"$, indicating the
emergence of an approximately !9#9" structure due to the
mismatch of lattice parameters for h-BN and the intercalated
Au layer.

The NEXAFS spectra provide convincing evidence for a
weakening of the chemical interaction between h-BN and Ni
atoms upon Au intercalation. Figure 5!a" shows B K-edge
NEXAFS spectrum taken from bulk h-BN at the geometry
when the angle $ between surface normal and polarization
direction of incident light was set to 50°. It exhibits the
prominent !! resonance !peak A" and additional "! reso-
nance composed mainly of the two features B and C. In
contrast to that, the spectral structure of the B K-edge NEX-
AFS spectra taken from single layer of h-BN on Ni!111"
looks rather differently in accordance with Ref. 20. The cor-
responding set of spectra recorded at different $ is displayed
in Fig. 5!b". The !! resonance is broader now and split
mainly into two peaks A and A1 while the "! resonance is
shifted toward lower energies and noticeably modified in
shape. This is known to be a result of orbital mixing with the
Ni 3d states.20 Taking a similar set of spectra after Au inter-
calation we found that energies for both !! and "! reso-
nances are restored back to the values of bulk h-BN #Fig.
5!c"$. Moreover, XPS data taken from the h-BN/Ni!111" and
the h-BN/Au/Ni!111" systems reveal substantial chemical
shifts toward EF for both the N 1s #Fig. 5!d"$ and the B 1s
#Fig. 5!e"$ core levels after Au intercalation.

All these observations indicate that Au intercalation con-
siderably reduces chemical interaction between Ni and ML
h-BN leading to a transition of h-BN from the chemisorbed
to the quasifree state. We suppose that this makes the ML
h-BN more flexible for adjusting to graphene. An inspection
of the electron band dispersion along !K and !M !not
shown" before and after Au intercalation reveals a slight
change in the BZ size. The BZ borders for pristine ML
h-BN/Ni!111" are shown in Fig. 4 by short vertically aligned
dotted lines. This observation indicates that the liberation of
the ML h-BN by means of Au intercalation is accompanied
by a decrease in its lattice parameter and supports the idea

FIG. 2. !Color online" The electron-energy band structure of the
ML-h-BN/Ni!111"/W!110" system measured by ARPES.

FIG. 3. The LEED patterns of !a" ML h-BN/Ni!111"/W!110"
and !b" ML h-BN/ML Au/Ni!111"/W!110".

FIG. 4. !Color online" The electron-energy band structure of the
ML-h-BN/ML-Au/Ni!111"/W!110" system measured by ARPES.
The vertical dashed and dotted lines indicate high-symmetry points
in the BZ of ML h-BN/Au and ML h-BN/Ni, respectively.

QUASIFREESTANDING SINGLE-LAYER HEXAGONAL… PHYSICAL REVIEW B 82, 075415 !2010"

075415-3

h-BN h-BN@Ni(111)

Нитрид бора h-BN
Ni(111)

1 ML h-BN

Usachov et al. Phys Rev B, 82(7), 2010.Lee et al. J Power Sources, 307(C), 2016.
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FIG. 6. (Color online) (a) ARPES intensity map for
graphene/Ir(111); (b) and (c) second derivative of the photoemission
intensity by energy in the regions marked with dotted rectangles in
(a) and the results of the 3NN TB fit, displayed in a similar way to
Fig. 5.

there. In particular, for the h -BN system, the π -band replicas
are much less visible compared to the σ replicas, while for
graphene the π -band replicas of notable intensity are clearly
observed. The explanation for this observation requires an
understanding of the mechanism that governs the appearance
of the replicas in the ARPES spectra, which indeed has not yet
been well established.

Since the photoemission process is governed by the electron
transition from the initial to the final state, we have to
consider them both to explain the origin of these replicas.
A final-state effect can be described as a diffraction of the
outgoing photoelectrons, and it has been established that the
final-state diffraction is responsible for the appearance of
the replica bands in epitaxial graphene on SiC.33 In the case
of graphene/Ir(111), it has been demonstrated25,34 that the
constant-energy maps recorded at photon energies of 95–
120 eV show different photoemission intensity distributions
of the discussed replica bands in comparison to the initial one,
implying that the final-state effect related to the diffraction of
the outgoing photoelectrons does not fit well here to describe
this phenomenon.

Hence, we suggest considering the following aspects related
to the initial-state effect that might be responsible for the
appearance of the replicas in the ARPES-derived maps: (i)
an external periodic potential as a consequence of the moiré

superlattice, (ii) the periodic corrugation of the system, and
(iii) hybridization with the electronic states of the substrate.

Let us consider first our two-dimensional crystal in the
presence of a weak external potential with the substrate period.
In this case the initial Brillouin zone shrinks, leading to
the folding of the bands and the appearance of gaps at the
borders of the induced mini-BZ. This point has been recently
observed and discussed for the graphene/Ir(111) system.23,25,35

However, the small width of the detected gaps points to the
weakness of the superlattice potential. In this case, a simple
photoemission model predicts no significant intensity of the
extra bands.36

Secondly, the geometrical corrugation of the free-standing
layer will favor the appearance of the discussed replicas due to
the modified conditions for interference of the photoelectrons
by gaining an additional phase shift when they escape from
the atoms located at various heights at the surface. In this case,
depending on the amplitude of the corrugation, the intensity
might be expected to be significant. To demonstrate this
explicitly, we developed a simple qualitative model describing
the photoemission intensity of the π - and σ -bands of ML
h -BN and graphene. In the case of the corrugated 2D crystal,
when there is a vertical displacement of the atoms in the
unit cell we may assume a plane-wave final state and a TB
Bloch wave for the initial state, which allows us to express the
photoemission intensity of the valence electrons in terms of
the dipole approximation by the following expression:

I (k) ∝
!!!!ϵ · kf

"

j,s

e−ik⊥hj Cjs(k)#js(kf )
!!!!
2

, (1)

where hj is the vertical displacement of atom j , k⊥ is the
perpendicular component of the photoelectron momentum in
the final state, ϵ is the light polarization vector, #js is the
Fourier transform of the orbital s of atom j , and Cjs(k)
is the contribution of the orbital s of atom j to the Bloch
wave function.37 In the particular case of graphene or h -BN,
neglecting the term ϵ · kf for simplicity, and taking into
account the analytical expressions for the 2s and 2p functions,
we can further simplify this formula in the case of σ -bands:

I (k) ∝
!!!!
"

j

e−ik⊥hj

#
Cj,2s(k)

√
σ2s − i

kx

kf

Cj,2px
(k)

√
σ2px

− i
ky

kf

Cj,2py
(k)

$
σ2py

%!!!!
2

, (2)

where σs is a photoionization cross section of the atomic
orbital s, and the summation is taken over all atoms in
the unit cell. First we consider the case of ML h -BN. We
assume a (10 × 10) superstructure, which gives the best
commensurate approximation to the experimentally observed
LEED pattern. Thus, a 1NN TB Hamiltonian matrix with a size
of (242 × 242) is constructed for the π -bands and (726 × 726)
for the σ -bands. Further, we introduce an external potential by
adding to the energy of each orbital (diagonal elements of the
Hamiltonian) a value that depends on the atom position in
the unit cell and has the period of the Ir(111) substrate. As a
model potential, we use the simplest 2D periodic function with
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FIG. 5. (Color online) (a) ARPES intensity map for h-
BN/Ir(111); (b) and (c) second derivative of the photoemission
intensity by energy in the regions marked with dotted rectangles in (a)
and the results of the 3NN TB fit. The white dotted lines indicate the
TB fit for the main bands, the black dashed lines denote the replicated
bands that are translated by one reciprocal vector, while the white
dashed lines correspond to the most intense replicas, translated by
two vectors.

flakes, there are already completely disordered sheets, too, that
are detected by the presence of a circle in Fig. 3(h). Note that
we did not observe similar LEED pictures for h-BN. We would
like to mention here that the established behavior of the moiré
superstructure in the LEED pictures of graphene produced in
the temperature range of 600–1000 ◦C is in good agreement
with the recently published data.31

IV. ELECTRONIC STRUCTURE

Let us now address the electronic properties and begin
with a consideration of the ML h-BN/Ir(111) system. The
particular aim of this study was to explore and understand the
mechanism of the formation of new electronic states which
appear due to interaction of the two-dimensional system with
the substrate. It has been previously stated that in the case of
Ru(0001), the electron bands which are formed in ML h-BN
and graphene nanomeshes are notably differently affected by
this interaction. This motivates comparative studies, and the
considered systems are tempting candidates for this purpose.

Figure 5(a) shows an overview of the band structure derived
from the ARPES measurements for ML h-BN produced on
Ir(111) at a temperature of ∼ 1000 ◦C. We used this temperature

because it yields the best nanomesh quality according to the
LEED studies. The explicitly visible π and σ electron bands
exhibit a structure that is rather similar to that of weakly
interacting ML h-BN on gold,20 and it seems that no traces
of hybridization to the substrate states are detectable. It might
be an indirect sign pointing to a rather weak interaction
with the substrate that is consistent with the results of the
NEXAFS studies. By looking deeper into the ARPES data,
it is possible to resolve a bunch of the σ -bands’ families.
Figures 5(b) and 5(c) show the most interesting regions near
the high symmetry points that are magnified by means of
second-derivative treatment of the original data. Moreover,
when performing this data treatment, we detected a similar
bunch of extra bands close to the main π -band. These bands
are marked with a letter π in Fig. 5(b). Note here that a
rather similar spectral structure has been recently observed for
graphene on the Ir(111) (Ref. 23) and SiC (Ref. 33) substrates,
and their appearance has been attributed to the shrinking of
the initial Brillouin zone due to the moiré superlattice. In the
former case, the set of extra bands can be obtained using the
translation of the intrinsic band by the reciprocal vector of the
superlattice in a momentum space.

The behavior of electrons in h-BN/Ir(111) looks rather
similar, and in order to demonstrate it explicitly, we performed
a fitting procedure that is based on a tight-binding model,
taking into account three nearest neighbors (3NN TB fit).
Later on, the derived bands were translated by one or two
reciprocal vectors of the (10 × 10) superlattice. The result of
this model’s application is depicted in Figs. 5(b) and 5(c).
In spite of the simplistic approach, a rather good agreement
between the computationally constructed replica bands and
those experimentally derived from the ARPES experiment
was established. This unambiguously points to the fact that
these replicas have a similar nature to that manifested for
the graphene/Ir(111) system. Note here that this point has
been intensively discussed recently. However, the most of
the attention has been paid only to the region close to the K
point near EF. We extend this discussion and comprehensively
consider the full picture, including the replicas of the σ2,3
bands. For this purpose, we further prepared graphene on
Ir(111) at a synthesis temperature of about 1300 ◦C when most
of the domains are well-oriented. The overview electronic
structure of this system that is experimentally derived by
ARPES is shown in Fig. 6(a). It is possible to detect the
trace of the disordered domains looking at the M point region
at the energy window up to 2 eV of BE. Obviously, in
addition to the previously observed replicas of the π -band,
the set of extra bands directed to the Fermi level at the right
M point is clearly visible [Fig. 6(c)]. In addition to that,
the replicated σ -bands near the K point are detectable too
[Fig. 6(b)]. To further explore this system, we computed the
electron bands within the 3NN TB fit approach, as was done
for h-BN/Ir(111). By zooming to the high-symmetry points
regions [Figs. 6(b) and 6(c)], we can conclude that there is a
good agreement between the experimentally derived and the
theoretically calculated data for the initial and the replicated
bands. Comparing the full set of the ARPES and the TB
fit data that are shown in Figs. 5 and 6, we have to notice
that although there are general similarities, one should also
emphasize a rather different behavior of the electron replicas
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этом практически не влияя на количество образованного карбоната. В электрохимических 

экспериментах, очевидно, кислород-содержащие функциональные группы увеличивают и 

количество сформированного карбоната, и количество C-O групп. Это кажущееся противоречие 

можно объяснить тем, что модельных химические эксперименты проводились при давлении 

кислорода, на 4 порядка величины ниже, чем для электрохимических. 

 
Рисунок 4.9. a), b) C 1s фотоэлектронные спектры, зарегистрированные в operando условиях 

при разряде ЛВА, в качестве положительного электрода использовался a) двуслойный графен b) 

двуслойный графен, обработанный O3/УФ; соответствующие изменения концентраций 

компонент карбоната и C-O групп в спектре C 1s d) C 1s фотоэлектронные спектры графена и 

графена, обработанного O3/УФ, полученные при разряде ЛВА, содержащие одинаковый процент 

карбоната 

В C 1s спектрах с одинаковой концентрацией карбоната (Рисунок 4.9,d) количество 

оставшегося sp2 углерода практически идентично, и составляет 44% для обычного двуслойного 

графена и 39% для двуслойного графена, окисленного атомарным кислородом. Следовательно, 

механизм реакции восстановления кислорода на графене с кислород-содержащими группами 

идентичен. 
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Основные результаты в 7 семестре

• Показано, что на легирующих атомах N графитового типа 
одноэлектронное восстановление кислорода протекает в 300 
раз быстрее, чем на углеродных атомах.


• При одноэлектронном восстановлении В-графена наблюдается 
его окисление, вероятно, с образованием боратоподобных 
структур.


• Обнаружено, что интеркаляция кислорода в результате его 
взаимодействия с монослоем h-BN на металлической подложке 
приводит к потере его металлических свойств и существенному 
замедлению кинетики переноса электрона.


• Показано, что кислородная функционализация не оказывает 
влияния на кинетику переноса 1го и 2го электрона, но приводит 
к увеличению скорости деградации графенового электрода.
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Учебный план
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Экзамен по педагогике 
(8 семестр): 
методическая 
разработка к курсу 
“Материалы для 
электрохимической 
энергетики”

Защита НКР (8 семестр)
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