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positive charge on neighboring C atoms, where O, is

ABSTRACT: Boron nitride (BN), which is an insulator adsorbed.>**' On the other hand, O, is considered to be
with a wide band gap, supported on Au is theoretically adsorbed on the B atom itself in the case of B-doped carbon due
suggested and experimentally proved to act as an to the electron accepting nature of the B atom.”> A carbon
electrocatalyst for oxygen reduction reaction (ORR). electrode codoped with B and N atoms has higher ORR catalytic
Density-functional theory calculations show that the activity than that doped with a single element.”*~>* If all the C
band gap of a free h-BN monolayer is 4.6 eV but a slight atoms in graphene are substituted by B and N atoms, a hexagonal
protrusion of the unoccupied BN states toward the Fermi boron nitride (h-BN) monolayer, which has a geometric
level is observed if BN is supported on Au(111) due to the structure similar to that of graphene, can be obtained. Actually
BN—Au interaction. A theoretically predicted metastable we have recently shown theoretically that a N-doped h-BN
configuration of O, on h-BN/Au(111), which can serve as monolayer can have electrocatalytic activity for ORR.**®
precursors for ORR, and free energy diagrams for ORR on However, since BN is an insulator with a wide band gap (3.6—
h-BN/Au(111) via two- and four-electron pathways show 7.1 eV depending on experimental methods),””*° an electronic
that ORR to H,0, is possible at this electrode. It is communication to the h-BN surface is essential for BN based
experimentally proved that overpotential for ORR at the materials to be used as an electrocatalyst for ORR.>”*® Recently,
gold electrode is significantly reduced by depositing BN manipulation of the band structure of h-BN nanosystems has
nanosheets. No such effect is observed at the glassy carbon attracted considerable interest because of possible applications of
electrode, demonstrating the importance of BN—substrate BN in nanoelectronics.>’ The band gap of the h-BN monolayer
interaction for h-BN to act as the ORR electrocatalyst. A can be s'§niﬁcantly reduced by B- and N-vacancies and impurity
possible role of the edge of the BN islands for ORR is also defects.*”** Moreover, the atomically thin h-BN nanoribbons are
discussed. shown to possess semiconducting properties due to conducting

edge states and vacancy defects.’””> More recently, electron
tunneling through ultrathin h-BN layers deposited on a gold

F uel cells (FCs) are considered to be one of the best possible surface was demonstrated.** Therefore, ultrathin BN nanosheet
energy conversion devices due to their high energy density, (BNNS) layers supported on conducting materials may act as an
high theoretical efficiency, and negligible emission of exhaust ORR active electrocatalyst as necessary conditions seem to be
gases.' The oxygen reduction reaction (ORR) has been fulfilled.

extensively studied, as it is the most crucial process in FCs2>™* Theoretical calculations have demonstrated that the h-BN
Pt based ORR electrocatalysts are widely used because of their monolayer readily binds to the surface of various transition
relatively low overpotential.” However, due to the high cost, less metals due to the mixing of the d,” metal orbitals with the N-p,
abundance, poor stability in an electrochemical environment, and B-p, orbitals of h-BN.** Such mixing is responsible for
and still sluggish kinetics of Pt based catalysts,s_m there are considerable modification of the electronic properties of the h-
worldwide research efforts to find precious-metal-free catalysts, BN monolgyer supported on 3d, 4d, and Sd transition metal
such as nonprecious metals,® ! their alloys or oxides,">™** and surfaces®®>® and also affects the cgtalytic activity of small metal
nitrogen-coordinated metals.'®"” Recently metal-free carbon particles supported on h-BN.***” Recently, the possibility of
materials doped with N, B, P, and/or L8726 particularly, N- and functionalization of monolayer h-BN by the Ni(111) support for
B-doped carbon materials, have been demonstrated to be ORR has been demonstrated theoretically based on density
effective precious-metal-free ORR catalysts. The enhanced

ORR catalytic activity of N-doped carbon was attributed to the Received: January 14, 2014

electron accepting nature of N-species, which creates a net Published: April 28, 2014
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functional theory (DFT).”® It has been shown that Ni(111)
substrate can dramatically change the ability of h-BN to activate
the O—O bond in O, and OOH species,*® showing h-BN/
Ni(111) is a good candidate as an ORR catalyst. Ni is, however,
not stable in the potential region close to the onset of ORR and,
therefore, not a good substrate to prove the theoretical
suggestion of the electrocatalytic activity of BN for ORR.
Thus, gold is selected as a substrate because of its high stability
and low electrocatalytic activity for ORR in acidic solution.

Theoretical analysis of the electronic structure of the h-BN/
Au(111) system and its ability to bind and activate the molecular
oxygen were performed. The catalytic activation of O, is the first
and one of the most important steps for ORR. The calculations
are carried out based on DFT with the functional of Wu and
Cohen.*® The Au(111) surface is represented by the four-layer
slab containing 7 X 7 unit cells of Au covered by the 8 X 8
element of h-BN. Calculations details are presented as
Supporting Information (SI).>”**

It is demonstrated that h-BN monolayer weakly binds to the
Au(111) surface with a binding energy of 0.06 eV per BN pair.
Figure 1 shows the spin-polarized density of states (DOS)
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Figure 1. (a) Spin-polarized DOS calculated for the defect-free h-BN
monolayer. (b) PDOS projected on B and N atoms for the h-BN/
Au(111). The Fermi level is indicated by a dashed vertical line at 0 eV.
Arrows directed upward and downward indicate the spin-up and spin-
down DOS, respectively. (c) Optimized structure of the metastable O,
on the h-BN/Au(111) surface with the distances given in angstrom. (d)
Free energy diagram for ORR on the h-BN/Au(111).

calculated for (a) the free h-BN monolayer and (b) the h-BN
monolayer supported on the Au(111) substrate. The calculation
shows that the free h-BN monolayer has a wide band gap of 4.6
eV (Figure 1a), which is within the highly dispersed experimental
values.”** The calculated partial DOS (PDOS) of h-BN on
Au(111) is slightly modified and a slight protrusion of the
unoccupied BN states toward the Fermi level due to the
interaction with Au is observed (Figure 1b). A similar but much
stronger effect resulting in formation of the gap states has been
observed experimentally for h-BN adsorbed on Ni(111),
Rh(111), and Pt(111) surfaces® and explained by the orbital
mixing and electron sharing at the interface. %4 Although O,
can only physisorb on the h-BN/Au(111) in a triplet inactivated
state similar to the adsorption on the unsupported h-BN, a
metastable highly activated configuration of O, on h-BN/
Au(111) with a binding energy of —0.05 eV is found, as shown in
Figure 1c. In this case O, binds to two B atoms nearest to the N
atom sitting on top of Au in the first metal layer. As a result of
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formation of the metastable O, on the h-BN/Au(111) surface,
the h-BN monolayer is strongly deformed and bends toward the
metal surface. Therefore, adsorption of O, on h-BN/Au(111)
can promote the local bonding of h-BN with Au(111).

Free energy diagrams for ORR at the h-BN/Au(111) surface
are obtained by accounting for entropy contribution, zero-point
energy corrections, and solvent effects on the adsorption energies
of O, and all ORR intermediates with the assumption of
independent adsorption of ORR intermediates.””*® Two
processes, ie., a four-electron process via OOH producing
water and a two-electron process producing H,O,, shown below
where * denotes the adsorption site are considered, and results
are summarized in Figure 1d.

(1) Four-electron process to water:

0, +*— 0, (1a)
0, + (H" + ¢7) - OOH* (1b)
OOH* — O + OH* (1¢)
0"+ (H" + e’) - OH" (1d)
20H" + 2(H" + ¢7) - 2H,0 (1e)
(2) Two-electron process to hydrogen peroxide:
0, +*— 0, (22)
0, + (H* + ¢7) - OOH* (2b)
OOH* 4+ (H" + ¢7) - H,0, (2¢)

It is clear that while the dissociation of OOH* to O* and OH*
leading to the four-electron process is not energetically favorable,
the reduction of OOH™ to H,0, is possible. It must be noted that
dissociation of OOH™* is energetically favorable at h-BN/
Ni(111).>”** Unusually strong stabilization of OOH* can be
explained by the large solvent effect. Detailed theoretical analysis
of the ORR energetics for the BN/Au(111) system will be
reported elsewhere.

Since the above-mentioned theoretical investigations suggest
that BN on Au can act as an electrocatalyst for ORR, the ORR
behavior of Au modified by BNNS, which was prepared by liquid
exfoliation (see SI), was investigated.‘“’42

HRTEM images of the exfoliated BNNS (Figure 2) obtained
by JEOL-JEM-2100F with power = 200 keV shows that BNNS
are composed of single to a few layers with a honeycomb BN
lattice. The fast Fourier transform (FFT) from the image (inset
of Figure 2a) also indicates that BNNS are composed of a
hexagonal atomic structure. Figure 2b shows the presence of
zigzag and armchair edge structures. The chemical composition
and structure of the exfoliated BNNS were determined by
electron energy loss spectroscopy (EELS). The observed
spectrum (Figure 2c) is similar to the previously reported
EELS spectra and shows the characteristic K-edge absorptions of
B- and N-atoms around 188—244 and 398—447 eV, respectively.
A sharp peak followed by a wider band corresponding to 1s 7*
and 1s o* transitions, respectively, is the characteristics of sp’
hybridization, indicating the hexagonal arrangements of
BNNS.*

Figure 3 shows the SEM images of the Au substrate (a)
without and (b, ¢) with BNNS modification (see SI) using
Hitachi, FE-SEM S-4800. BNNS were uniformly distributed
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Figure 2. HRTEM images of (a) the center and (b) the edge of BNNS.
Inset in (a) is the FFT pattern of single layer BNNS. (c) EELS spectrum
of the exfoliated BNNS.
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Figure 3. SEM images of (a) bare Au and (b,c) after exfoliated BNNS
were deposited on the Au surface.

throughout the gold surface (Figure 3b). The size of exfoliated
BNNS is on the order of a few hundreds of nm in the lateral
dimension (Figure 3c). The peak position of the Raman
spectrum of BNNS on Au suggests the presence of the
monolayer (see SI).*

Figure 4 shows the linear sweep voltammograms (LSVs) of (i)
bare and (ii) BNNS modified Au electrodes obtained in an O,
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Figure 4. LSVs of (i) bare Au, (ii) BNNS/Au, (iii) bare GC, and (iv)
BNNS/GC in O, saturated 0.5 M H,SO,. Rotation rate: 1500 rpm. Scan
rate: 10 mV/s. Inset: Tafel plot of kinetic currents at (i) bare Au and (ii)
BNNS/Au obtained by using K—L plot.

saturated 0.5 M H,SO, solution in a rotating disk electrode
configuration (Hokuto Denko, HR-202). The potential was
scanned from +0.6 to —0.1 V. It is clear that BNNS acts as an
electrocatalyst for ORR as the overpotential is reduced by ca.
0.27 V if BNNS is placed on Au. The number of electrons
involved in ORR determined from the slope of Levich plot
(limiting current vs o) is ca. 2, showing the ORR product is
H,0,, at both the bare and BNNS modified Au electrode. A
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rotating ring disk electrode study also showed that the current
efficiency for H,0O, formation is almost 100% at both electrodes.
Tafel plots of the kinetic currents at (i) bare and (ii) BNNS
modified Au electrodes, which were obtained by analyzing the
results of Figure 4 using the Koutecky—Levich (K—L) plot
(current™! vs /%)% give different slopes as shown in the inset
of Figure 4, suggesting ORR proceeds with different mechanisms
at these electrodes.

To examine the effect of the substrate, ORR behaviors of (iii)
bare and (iv) BNNS modified glassy carbon (GC) electrodes
were also measured under the same conditions used for Au
electrodes. A GC substrate was chosen because theoretical
calculation shows that graphite support does not affect electronic
structure of the supported monolayer of h-BN and BNNS/
graphite is not active for O, adsorption. In contrast to the results
at the Au substrate, almost no electrocatalytic activity was
observed at both the (iii) bare and (iv) BNNS modified GC
electrode, confirming the important role of the Au substrate for
the activation of BNNS for the ORR catalyst.

Now remains the question of where is the active site for ORR.
The above calculations for O, adsorption and the free energy
diagram are for the terrace of BNNS/Au, but the important role
of the edge for O, adsorption at the N-doped carbon was
suggested.” A current sensing AFM study (see SI) showed that
the BNNS on Au was not very conductive even when the
thickness of the BNNS was ~0.9 nm, suggesting that the edge
region of BNNS*® is more favorable for ORR than the terrace.
Thus, the adsorption of O, at the edge of h-BN islands of a finite
size supported on the Au(111) surface was examined
theoretically. As a simplest model for the h-BN island, we have
considered the hydrogen terminated 3 X 3 element of the h-BN
layer on Au(111), which is represented by a four-layer slab
containing 8 X 8 unit cells of Au. It is demonstrated that O, can
readily adsorb in highly activated states at the edges of the BN
island in two different configurations as shown in Figure 5: (a)

Figure 5. Optimized structures of O, adsorbed in (a) B—B bridge and
(b) B—Au bridge configurations at the edge of the small h-BN island on
the Au(111) surface. The distances are given in angstroms.

bridging two B atoms at the BN edge and (b) bridging B and Au
atoms at the perimeter interface between the BN island and the
Au(111) surface with binding energies of O, calculated for the
B—B and B—Au bridge configurations of 0.4 and 02 eV,
respectively, while adsorbed O, can exist only in a metastable
configuration on defect-free BNNS monolayer on Au(111). This
suggests the importance of the edge of BNNS as an ORR site,
although more detailed experimental and theoretical inves-
tigations are required to define the actual reaction site. For
example, a free energy diagram for ORR via edge adsorbed O,
must be obtained and the reaction site must be detected in situ.

In conclusion, theoretical calculation suggested that activation
of the adsorbed O, and a two-electron reduction pathway from
0, to H,0, are possible on BNNS/Au. The ORR activity of
BNNS/Au was examined using a gold electrode modified by a
single and few layers of BNNS. The overpotential for ORR was

dx.doi.org/10.1021/ja500393g | J. Am. Chem. Soc. 2014, 136, 6542—6545
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reduced by BNNS modification by ca. 0.27 V, proving the
theoretical suggestion. The interface between the BNNS and Au
seems to play a vital role in the observed enhancement of the
ORR activity. Although the present catalyst is not as active as Pt
for ORR, the present combined theoretical and experimental
study demonstrates the possibility to functionalize inert materials
to become ORR catalyts, opening new ways to design effective
Pt-free catalysts for FC based on materials never before
considered as catalysts.

B ASSOCIATED CONTENT

© Supporting Information

Details of theoretical and experimental methods, and results of
Raman scattering and AFM measurements. This material is
available free of charge via the Internet at http://pubs.acs.org.
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