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Graphene has been demonstrated as an ultrathin and light-weight
corrosion barrier because of its high impermeability. However, it
fails to prevent the Cu corrosion over a long term because the
high conductivity of graphene enables the formation of a galvanic
cell and promotes the electrochemical reaction. Here we theo-
retically and experimentally study a boron nitride (BN) monolayer
as a long-term corrosion barrier for Cu. Our density functional
theory calculations show that the potential barrier for O, to pass
through BN is close to that of graphene. The long-term barrier
characteristics of BN and graphene are comparably evaluated by
aging in an ambient environment for 160 days. Morphological and
spectroscopic characterization shows that a BN monolayer has
much better long-term barrier performance than graphene. X-ray
photoelectron spectroscopy analysis shows that the Cu?*
percentage of the aging Cu sample with a BN barrier is reduced by
around 15 times compared with that covered by graphene. The
superior long-term barrier performance of a BN monolayer can
be understood to be a result of its high impermeability and
insulating characteristics, which suppress the galvanic corrosion
under the ambient environment. These studies reveal that a BN
monolayer is a more effective long-term corrosion barrier than
graphene.
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A long-term corrosion barrier with an insulating
boron nitride monolayerf

Liting Shen,1? Yuda Zhao,}° Yi Wang,? Ruobing Song,? Qian Yao,® Shanshan Chen*®

1. Introduction

Metal corrosion in infrastructures caused an annual loss of
around $300 billion in the United States and €200 billion in
Europe in 2014." It is highly desirable to develop an ultrathin
corrosion barrier, which can effectively protect a metal for
a long term but insignificantly affect the intrinsic properties of
the materials that are protected. Graphene, an atomic-level thin
layer, has been demonstrated as a corrosion barrier for metals
including Ni,> Cu,”® Ag,*® Au® and Pt'*" and as a diffusion
barrier for a metal-semiconductor interconnect.””** High-
temperature annealing and electrochemical test showed excel-
lent barrier performance of a graphene nanosheet for a short
term.>'**® However, Zhou et al. and Schriver et al. revealed that
a graphene barrier promotes the corrosion of Cu in air when the
exposure time is extended to several months.*?° This corrosion-
promotion process by the graphene barrier has been under-
stood to be the result of the galvanic corrosion of the graphene-
Cu couple.”?® An electrochemical path is established in the
graphene/oxide/Cu stack and gives rise to a corrosion rate even
higher than that of bare Cu. Therefore, the inhibition of the
corrosion lies in the suppression of the electrochemical reac-
tion paths. Researchers have incorporated multilayer graphene
oxides or graphene into insulating polymer matrixes to inhibit
the electrochemical reaction and enhance the barrier perfor-
321225 However, it involves a complex process and
increases the barrier thickness.

Hexagonal boron nitride (BN) has a lattice structure similar
to graphene,” ultrathin thickness, high resistivity,*” excellent
thermal conductivity,”® air-stability,>?** and high imperme-
ability.>*** Liu et al. showed excellent barrier performance of
BN, which can effectively protect Ni from oxidation at the
temperature of 1100 °C for a short term.?* Li et al. demonstrated
strong oxidation resistance of BN sheets on short-term heat-
ing.*® Researchers also studied the corrosion-resistance of BN
coated Cu foil for 200 hours, and revealed that the BN coating
increases the open circuit potential of Cu foil.** However, the
long-term anti-corrosion performance of the BN barrier has

mance.
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remained unexplored at the current stage. Also, the barrier
performance of BN and graphene has not been comparatively
studied yet.

In this work, we perform first-principles calculations to
theoretically evaluate the impermeability of a BN monolayer to
oxygen. The barrier performance of BN and graphene is exper-
imentally compared by electrochemical, morphological, and
spectroscopic characterization. Monolayer BN shows much
better long-term corrosion barrier performance than graphene,
which is attributed to the inhibition of galvanic reaction
because of high insulating properties of BN.

2. Experiment details

The self-consistent field calculation was conducted with
a Quantum ESPRESSO.* The distances between a graphene/BN
plane and an oxygen molecule varied from 2.78 A to 0 A. The 4 x
4 conventional unit cell was used for graphene and BN. The
convergence threshold on total energy is 10~ ° and the one on
forces is 10~ (both in a.u.). The kinetic energy cutoff for
wavefunctions was 50 Ry (Rydberg unit of energy, 1 Ry = 13.6
eV), and the kinetic energy cutoff for charge density and
potential was 200 Ry.

The electrochemical characterization was performed by
a CHI660 electrochemical workstation. A BN/Cu, G/Cu or b/Cu
sample was used as the working electrode with a graphite bar as
the counter electrode and a calomel electrode as the reference
electrode. The electrolyte was 0.1 M NaCl solution. For Tafel
analysis, the scanning rate was 10 mV s~ and the scan step was
1 mV. A small voltage perturbation (10 mV) was used in the EIS
measurement. The EIS results were analysed with Zview
software.

Bare Cu foil (bCu), G/Cu and BN/Cu were dipped intoa 1.0 M
HNO; solution for 15 min. The SEM characterization and the
energy dispersive X-ray spectroscopy (EDS) were conducted
using a JEOL Model JSM-6490 microscope. The acceleration
voltage was kept at 20 kv and the working distance was 10 mm.

The BN/Cu and G/Cu were exposed to the ambient environ-
ment for 160 days. The surface morphologies of the samples
were studied with optical microscope (OM, Leica DM1750M)
and SEM. The corroded Cu samples were characterized by
Raman, SEM and XPS methods. A Raman spectrometer with an
excitation wavelength of 488 nm was used to study the atomic
vibration of Cu oxides. The power of the laser was 50 mW. A
Lorentzian peak fitting method was applied to find the peak
height for the peak at 218 em™". For XPS, all scans were per-
formed with the angle between the normal of the thin Cu foil
and the detector fixed at 45°. The step of the scanning was 0.25
eV. The deconvolution was done using XPSPEAK4.1 software. A
Shirley background was used for the curve fitting. The X-ray
diffraction (XRD) data were acquired using a Rigaku SmartLab
diffractometer with the scanning step of 0.1 degree. For the
samples after 160 day aging, the peaks around 61.7 (PDF# 65-
3288), 65.9 (PDF# 48-1548), and 66.5 (PDF# 48-1548) degrees can
be classified to Cu,O (220), CuO (022) and CuO (310) structures,
respectively.
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3. Results and discussions
3.1 Density functional theory calculations

Theoretical calculations have been extensively performed to
show the impermeability of graphene to most of the molecules,
atoms, and ions.***° However, the barrier potential for O, to
pass through BN layers has not been calculated. The potential
barrier for O, to pass through graphene and BN was calculated
through the density functional theory (DFT). Fig. 1a shows that
the potential barriers for O, through the “hollow” site of BN and
graphene are around 30 eV and 35 eV, respectively. This
extremely high potential barrier prohibits O, from passing
through the “hollow” site of BN or graphene. The calculation
results for the “bridge” site (Fig. 1b) show that the potential
barrier is quite large, around 100 eV for both BN and graphene.
Our first-principles calculations show high impermeability of
BN barriers comparable to that of graphene.

When O, approaches the graphene or BN surface, the dense
electron cloud of the two-dimensional (2D) barrier layer forms
a strong repelling field and blocks the O, translocation. In
Fig. 1a and b, we find that the potential barriers of graphene are
higher than those of BN by ~5 eV on both “hollow” and “bridge”
sites. We attribute this to the electron density difference
between graphene and BN. Owing to the different element
configurations and crystal parameters in graphene and BN, the
electrons of graphene are relatively uniformly distributed, while
the electron clouds in BN are densely distributed around N
atoms.*® At the “bridge” site, the electron density of graphene is
higher than that of BN, and the “hollow” site of BN has larger
“pore” and lower electron density than graphene. In addition,
the potential barrier at the “bridge” site is almost three times
larger than that at the “hollow” site, because of the presence of
much higher electron density at the “bridge” site. The potential
barriers of graphene and BN for O, are both 2 and 3 magnitudes
greater than the thermal energy of O, (26 meV) at room
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Fig. 1 Potential barriers of O, penetrating through (a) the "hollow”
sites and (b) the "bridge” sites of graphene and BN. (c) The potential
barrier of O, passing through BN with single B-atom or N-atom
defect. (d) The potential barrier of O, through a BN plane with one
B—N defect and 8-atom defects.
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temperature. Thus, it is reasonable to expect that the graphene
and BN are both good O, barrier materials.

The B/N stoichiometry of the BN by the CVD method is
generally less than 1 in XPS analysis.*"** For the CVD grown BN
on copper foil, the defective sites in BN allow O, to react with Cu
and result in oxidation.** Here we use DFT calculations to study
the impermeability of defected BN against O,. For single-atom
defect of BN, there are two possible defective sites, namely
single B-atom defect and N-atom defect. The inset of Fig. 1c
shows the schematic diagram of the defective BN barrier, where
an O, molecule vertically passes through the defective BN plane.
The potential barriers for the BN with single B-atom and single
N-atom are different. For the BN with a single B-atom defect, the
potential barrier increases as O, approaches the BN plane, as
depicted in Fig. 1c. The barrier height is around 11 eV, much
greater than the thermal energy of O, at room temperature. The
BN monolayer with single B-atom defect is still impermeable to
0,. For the BN with single N-atom defect, the barrier height is
about 3 eV (Fig. 1c). This indicates that O, also has a low
probability of passing through the BN plane. The different
results of the two types of defects can be explained by the
electron structures of B and N. A N atom has greater electron
density than a B atom.*® In the case of single B-atom defect, the
dense electron cloud of the three surrounding N atoms overlaps
with the electrons of O, and induces the large barrier potential.
For the single N-atom defect case, the energy is lowered because
the N atom with higher electron density is removed. We also
performed DFT calculation for the BN monolayer with one pair
of B-N defect (Fig. 1d). The minimum potential point is around
1 A away from the basal plane and the potential barrier is
around 2 eV. Compared with the results for single B-atom
defect, the sample with one pair of B-N defect has lower barrier
energy. We further expand the defect sites, as shown in Fig. 1d.
For the 8-atom defect situation, the barrier height is lowered to
around 0.1 eV, which means that the highly defective BN surface
is not an effective barrier against O,.

3.2 Short-term corrosion test

Monolayer graphene and BN were fabricated by the chemical
vapour deposition (CVD) method on Cu foil. The characteriza-
tion of monolayer graphene and BN by Raman spectroscopy
(HORIBA HRS800), X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI Quantum 2000) and atomic force microscopy (AFM,
SPA-400) can be found in Fig. S1 and S2.7 The Raman peak of
BN is located around 1369 cm ™, in agreement with the previous
results on monolayer BN.*** The XPS spectrum shows that the
N/B ratio is around 1.07. The thickness of the BN is measured by
AFM, less than 0.52 nm. These results demonstrate high-quality
monolayer graphene and BN.

We first conducted an acidic corrosion test to evaluate the
barrier performance of graphene and BN monolayer. Bare Cu
foil (bCu) and Cu foils with graphene (G/Cu) and with BN (BN/
Cu) coating were dipped into a HNO; solution. The scanning
electron microscopy (SEM) images, and XPS and Raman spectra
of the samples before and after the corrosion test are shown in
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Fig. S3.1 The results exhibit that graphene and BN can effec-
tively protect the underlying Cu foil for a short-term.

An electrochemical corrosion test was conducted to quanti-
tatively compare the barrier performance of the graphene and
BN samples in a relatively short term. The corrosion penetration
rates (CPR) of G/Cu, BN/Cu and bCu samples are calculated
according to the equation:*

1073M'C0rr
CPR (mm per year) = 0.327 x Tpl 1)

where M is the molar mass (g mol '), m is the valence, p is the
density of the material (g cm™®), and i.., is the corrosion
current density (mA m~?). The corrosion current densities are
about 40.0, 31.3 and 316 mA m ™2, and the extracted CPR values
are about 0.036, 0.046 and 0.360 mm per year for the G/Cu, BN/
Cu and bCu samples, respectively. The corrosion resistance of
the G/Cu and BN/Cu are similar. The small E,,, shift (Fig. 2a)
also indicates that the susceptibilities of the G/Cu and BN/Cu
samples to the electrochemical oxidation are approximately the
same.' Graphene shows a significant passivation effect in
short-term heating test> and electrochemical test.'**® The mass
transport through the BN or graphene lattice becomes a rate
limiting factor of corrosion due to their high impermeability.

We found that the equilibrium potential (E.q) shifts to the
positive direction by around 50 mV when the graphene or BN
barriers are present, as shown in Fig. S4.F This feature has also
been reported by Prasai et al. and Raman et al.'”*® The positive
shift can be caused by the Cu concentration difference at the
working electrodes. Under low concentration conditions, the
Nernst half-cell equations can be expressed as:*®

59
Eq = Efq + Elog(nions) (2)

where Eq is the equilibrium potential, EZ, is the equilibrium
potential under standard conditions, m is the valence number
(2 for Cu®" and 1 for Cu"), and n;.ys is the concentration of Cu
ions between 2D barrier layer and Cu. It is found that the
concentration of the Cu ions in the G/Cu and BN/Cu samples is
50 times as much as that in the bCu sample. The Cu ions are
generated by the galvanic corrosion. However, the 2D barrier
inhibits the migration of Cu ions through it, and prevents the
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Fig. 2 (a) The Tafel plot of the BN/Cu, G/Cu, and bCu samples. The
equilibrium potential shifts to the positive direction by around 50 mV
when the graphene or BN barrier is present. (b) The electrochemical
impedance spectroscopy (EIS) curve measured for the bCu, BN/Cu
and G/Cu samples. The inset schematic diagram shows the corre-
sponding Randles—Warburg model.
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formation of oxides. Thus, the Cu ions accumulate between the
2D barrier and Cu, and the concentration of Cu ions at the
interface increases accordingly, which further retards the elec-
trochemical reaction.

The Randles-Warburg model can be used to explain the
corrosion mechanism of uncoated metals. We use the model for
the BN/Cu and G/Cu samples, as shown in the equivalent circuit
in Fig. 2b,”” where R, is the solution resistance, and CPE
(constant phase element) represents the capacitance between
the metal and the solution. We can translate the CPE to double
layer capacitance (Cq;). A Warburg element (W) accounts for the
semi-infinite diffusion between thin Cu foil and electrolyte. R,
is the resistance due to the charge transfer between the metal
and the solution."”*”

According to Wang et al., the protective coatings with high
R and low Cgq values are considered to provide good anticor-
rosion performance, because R, measures the resistance to
aggressive species transfer, and Cgq reflects the water uptake
tendency of coatings.””** The extracted Cq; and R, parameters
according to the model are documented in Table S1.1 The Cq of
the BN/Cu (3.3 x 10 ® F em ?) and G/Cu (1.7 x 10> F cm ™ ?)
samples is lower than that of the bCu samples (5.3 x 10 ° F
ecm ) by around 16 times and 3 times, respectively. One
possible explanation for the significant Cy difference is that the
G/Cu or BN/Cu structure forms another capacitor in series with
the capacitor formed by the electrolyte-electrode interface."”
The R of the G/Cu (1.75 x 10° Q cm ™ ?) and BN/Cu (2.79 x 10°
Q cm %) samples is greater than that of the bCu samples (7.71 x
10" Q em™?) by around 2 times and 4 times, respectively,
showing the high resistivity of BN and graphene layers to
corrosion.

3.3 Long-term corrosion test

The foregoing studies have shown that BN exhibits a corrosion
barrier performance similar to that of graphene in a short term.
To evaluate the long-term corrosion barrier characteristics, the
as-grown G/Cu and BN/Cu samples were kept in the ambient
environment at room temperature with a relative humidity of
around 60% for 160 days. Fig. 3a and b are representative
optical microscopy (OM) images of the as-prepared G/Cu and
BN/Cu samples, showing uniformly coloured and highly
reflective surfaces. This indicates that these two kinds of as-
prepared samples are free of oxides in the initial stage of the
corrosion test. The morphologies of the as-prepared G/Cu and
BN/Cu samples are quite similar to that of the bCu sample
because of high optical transmittance of both graphene and BN.
However, after a certain period of the corrosion test, the G/Cu
and BN/Cu samples exhibit distinguished appearances. Fig. 3¢
shows a representative OM image of the G/Cu sample after
exposure to the ambient environment for 80 days, which
exhibits highly inhomogeneous corrosion, agreeing well with
previous reports.'®*® The Cu corrosion is initiated from the
defective sites of the graphene barrier. Around 65% of the
observed area is corroded. In contrast, the BN/Cu sample
remains protected with few Cu grains showing different colours
(Fig. 3d). For the G/Cu sample after 120 day corrosion (Fig. 3e),

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Optical microscopy images of G/Cu and BN/Cu. (a and b) As-
prepared samples, (c and d) after 80 days', (e and f) after 120 days' and
(g and h) after 160 days' exposure to the ambient environment.

most of the areas are severely corroded, showing a different
morphology from Fig. 3a. A few grains of the BN/Cu sample
show colour changes but the surface structure of the BN/Cu can
still be viewed, as depicted in Fig. 3f. The corroded area
occupies about 6% of the whole sample. Compared with the
G/Cu sample (Fig. 3g), the BN/Cu sample shows much less
colour change after aging for 160 days, as evidenced in Fig. 3h,
almost indistinguishable from the as-prepared BN/Cu sample.
The lightly corroded area consists of 10% of the observed
region. These results imply that the BN/Cu is less severely
oxidized than the G/Cu after the long-term corrosion test, and
BN is an effective long-term corrosion barrier for Cu.

Fig. 4a and b show typical SEM images of the as-prepared G/
Cu and BN/Cu samples. The relatively smooth surface can be
viewed, in agreement with our optical image characterization.
Fig. 4c shows the SEM image of the G/Cu surface after 80 day
aging. The grain boundary in the middle separates the figure
into two parts. In the left region, some small white regions can
be observed, which is different from the morphology of Fig. 4a
due to the oxidation. In Fig. 4d, we find that most of the area is
homogeneously colored with a small region at the lower left
hand side non-uniformly colored. After exposure to the ambient
environment for 120 days and 160 days, the black-white regions
consist of most of the G/Cu sample and can be clearly viewed
(Fig. 4e and g). Based on the morphology change, almost all the

J. Mater. Chem. A, 2016, 4, 5044-5050 | 5047
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Fig. 4 Scanning electron microscopy images of the G/Cu and the BN/
Cu samples. (a and b) As-prepared samples, (c and d) after 80 days/, (e
and f) after 120 days' and (g and h) after 160 days' exposure to the
ambient environment.

detected area is found to be severely oxidized. The surface
inhomogeneity is very likely to be caused by the formation of Cu
oxides according to this series of observation. This indicates
that G/Cu is more severely oxidized than BN/Cu. For the BN/Cu
after long-term exposure, the surface is still relatively homoge-
neous with little black-white mixed regions (Fig. 4f and h).
These striking differences show that BN/Cu is more resistant to
corrosion in an ambient environment than G/Cu.

The Raman spectra of the G/Cu and BN/Cu were monitored
during the long-term corrosion tests, as shown in Fig. 5a-c.
From the Raman spectrum of the as-prepared sample in Fig. 5a,
we can observe negligible peaks of Cu oxides, indicating that the
as-prepared G/Cu and BN/Cu samples are almost pristine,
exhibiting good consistency with our optical and SEM charac-
terization. Fig. 5b shows the Raman spectrum after 80 day
exposure to ambient conditions. Two pronounced peaks at 218
cm ! and 644 cm™ ! can be detected on the G/Cu sample, cor-
responding to the Cu,O peaks.”” In contrast, insignificant
changes can be observed for the BN/Cu sample at this stage.
After 160 day exposure to the ambient environment, more
Raman peaks emerge for the G/Cu sample, as shown in Fig. 5c.
The peaks at 218 cm ™, 414 cm ™" and 644 cm ™' correspond to
the Cu,O peaks,* and the peaks at 300 cm ™' and 500 cm™*
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deconvolution. (f) XRD graph of the G/Cu and BN/Cu samples after
160 day aging.

result from CuO.* Although the Cu,O peaks at 218 cm ™' and

644 cm ! are also observed in the BN/Cu sample after 160 day
exposure, the intensity is much weaker than that in the G/Cu
sample.

Fig. 5d and e show representative XPS data of the G/Cu and
BN/Cu samples after 80 day exposure. The binding energy of
Cu”"is 933.9 eV, around 1 eV greater than that of Cu atoms and
Cu".** The Cu®* percentage of the G/Cu sample is 3% (Fig. 5d),
comparable to the result reported by Zhou et al.** In compar-
ison, the Cu®" percentage drops to 0.2% for the BN/Cu sample
(Fig. 5e). Similar XPS results were also obtained for 160 day
samples, as shown in Fig. S5. The X-ray diffraction (XRD) has
a higher penetration depth than the XPS method. Fig. 5f shows
the XRD patterns of the G/Cu and BN/Cu samples after 160 day
aging. In the G/Cu sample, the peaks around 61.7, 65.9, and 66.5
degrees can be assigned to Cu,O (220), CuO (022) and CuO
(310), respectively. However, for the BN/Cu sample, insignifi-
cant peaks of oxide can be observed. These results confirm that
the BN/Cu sample is better protected after long-term corrosion.

3.4 Anti-corrosion mechanisms of a BN barrier

The oxidation of Cu thin films at room temperature was previ-
ously studied by Cabrera et al.>* Cu functions as a cathode in the
electrochemical cell, providing electrons to ionize oxygen
molecules and forming oxides at the surface of Cu. The elec-
trons tunnel through the oxide layer on the Cu surface and react

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Schematic diagrams of the corrosion mechanisms in the BN/
Cu and G/Cu samples. The defective sites in the (a) graphene and (b)
BN samples allow the unprotected Cu to react with O, and eventually
form oxides for both the G/Cu and BN/Cu samples. (c) The highly
conductive graphene can transport electrons to oxygen atoms,
working as the cathode in the electrochemical circuit. (d) The elec-
trochemical circuit for the BN/Cu sample is open because BN is
electrically insulating. Equivalent circuit for the (e) G/Cu and (f) BN/Cu
samples.

with oxygen. The electron tunnelling is highly dependent on the
oxide depth. The oxidation rate slows down significantly as the
thickness of the insulating oxidation layer increases, because
few electrons can tunnel through the oxidation layer to
complete the reaction.

For the G/Cu and BN/Cu samples, the defective sites in the
2D barrier allow the unprotected Cu to react with O, and form
oxides (Fig. 6a and b). For both samples, the transport of elec-
trons through Cu is blocked as the Cu,O layer grows. However,
the graphene barrier provides another conduction path for
electrons to reach oxygen because it possesses high electrical
conductivity. The conductivity of graphene is significantly
higher than that of BN in the horizontal direction. The highly
conductive graphene can transport electrons to oxygen atoms,
working as the cathode for the galvanic reaction (Fig. 6¢). The
corrosion region expands in both horizontal and vertical
directions, as illustrated in Fig. 6e. For the BN/Cu sample, the
electron transport in the horizontal direction is prohibited
because it is electrically insulating, in which the close loop of an
electrochemical cell is disconnected and the corrosion is slowed
down, as depicted in Fig. 6d and f. Therefore, the BN/Cu shows
higher oxidation resistance than the G/Cu.

4. Conclusions

Our theoretical calculation predicts that BN has impermeability
similar to that of graphene. An electrochemical test verifies that
both BN and graphene have excellent short-term corrosion
resistance. We comparably evaluate the long-term corrosion
resistance of BN and graphene for 160 days. The OM, SEM,
Raman, XPS and XRD characterization results show that a BN
monolayer has much better long-term corrosion resistance than
that of graphene. This excellent barrier performance of a BN

This journal is © The Royal Society of Chemistry 2016
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monolayer can be understood to be a result of its high insu-
lating characteristics, suppressing the electrochemical reaction.
The BN layers can be considered as an alternative ultra-thin
barrier to graphene when the conductivity of the protection
layer is not important for the application of the device.
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