
KIM ET AL. VOL. 5 ’ NO. 5 ’ 3977–3986 ’ 2011

www.acsnano.org

3977

April 21, 2011

C 2011 American Chemical Society

Controlled Radiation Damage and
Edge Structures in Boron Nitride
Membranes
Judy S. Kim,* Konstantin B. Borisenko, Valeria Nicolosi, and Angus I. Kirkland*

Department of Materials, University of Oxford, Parks Road, Oxford OX13PH, U.K.

T
he size, morphology, and surface
structures of nanomaterials deter-
mine their intrinsic properties and

performance. Early research in this field
concentrated on zero-dimensional (0D)
and one-dimensional (1D) nanostructures,
most notably fullerenes (C60)

1 and carbon
nanotubes,2 while two-dimensional (2D) na-
nomaterials were less widely studied. In
part, this may have been due to the thermo-
dynamic prediction3 that atomically thin 2D
crystals are not stable in an ambient envir-
onment. However, following the discovery
of graphene in 2004,4 there has been con-
siderable research activity in the character-
ization and potential applications of this
and other 2D materials.
Currently, there is significant interest in

hexagonal boron nitride (h-BN) due to its
structural similarity to graphene. Thin h-BN
membranes are fundamentally different
from graphene, having a large band gap
of 3�6 eV,5�7 higher chemical and thermal
stability,8�10 and exceptional hardness,11

making thin sheets of this material potential
candidates for use as high-temperature
lubricants,8,10 insulators inmemory diodes,8

or fibers in high-temperature composites.12

However, 2D h-BN sheets have been rela-
tively recently synthesized, and little is
known about vacancy stability and edge
configurations in this material, both of
which will have a significant effect on the
resultant electronic properties and which
will play a key role in chemical functionaliza-
tion.
High-resolution transmission electronmi-

croscopy (HRTEM) enables the direct deter-
mination of local structure and defect
distributions at atomic resolution. There
have been HRTEM studies of h-BN mono-
layers at 300 keV,13 200 kV,14 120 kV,14,15

and 80 kV,14,16,17 and in addition, scanning
transmission electron microscope (STEM)
imaging at 60 kV18 of these materials has

been reported. However, radiation-induced
structural damage potentially limits the use
of HRTEM (and STEM) in studies of these
materials even at low accelerating voltages.
Therefore, in order to clarify the extent to
which HRTEM can be used as a reliable
structural probe for h-BN and related 2D
materials, it is crucial to understand the
mechanisms of radiation damage.
In this paper, we report the first systema-

tic study of the structural changes in h-BN
membranes prepared by chemical exfolia-
tion, as a function of electron beam dose,
particularly with respect to edgegeometries
and terminations. The advantage of liquid-
phase chemical exfoliation is that it enables
the fabrication of a large number of thin,
large area membranes using common or-
ganic solvents. This work is therefore differ-
entiated from previous studies where knock-
on damage effects were used to generate
locally modified regions of h-BN mono-
layers by electron- or ion-beam-induced
sputtering of micromechanically cleaved
multilayer flakes.14�17 We also highlight
the stability of h-BN membranes under
HRTEM imaging conditions at electron
doses required for high-resolution analysis.
Our experimental observations are con-
firmed by quantum chemical calculations
of radiation damage threshold energies
for both fully coordinated atoms and
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ABSTRACT We show that hexagonal boron nitride membranes synthesized by chemical

exfoliation are more resistant to electron beam irradiation at 80 kV than is graphene, consistent

with quantum chemical calculations describing the radiation damage processes. Monolayer

hexagonal boron nitride does not form vacancy defects or amorphize during extended electron

beam irradiation. Zigzag edge structures are predominant in thin membranes for both a

freestanding boron nitride monolayer and for a supported multilayer step edge. We have also

determined that the elemental termination species in the zigzag edges is predominantly N.

KEYWORDS: radiation damage . boron nitride . edge structure . energetics .
transmission electron microscopy

A
RTIC

LE



KIM ET AL. VOL. 5 ’ NO. 5 ’ 3977–3986 ’ 2011

www.acsnano.org

3978

under-coordinated edge atoms and an examination of
the formation energetics of different edge termina-
tions in h-BN.
Thin h-BN flakes were produced by liquid-phase che-

mical exfoliation of bulk h-BN in N-methyl-2-pyrrolidone.
This method yields exfoliated flakes with consistently
large areas (400�1000 nm2) of thin, freestanding h-BN

(Figure 1) without ionic intercalation or chemical mod-
ification through the use of a solvent with a surface
energy similar to that of the bulk material.18�20 These
thin regions, as prepared, are typically less than five
atomic layers thick and include significant monolayer
regions. In comparison, the alternative “Scotch tape”
micromechanical exfoliation technique4,21 is inferior for

Figure 1. Representative low-magnification TEM images of chemically exfoliated h-BN flakes showing (400�1000 nm2) thin
regions, a few atomic layers thick. At increased magnifications, these are found to contain monolayer subregions. Both
micrographs display a 5 nm scale bar.

Figure 2. HRTEM images of an h-BNflake recorded after electrondoses of (a) 4.6� 106, (b) 8.0� 106, (c) 9.5� 106, (d) 1.5� 107

e�/Å2. Reorderingof the amorphousmaterial (highlightedby arrows) after exposure to∼9.5� 106 e�/Å2 (c)marks a threshold
after which the h-BN is clean and subsequently stable for TEM analysis. The region marked with an asterisk / in (d) shows a
defect-freemonolayer region. Images were recorded at 80 kV at a defocus of 37( 1.4 nm, and the scale bar is 1 nm for (a�d).
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large-scale production of material, which is essential for
many potential engineering applications.

RESULTS AND DISCUSSION

Continuous observation of h-BN flakes in an aberra-
tion-corrected TEM revealed the effects of electron
beam irradiation on the surface and edge structures
in the sample. Figure 2 (and Supporting Information
video s1) shows changes in a thin h-BN flake as the total
electron dose is integrated over many images. At the
start of the observation period following exposure to
4.6 � 106 e�/Å2 (Figure 2a), the h-BN flake is partially
covered by amorphous material that is attributed to
remnant hydrocarbon adsorbates from the chemical
exfoliation process. As the total integrated dose was
increased to 9.5 � 106 e�/Å2 (Figure 2c), the amor-
phous material undergoes obvious changes, either
dissipating into the vacuum or gathering into a loca-
lizedmasswith a smaller surface area and revealing the
hexagonal structure of the underlying h-BN mem-
brane. We emphasize that this simple preparation of
large, clean regions of uniform membrane thickness
makes this material ideal for use as thin freestanding
substrates for HRTEM characterization of organic or
light element molecules.22

In Figure 2a�d, the left side of theflake shows a strong
“double-line” feature resulting from curling of the flake
edge into a “nanoscroll”, similar to the features stabilized
by van der Waals forces that have been observed on
clean, straight graphene edges.23 During electron beam
irradiation, the scroll shortened as it unrolled and the
edge atoms restructured while maintaining the integrity
of the neighboring hexagonal membrane structure.

During acquisition of a 20 image focal series
(Supporting Information video s2), the monolayer
region (shown in the top left region of the flake in
Figure 2) shows no vacancies or point defects. This
highlights the advantage of using h-BN as a TEM
substrate compared to monolayer graphene, which
has been studied extensively and has been shown to
generate topological defects under 80 kV electron
irradiation,24�26 eventually leading to complete amor-
phization. This lack of vacancies in monolayer h-BN
suggests that it is a naturally more stable supporting
structure which is robust to electron beam irradiation.
Although our subsequent calculations suggest that
this stability is due to differences in the displacement
threshold energy for B and N compared to C, the lower
chemical reactivity of h-BN sheets compared to gra-
phene may also contribute to a lower rate of beam-
induced etching, mediated by free radicals formed
from residual contaminants in themicroscope vacuum.
It is also apparent that the internal monolayer structure
of this material is sufficiently stable under electron
irradiation conditions for in-depth analysis of exit wave
functions restored from focal series image data which
improve the overall signal-to-noise ratio and recover
the complex exit wave function rather than a real
image intensity.27,28

In order to understand the enhanced radiation
stability observed in h-BN compared to that in gra-
phene, we have calculated threshold energies for atom
displacement in these materials. A model of an h-BN
sheet consisting of 54 atoms (Figure 3a) was optimized
using the Hartree�Fock method with the double-ξ
6-31G basis set29,30 including a polarization function

Figure 3. Optimized models of an h-BN flake (a) geometrically ideal structure, (b) B atom vacancy, (c) N atom vacancy.
Extendedmodels with additional atoms attached to (d) the N-terminated edge and (e) the B-terminated edge. In all figures, N
atoms are shown in blue and B atoms in yellow.
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implemented in the Gaussian 03 software.31 Vibra-
tional frequency analysis at the same level was per-
formed to confirm that the optimized structure is the
stable state, defined by the absence of imaginary
frequencies. To estimate the energy for the displace-
ment of an atom in a homolytic knock-on damage
process, single-point energies of structures fromwhich
a central atom (either B or N) was removed from the
plane of neighboring atoms (Figure 3b,c) and corre-
sponding neutral B and N atoms were computed. In
addition, to assess the effect of electron irradiation on
the edge of an h-BN flake, an atom from an edge site
(Figure 4) was also removed. The damage threshold
energy was estimated as a sum of energies for a model
with a vacancy, the corresponding displaced atom, and
the negative energy of the original undamaged struc-
ture. These calculations were performed at the same
level of theory. To assess the influence of electron
correlation on the computed threshold energy, sin-
gle-point energy calculations at the MP2/6-31G*
level32 were performed for an initial structure opti-
mized at the HF/6-31G* level and for a structure with
either a B or an N atom removed. The energy released
during relaxation of the structures following removal of
an atom from the flake was calculated by energy
optimization of structures with defects at the HF/6-
31G* level and subtracting the energy of the original
distorted structure. For comparison, similar calcula-
tions were also performed for a graphene sheet, from
which a carbon atom was removed.
The cross section for isotropic knock-on radiation

damage by primary electrons was calculated following

Seitz and Koehler33 as

σd ¼ Z2e4(1 � β2)
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where Z is atomic number, e is the electron charge,m0

is the mass of an electron, ε0 is the dielectric permittiv-
ity of free space, c is the speed of light,β= v/cwith v the
speed of electrons in the electron beam, R is the fine
structure constant, Ed is the displacement threshold
energy, and Tm is maximum transmitted energy in a
scattering event given by

Tm ¼ 2ME(Eþ 2mc2)

(Mþm0)
2c2 þ 2ME

whereM is the atomic mass of the displaced atom and
E is the energy of the electron beam. The results of
these calculations are given in Table 1.
Although the static approach used in our calcula-

tions estimates only the lower bound of the damage
threshold energies, it uses considerably less computa-
tional resources than those required for a more com-
plex molecular dynamics simulation. In addition, mole-
cular dynamics simulations may overestimate the
radiation damage threshold energies as has been pre-
viously reported for graphene.34,35 Therefore, we be-
lieve that static estimates, when made at the same
level of theory for two structurally comparable systems
(monolayers of h-BN and graphene), are adequate for
assessment of the relative radiation stability of these

Figure 4. Models of h-BN and graphene flakes with an atom removed from the edge. (a,b) B atom removed from a
B-terminated edge. (c) B atom removed from a N-terminated edge. (d,e) N atom removed from a N-terminated edge. (f) N
atom removed fromaB-terminated edge. (g�i) Carbonatom removed fromvariouspositions at the edgeof a grapheneflake .
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materials. Moreover, in these systems, the differences
in displacement threshold energies are expected to
come mainly from differences in the bond energies for
the displaced atoms, which should be adequately
described by static calculations.
The radiation damage threshold energy in a gra-

phene flake computed at the MP2/6-31G* level shows
good agreement with the radiation threshold energy
obtained previously for carbon nanotubes at 17 eV,36

while the values computed at the HF level are con-
siderably lower. For comparison, equivalent calcula-
tions for graphenepredict this energy to be 15 or 22 eV,
respectively.34 Imporantly, the values computed at the
HF level suggest that, contrary to our observations,
h-BN should be less radiation-stable than graphene.
We interpret this as evidence that the results obtained
from calculations that include electron correlation are
more reliable, and these are therefore used subseque-
ntly.
Further examination of the results from our calcula-

tions suggests that the radiation damage threshold
energies calculated for atoms in the middle of an h-BN
flake are in agreement with those computed pre-
viously, accounting for the likely overestimate of values
from molecular dynamics studies. Using the dynamic
approach, previous studies14 reported Ed values for B as
19.4 eV and for N as 23.1 eV in h-BN sheets.
Displacement threshold energies calculated using

extensive molecular dynamics simulations for BN nano-
tubes under the density functional theory tight
binding approximation37 are also lower (15 eV for B

and 14 eV for N atoms), which has been suggested to
arise from an inadequate description of charge transfer
in the tight binding approximation.14 Our present
calculations result in intermediate values and also
indicate a higher value of the radiation damage thresh-
old energy for B atom as compared to N atom, as repor-
ted previously.37

Our calculations of the radiation damage threshold
energy indicate that displacement of a N atom from
the middle of the flake requires an energy comparable
to that required to displace a C atom in graphene from
similar location. However, displacement of a B atom
requires a higher energy. According to our calculations
of the maximum transmitted energy, taking into ac-
count the atomic mass, no central atoms are displaced
at 80 keV in either graphene or in h-BN. The electron
beam energy that is required to displace a central C
atom in graphene is only slightly higher than that
required to displace a B atom in h-BN (Table 1). How-
ever, displacement of a N atom in h-BN requires con-
siderably higher beam energy.
Our present calculations show that coordinated

atoms at the edges, in general, have lower radiation
damage threshold energies than atoms in the center of
the flakes. In addition, the present calculations of
atoms at the edges of graphene flakes are more
sensitive to radiation damage than those at equivalent
sites in h-BN. It also appears that the most radiation-
sensitive atoms in either grapheme or h-BN are C or B
atoms, respectively, at the corners of a flake at the
intersection of two edges.
Overall, these calculations therefore support our

experimental observations of higher radiation stability
in an h-BN monolayer compared to that in graphene.
For atoms in themiddle of the flake, statistically half the
atoms in h-BN will have a substantially lower damage
cross section compared to graphene, and second,
edge atoms are more stable in h-BN than in graphene.
These findings also agree with the recent observations
that BN nanotubes are more stable than carbon nano-
tubes under Ar and He ion irradiation.38

We have also estimated the energy of vacancy
formation in both h-BN and graphene from the en-
ergies for structural relaxation after an atom was
removed (computed at the HF/6-31G* level) and the
damage threshold energies (computed at the HF/6-
31G*//MP2/6-31G* level). The energies of B vacancy
formation in h-BN, N vacancy formation in h-BN, and
the energy of C vacancy formation in graphene are
13.5, 16.3, and 16.5 eV, respectively. Hence, although a
B atom possesses a higher knock-on damage energy
threshold, it is easier to remove by electron beam
irradiation than a N atom due to its lower mass. In
addition, there is a larger amount of energy released
after B atom removal in the consequent relaxation
process, resulting in a lower overall energy associated
with the vacancy formation process in h-BN compared

TABLE 1. Maximum Transmitted Energies, Tm (eV), for

Knock-on Radiation Damage by an Electron Beam at 80

keV Together with Displacement Threshold Energies, Ed
(eV), Radiation Damage Cross Sections σd (barn) at 80
keV, the Electron Beam Energies E (keV) at Which

Radiation Damage Is Expected (Ed = Tm) and Relaxation

Energy Values for Vacancy Formation, ΔErelax (eV) for

Atoms in h-BN andGrapheneMonolayers: Corresponding

Structural Models Are Indicated

HF/6-31G* HF/6-31G*//MP2/6-31G*

displaced atom Tm Ed σd E ΔErelax Ed σd E

central B in BN 17.5 17.1a 1.3 79 5.0 18.5 84
edge B in BNa 17.5 9.3 53.4 11.9 27.5
edge B in BNb 17.5 10.4 40.7 13.0 20.0
edge B in BNc 17.5 12.5 23.2 15.9 5.6
central N in BN 13.5 13.5 0.1 80 1.5 17.8 103
edge N in BNd 13.5 7.6 91.8 12.2 11.8
edge N in BNe 13.5 10.1 38.2 13.3 1.7
edge N in BNf 13.5 9.2 53.8 13.4 0.9
central C in graphene 15.8 15.9 81 1.2 17.7 89
edge C in grapheneg 15.8 8.3 78.5 10.8 38.6
edge C in grapheneh 15.8 14.5 6.9 16.5 84
edge C in graphenei 15.8 10.2 46.2 11.1 35.1

aFigure 4a. bFigure 4b. cFigure 4c. dFigure 4d. eFigure 4e. fFigure 4f. gFigure 4g.
hFigure 4h. iFigure 4i.
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to graphene. However, despite this lower energy for
vacancy formation in h-BN than in graphene, the
kinetic factors represented by the damage threshold
energies imply higher radiation stability for h-BN than
for graphene. The resultant relaxed structures com-
puted at the HF/6-31G* level are shown in Figure 5.
These calculations indicate that there is a substantial

rearrangement of the rings adjacent to the B atom
vacancy (Figure 5a). However, this may be due to the
close proximity of the vacancy to the edge in the
computed model. In the model flake with a N atom
vacancy (Figure 5b), there is a considerable differentia-
tion of the B 3 3 3 B distances around the vacancy, with
one shorter B2 3 3 3 B3 distance of 0.253 nm and two
longer B1 3 3 3 B2, B1 3 3 3 B3 distances of 0.298 nm. For

comparison, the B 3 3 3 B distances in h-BN without
defects are computed to be 0.247 nm. We also note
that both of these structures with single atom vacan-
cies have three unpaired electrons.
It is anticipated that h-BN monolayers containing an

even number of total electrons, thus excluding forma-
tion of unpaired spin centers, would be the most
stable. This condition is satisfied for a structure contain-
ing an even total number of atoms and consequently
equalnumbersofBandNatoms.Onlycertainconfigurations
consisting of fused rings fulfill this requirement without
defects, and importantly, our experimental observations
(Figure 2d) suggest that this condition is fulfilled in a
monolayer.
For future applications and functionalization of h-BN

films, characterization of the edge structures is essen-
tial. After significant electron irradiation (1.5� 107 e�/Å2)
of the h-BN flake, inspection of an experimental focal
series of images (Supporting Information video s2)
revealed a stable monolayer region with atomic reor-
dering of only the edge atoms. As we have calculated
that the monolayer is predicted to lack atomic vacan-
cies (Table 1), edge reconstruction seems the most
obvious mechanism for atomic motion. In a similar
fashion to graphene,24 atomicmotion at the freestand-
ing edge continuously changes the edge structure
from zigzag to armchair arrangements. These results
differ from those previously reported for mechanically
exfoliated h-BN, where electron or ion beam irradiation
generated vacancy holes in the flake interiors16,15,17

and in which the resultant triangular holes were shown
to be terminated with zigzag edges.
In h-BN, zigzag- and armchair-structured edges can

be readily identified simply by orienting the image field
such that Æ100æ or Æ2�1�10æ directions are aligned to a
chosen reference direction. In this configuration, zig-
zag edges are found at 60� and armchair edges at 30�
to the reference direction with a six-fold symmetry.
Using this simple method, we have analyzed the pro-
portion of freestanding monolayer and supported multi-
layer step edges, which are found to be, respectively, 55

Figure 5. Optimized models of an h-BN flake with (a) B atom vacancy and (b) N atom vacancy.

Figure 6. Edge structures in h-BN for a series of imageswith
increasing electron dose from 9.9 � 106 to 2.3 � 107 e�/Å2.
Two types of edges are analyzed: a freestandingmonolayer
edge (red dashed) bordered by vacuum and a supported
multilayer step edge (blue solid) that is supported by
another h-BN monolayer membrane. At lower doses, both
edge types change toward a greater armchair fraction. At
higher dose conditions, there is no systematic trend toward
either edge structure. The inset shows a schematic of zigzag
and armchair-type edge structures.
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and 79% ((15%) zigzag (Figure 6). The remaining
interpretable edges are made up of an armchair-type
structure, terminated by both B and N atoms. At low
electron beam doses (9.9� 106 to 1.6� 107 e�/Å2), an
initial decrease in the ratio of zigzag/armchair edge
configurations is observed for both freestanding
monolayer and supported multilayer step edges, im-
plying that the zigzag edges are destabilized and
consequently more armchair edges are formed. With
increasing electron dose, the proportion of the two
edge configurations varies rapidly with no systematic
trend, suggesting that the energy difference between
these two configurations is small. Interestingly, prefer-
ential formation of zigzag edges was observed in h-BN
nanosheets prepared by extended irradiation of BN
nanotubes.39

As shown in Figure 7, the terminating species in the
zigzag edges varies and we have therefore analyzed
these from individual images as a function of time. Our
assignment of the terminating species is based on
analysis of the phase of the reconstructed exit wave
(Figure 7a,b). The bright regions in the reconstructed
phase represent atomic positions, with N atom sites
showing a larger phase shift than B atom sites. Using
these assignments of atomic positions, we have deter-
mined the edge species in individual images as they
changewith increasing electron dose. For zigzag edges
at the freestanding monolayer flake, the terminating
species are 52% ((25%) N, whereas the zigzag edges
of the supported multilayer edge are 64% ((17%)
N-atom-terminated (Figure 7c). In both cases, the
remaining fractions are B-atom-terminated zigzag
edges. The terminating species of the zigzag edges at
both the supportedmultilayer and freestandingmono-
layer are stable at approximately a 50:50 ratio at low
electron dose but changes more rapidly at higher dose
(1.7 � 107 e�/ Å2) with no obvious systematic trend.
Again, this suggests a relatively low energy separation
between these two edge configurations.
Returning to simulations for further insight, the energy-

optimized structure of the h-BN flake also shows a
reconstruction at the edge. The B-atom-terminated edge
has an opening of the angle around the B atoms at 151.9�
on average, compared to the regular hexagonal angle of
120.0�. The angle around a N atom at the N-atom-termi-
nated edge is 124.6� for atoms in themiddle of the edge.
However, there is substantial closing (108.1�) of this angle
around the N atom that is located at the border between
B-atom-terminated and N-atom-terminated edges. The
B�N bonds at the edges are also differentiated. In the
bulk, the B�Nbond is computed tobe 0.144nm,whereas
at the N-atom-terminated edge, it is 0.135 nm in the
middle of the edge and 0.149 nm at the border with the
B-atom-terminated edge. For the B-atom-terminated
edge, the equivalent bond lengths are 0.131 nm in the
middle of the edge and 0.140 and 0.125 nm at the border
with the N-atom-terminated edge.

Figure 7. (a) Phaseof the reconstructed exitwaveof an h-BN
monolayer region. Arrows mark the freestanding mono-
layer edge (red) and the supported multilayer step edge
(blue). Images have been oriented to align the Æ100æ direc-
tion at 0� with respect to the field of view, making deter-
mination of zigzag- or armchair-terminated edges obvious.
A higher magnification subregion taken from the area
marked by the white box is inset, where N atom positions
are shown in blue and B atom positions in yellow. (b)
Reconstructed phase including models of the three edge
termination types: armchair consisting of both B and N
atoms, B-terminated zigzag, and N-terminated zigzag. (c)
Elemental edge termination species of zigzag edges with
increasing electron dose averaging 52% ((25%) N atom
termination for the freestanding monolayer (red dashed)
and 64% ((17%) N atom termination for the supported
multilayer edge (blue solid).
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We have also estimated the relative stabilities of
B- and N-atom-terminated edges by computing the
energies of geometry-optimized structures at the
HF/6-31G* level, where five atoms were added
at a N-atom-terminated or B-atom-terminated edge
(Figure 3d,e, respectively). The stabilization energies
of these extended structures were calculated as the
energy difference between the sum of energies of
constituent-free atoms and the energy in the extended
structure. The additional atoms resulted in excess B
atom termination shown in Figure 3d and excess N
atom termination shown in Figure 3e. The stabilization
energy for the structure with an excess of N-atom-
terminated edges was 0.4 eV higher than where there
was an excess of B-atom-terminated edges. This sug-
gests that the structure with N-atom-terminated edges
is more stable because the energy released during
formation of a structure with an excess of N terminal
atoms is higher than the energy released during for-
mation of the structure with an excess of B terminal
atoms. However, this energy difference at 0.4 eV is
relatively small. In addition, the computed energetic
preference in edge termination refers to the model
structures tested in the present study, and it is possible
that different starting model structures show different
preferences for edge termination. The experimental
observations suggest statistically equal stability for B
and N atom edge termination (Figure 7c), but with
experimental error hindering a more detailed compa-
rison.
Interestingly, the most stable structure shown in

Figure 3e, with an excess of N-terminated edges, was
only calculated to be stable with three unpaired elec-
trons, while the structure in Figure 3d was stable with a
single unpaired electron, suggesting that N-atom-ter-
minated edgesmay also affect themagnetic properties
of h-BN sheets.

CONCLUSIONS

h-BN represents a largely unexplored 2D material
with exotic electronic properties and high specific sur-
face areaswith potential in sensing,40,41 catalysis,42 and
energy storage43 applications. Facile liquid-phase ex-
foliation can be employed to produce extended 2D
h-BN flakes at low-cost and with high-throughput.19

Atomic resolution imaging of exfoliated materials is of
crucial importance in the characterization of the local
structure of monolayers and possible structural defects
introduced via exfoliation. However, radiation damage
is often present at the electron doses used, and for this
reason, it is crucially important to assess the radiation
stability of this class of material. Inmultilayer regions of
h-BN flakes, defects have been observed at grain
boundaries and as single atomic column vacancies,
which have minimal mobility within the material.
On the basis of our studies of chemically exfoliated

h-BN membranes, we have shown that they are super-
ior to graphene in terms of structural integrity and
radiation stability. Quantum chemical calculations for a
zigzag-terminated flake suggest considerable rearran-
gement of the edge structure compared to the bulk,
with notable straightening of the B-atom-terminated
edge due to opening of the N�B�N angles. The B�N
distance also varies with differences of up to 0.024 nm
between different bonds.
These calculations and experimental observations

also suggest that h-BN is more stable to electron
beam irradiation than graphene due to a number of
factors. First, the higher mass of N atoms and com-
parable knock-on damage threshold energies of C
and N require higher electron beam energies to
displace N atoms from h-BN compared to C from
graphene. In addition, the electron beam energy
required to displace a B atom from h-BN is compar-
able to that needed to displace C from graphene.
Overall, this statistically produces a more radiation-
stable material since, in h-BN, half of the atoms are
more radiation-stable than those in graphene. We
have also observed that edges in h-BN also appear to
be more radiation-stable than the equivalent edges
in graphene.
We have also reported the statistics of the edge

structure and termination species in h-BN. Our experi-
mental data show a slight preference for zigzag-type
edges in h-BN flakes. Large variations in the zigzag
edge termination species average ca. 50:50 B or N
atom, suggesting a similar energetic stability in the two
configurations. This is consistentwith our calculation of
only a relatively small preference for N atom termina-
tion in zigzag edges in BN.

METHODS
For HRTEM imaging, a dispersion of thin h-BN flakes was

dropped directly onto a standard lacey carbon film TEM grid,
allowed to evaporate in atmosphere, then heated in vacuum at
120 �C for 60 min. Prior to insertion into the TEM column, the
specimen grid was heated to 80 �C for 15 min in vacuum to
remove any remaining solvent that could have readsorbed in
order tominimize subsequent reactive etching of the sample by
residual organic molecules.
HRTEM images were acquired using a double aberration-

corrected JEOL 2200MCO44,45 instrument operated at 80 kV.

Third-order spherical aberration was adjusted to C3 =�3 μm in
order to compensate residual fifth-order spherical aberra-
tion,45,46 such that the overall information transfer was limited
by chromatic aberration. The remaining residual aberrations to
third order were measured and corrected using a Zemlin
tableau47 of power spectra, calculated from images recorded
from the amorphous carbon support film, implemented within
the CEOS corrector software.48

In order to examine radiation damage effects in thin h-BN
membranes, the local atomic structure was monitored over a
range of electron doses. For the experiments reported here, the
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electron dose for a 1 s exposure at 1.5 MX magnification was
adjusted to ∼2.5 � 104 e�/Å2 for a 30 nm illuminating beam
diameter at the sample. Microscope-specific calibrations of the
beam current were measured using a post-specimen Faraday
cup, and the total dose was calculated by considering the total
exposure of the specimen during alignment and image acquisi-
tion, numbering 167 exposures in total.
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Supporting Information Available: Short videos of thin h-BN
flakes observed using HRTEM illustrating subtle changes in the
material with increasing electron dose. Video S1: Changes in an
h-BN flake as electron exposure is increased over several
minutes. The integrated dose is noted on each frame as
electrons/Å2. Video S2: Series of 20 images of an h-BN mono-
layer region collected with gradually increasing defocus values,
used for the exit wave reconstruction. Small changes in the
edge structure are evident; however, the interior regions of the
flake remain stable. This material is available free of charge via
the Internet at http://pubs.acs.org.
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