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B
oron nitride (BN) nanoribbons (BNNRs)
are an emergingmaterial with interest-

ing theoretically predicted electron-

ic and magnetic properties that depend

on the ribbon width, edge structure, and

termination.1�9 According to other theore-

tical studies, the properties of BNNRs could

be further tuned by the basal plane functio-

nalization, such as hydrogenation.10,11 How-

ever, the experimental verification of these

theoretical predictions is challenging due to

the absence of a scalable high-yield synthe-

tic method that could produce BNNRs with

specific width and edge properties.12 Based

on previously developed methods to pro-

duce graphene nanoribbons (GNRs) by un-

zipping carbon nanotubes (CNTs),13�18 ex-

perimental studies focused on the synthesis

of BNNRs similarly used boron nitride nano-

tubes (BNNTs) as a starting material.19�21

One of these reported approaches to
prepare BNNRs is based on a longitudinal
splitting of BNNRs caused by intercalation of
potassium at 300 �C (Figure 1a).20 As we
demonstrated in our previous work,20 this
approach has several important advan-
tages. First, the procedure is facile and scal-
able: a mixture of BNNTs and potassium is
simply sealed in an ampule under vacuum
and annealed at 300 �C for several hours.
Second, the process yields BNNRs with
many desirable properties, such as a high
aspect ratio, uniform widths, and a minimal
amount of defects in the basal plane as well
as at the edges. However, the reported yield
was quite low, which remains a significant
drawback of the method; only ∼1% of
treated BNNTs exhibited longitudinal split-
ting after the potassium vapor treatment.
Here we demonstrate that potassium-

induced splitting of BNNTs could be used
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ABSTRACT Boron nitride nanoribbons (BNNRs) are theorized to have interesting

electronic and magnetic properties, but their high-yield synthesis remains challenging.

Here we demonstrate that potassium-induced splitting of BN nanotubes (BNNTs) is an

effective high-yield method to obtain bulk quantities of high-quality BNNRs if a proper

precursor material is chosen. The resulting BNNRs are crystalline; many of them have a

high aspect ratio and straight parallel edges. We have observed numerous few-layer and

monolayer BNNRs; the multilayered ribbons predominantly have an AA0 stacking. We present a detailed microscopy study of BNNRs that provides important

insights into the mechanism of the formation of BNNRs from BNNTs. We also demonstrate that the BNNTs prepared by different synthetic approaches could

exhibit dramatically different reactivities in the potassium splitting reaction, which highlights the need for future comparison studies of BN nanomaterials

prepared using different methods to better understand their preparation-dependent physical and chemical properties.
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for the high-yield synthesis of BNNRs. In the original
study, for the synthesis of BNNRs, we used BNNTs
synthesized according to the previously reported
procedure.22 Briefly, a mixture of solid boron, magne-
sium oxide, and either tin oxide or iron oxide powders
was placed in a graphite crucible which was heated
under a nitrogen atmosphere in a vertical induction
furnace to 1500 �C. Nitrogen carrier gas brought the
reactive vapor resulting from the chemical reactions
within the powdermixture into a graphite vessel where
it reacted with ammonia to form a white, spongy
material rich in BNNTs. The BNNTs used in the present
study were synthesized by a different procedure that
involved CNTs as a sacrificial material to direct the
tubular growth of BN from boron oxide vapor and
nitrogen gas.23 Figure 1b shows a scanning electron
microscopy (SEM) image of the precursor BNNTs; as
indicated in the previous study, their diameters and
lengths are similar to those of starting CNTs.23 When
these CNT-templated BNNTs were treated exactly ac-
cording to the procedure reported in our previous
work20 (large excess of K, annealing at 300 �C for 72 h),
these BNNTs also formed BNNRs through longitudinal
splitting, but the amount of split tubes was dramatically
different from thatobservedpreviously. Figure 1c shows
an SEM image of the reaction product. While only ∼1%

of treated BNNTs exhibited splitting in the previous
study, nearly all BNNTs used here show some split-
ting. Because of the folding and entanglement of the
numerous BNNRs produced from split nanotubes
(Figure 1c), it is difficult to count BNNRs and differ-
entiate between fully split versus partially split
BNNTs, and thus precisely determining the yield of
BNNRs that are completely exfoliated from the par-
ent nanotubes is not possible. This is different from
our previous work,20 where a statistical analysis of
potassium-treated samples was substantially easier
because of themuch lower yield of BNNRs and hence
their negligible aggregation.

RESULTS AND DISCUSSION

Due tohighdegreeof splitting and thus a large amount
of BNNRs in a sample, the exfoliated BN fragments are
mostly entangled (Figure 1c). Representative SEM images
of the fragments of non-entangled BNNRs are shown in
Figure 2. The ribbons look uniform with no observable
contamination or disorder at the basal plane; the edges
aremostly straightexcept for someoccasional tears. These
BNNRs are semitransparent to the electron beam, as the
residual nanotubes covered by the BN sheets are clearly
visible, which indicates the thinness of these ribbons.
When BNNRs are deposited from an isopropyl alco-

hol dispersion onto a Si/SiO2 substrate for imaging,
some of the ribbons are partially or fully suspended
because they aremixedwith the remaining nanotubes;
such ribbons could be easily imaged by SEM. However,
when a thin BNNR is placed directly on the silica sur-
face, SEM visualization is difficult because there is a
small topographic contrast (only a few nanometers),
and there is little electron density difference between
the dielectric ribbon and the dielectric substrate. Most
of the BNNRs that are imaged by SEM directly on a Si/
SiO2 substrate (such as the ones shown in Figure 2) are
>10 nm thick. An example of this effect is shown in
Figure 3a that exhibits a long BNNR with very straight
parallel edges that is barely visible unlike many other
ribbons in this image. The area highlighted by the

Figure 2. High-magnification SEM images of selected
BNNRs from the sample shown in Figure 1c.

Figure 1. (a) Scheme of the unzipping of BNNTs to form
BNNRs. Colors indicate different elements as follows: B,
blue; N, yellow; K, pink. The potassium intercalation in the
pristine BNNT (left) results in the local breaking of B�N
bonds caused by the pressure buildup (middle), which
progresses toward the complete longitudinal splitting of
the nanotube to form a few-layer BNNR (right). (b) SEM
image of pristine BNNTs. (c) SEM image of BNNRs formed by
splitting BNNTs by potassium vapor at 300 �C for 72 h.
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red square in Figure 3a was imaged by both SEM
(Figure 3b) and atomic force microscopy (AFM,
Figure 3c). According to the AFM height profile shown
in the inset in Figure 3c, this BNNR has a thickness of
∼6.6 nm. Aswe discuss later, it is likely that the layers in
this ribbon assume an AA0 stacking that has an inter-
planar distance of 0.333 nm.12 This BNNR consists of
multiple layers, although it is difficult to precisely
determine the number of layers in this ribbon based
on the measured AFM height profile, due to the likely
presence of some trapped solvent molecules at the
BNNR/SiO2 interface. However, despite its thickness,
this BNNR is barely visible in the SEM image regardless
of the accelerating voltage (Figure 3a). Occasionally,
we observed thinner ribbons by AFM that we could
not later find by SEM, suggesting that SEM images like
the one shown in Figure 1c could underestimate the
amount of thin BNNRs in the samples.
Interestingly, it is straightforward to visualize even

monolayer GNRs with comparable dimensions depos-
ited on Si/SiO2

24�26 due to a substantial difference in
conductivities of GNRs and silica. Images of a single
GNR captured by both SEM and AFM provide compar-
able information about the ribbon's morphology.25 In
contrast, in the case of a BNNR on a Si/SiO2 substrate,
AFM resolved some structural features that are not
visible by SEM, such as nanoscopic ripples (Figure 3c).
The presence of these ripples indicates that few-layer
BNNRs are very flexible and could accommodate even
a nanoscopic radius of curvature without cracking.
Another powerful tool for the imaging of BNNRs

is transmission electron microscopy (TEM). In TEM

images, we observed multiple few-layer ribbons with
thicknesses ranging from 2 to >10 layers that are com-
pletely delaminated from the parent nanotubes; many
of these ribbons have very straight parallel edges.
Three representative BNNRs are shown in Figure 4a.
Figure 4b shows a high-resolution TEM image of the
edge of a ribbon shown in Figure 4a, demonstrating
that this particular ribbon is 6 layers thick. As will be
discussed later, many BNNRs observed in TEM images
are entangled and folded, so it is difficult to estimate
their length and aspect ratio distributions, but for
select straight and isolated BNNRs, these characteris-
tics are noteworthy. Many BNNRs observed in this
study had lengths in the micrometer range and aspect
ratios >30 (see the top inset in Figure 4a).
Interpretation of TEM results should be done with

care because some flattened BN structures observed
by TEM could represent collapsed BNNTs and not
BNNRs. Partial flattening and complete collapsing have
been previously observed in TEM studies of both carbon
and BN nanotubes.27,28 One such collapsed BNNT can
be observed in Figure 5a, in which the black arrows
show that flattening occurs at both ends of a BNNT,
which retains its tubular shape in the middle. A higher
resolution TEM image of the same BNNT (Figure 5b)

Figure 4. TEM characterization of BNNRs. (a) TEM images of
three representative BNNRs. (b) High-resolution TEM image
of the edge of a ribbon shown in the center of panel (a).

Figure 3. Comparison of SEM and AFM images of BNNRs.
(a) SEM image of a BNNR sample showing a long straight
ribbon in the center. The area highlighted by the red square
was then reimaged by (b) SEM and (c) AFM. The inset in
panel (c) shows a height profile along the dashed line.
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shows that this particular nanotube consists of more
than 20 shells. According to geometrical considerations,
if collapsed parts of a BNNT are perpendicular to the
electron beam, their widths should be larger than the
diameter of a tubular portion of the BNNT by the factor
of∼π (or less in case of only partial flattening or a tilted
view). In contrast, the BNNRs should be wider than the
diameters of the parent BNNTs by the factor of ∼2π.
Such a wider but thinner BN structure could be ob-
served in the top left part of Figure 5a. Figure 5c shows
that this fragment of a TEM grid contains at least two
folded BNNRs. During the sonication in isopropyl alco-
hol, different shells of BNNRs could exfoliate,29 resulting
in BNNRs that are only a few layers thick. Higher magni-
fication images show that the ribbon indicated by the
black arrow consists of 5 layers. Another ribbon in this
image that is highlighted by the red dashed square is a
monolayer (Figure 5d), which demonstrates that mono-
layer BNNRs can be produced by the disclosed method.

Figure 5e shows another thin BNNR with multiple
folds. A higher magnification TEM image shows that
this is a bilayer ribbon, as indicated by the black arrow
in Figure 5f. Interestingly, the electron diffraction pat-
tern recorded for the BNNR area shown in this image
exhibits only six distinct diffraction spots; see the inset
in Figure 5f. This indicates that the material is highly
crystalline and also that the two layers in this BNNR
have the same crystallographic orientation.30 This and
similar six-fold diffraction patterns recorded for other
multilayered ribbons demonstrate that the AA0 stack-
ing typical for different shells in BNNTs is inherited by
the layers of BNNRs.
This AA0 stacking observation is consistent with the

splittingmechanism that was proposed in our previous
work.20 Different shells of multiwalled BNNTs experi-
ence significantly stronger interplanar interaction com-
pared to the shells in multiwalled CNTs due to polar
attraction of boron and nitrogen atoms. Heteroatoms

Figure 5. TEM images of BNNRs. (a) TEM image of a BNNT with both ends collapsed, as indicated by the black arrows. The
highermagnification images of the areas highlightedby red dashed squares are presented in panels (b) and (c). (d) TEM image
of amonolayer fragment of a BNNRhighlighted by the red dashed square in panel (c). (e) TEM image of a folded bilayer BNNR.
The highermagnification image of the highlighted area alongwith the corresponding electron diffraction pattern is shown in
panel (f). (g) TEM imageof a foldedmultilayered BNNR and the corresponding electron diffraction pattern. One set of six spots
in the diffraction pattern is highlighted by yellow. See text for further details.
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from adjacent shells align, resulting in AA0 stacking be-
tween planes of BNNTs, which is different from CNTs
where different walls could have random chiralities.31

However, the commensurate AA0 stacking of different
shells in a BNNT cannot continue around the full cir-
cumference of a nanotube due to the changing diam-
eter of concentric tubewalls. A detailed TEMdiffraction
study revealed that this mismatch is compensated by
the paths of strained sp3 bonds that run parallel to the
longitudinal axis of the nanotube.32 As we proposed
previously, the potassium atoms could preferentially
intercalate near these higher energy paths of sp3

bonds, eventually resulting in splitting along these
paths.20 If the proposed splittingmechanism is correct,
the resulting BNNR should mostly be multilayer
(because the polar interaction between boron and
nitrogen atoms from adjacent shells of BNNTs should
also result in attraction of the BNNR layers that will
have the same AA0 stacking) and have straight parallel
edges. Both of these features are observed experimen-
tally; see TEM images in Figures 4 and 5.
Also, on the basis of the proposed mechanism of

splitting, we previously theorized that most BNNRs
produced by the potassium-induced splitting of BNNTs
should have either zigzag or armchair edges as op-
posed to other edge orientations.20 For the BNNR
shown in Figure 5f, from the comparison of the TEM
image and the electron diffraction pattern, we can
conclude that the edge indicated by the black arrow
is predominantly zigzag, which is again in agreement
with the proposed splitting mechanism.
For somemultilayered BNNRs, we observed electron

diffraction patterns with multiple six-fold diffraction
sets. However, since many ribbons drape along the
lacey carbon in a TEM grid and formmultiple folds, it is
often difficult to determine whether such diffraction
patterns indicate random stacking of layers in a BNNR
or simply the folding of a ribbon. An example of a
folded fragment of a multilayered BNNR is shown in
Figure 5g. The ribbon is folded by ∼90�, and the elec-
tron diffraction pattern recorded for the folded area
indicated by the black arrow also shows two sets of six-
fold diffraction spots rotated by ∼90� relative to each
other (see the inset in Figure 5g). Therefore, this is likely
a multilayered ribbon with AA0 stacking for which two
sets of six-fold diffraction spots simply indicate the
angle of folding. For some BNNRs, it was not clear
whether the recorded 12- or 18-fold diffraction pat-
terns indicate random orientations of BN layers or
folding because in some TEM images the number of
individual ribbons and the folding edges are not clearly
visible (see Figure 5c, for example). Yet, our TEM data
indicate that the majority of multilayerd BNNRs have
an AA0 stacking of layers that is inherited from BNNTs.
Finally, we performed a series of experiments aimed

to optimize the synthesis of BNNRs. First, we found
that, for the precursor BNNTs used in work, it was not

necessary to run the reaction for 72 h as in our original
study with different BNNTs;20 a high yield of BNNRs
could be achieved after 12 h of reaction. Also, we orig-
inally performed the annealing of a BNNT/K mixture in
quartz tubes that are reliable but rather expensive and
difficult to process. We found that the synthesis of
BNNRs could be performed in glass ampules that are
less expensive and easier to work with, as glassmelts at
lower temperatures than quartz. The most convenient
and inexpensive reactors used in this study were glass
ampules made from disposable Pasteur pipets that, in
addition to other advantages, allow running multiple
syntheses of BNNRs at different conditions on a very
small scale.
We also investigated the effect of the temperature of

potassium intercalation on the yield of BNNRs and their
structural quality. Figure 6a,b shows representative
SEM images of a BNNR product obtained at 350 �C.
These images demonstrate that the BNNRs are ob-
tained at even a higher yield comparable to that at
300 �C; they look uniform and have well-defined edges
(Figure 6b), as discussed previously, with few tubular
structures remaining. The BNNR product obtained
at 450 �C appears to be even better exfoliated and
contains a smaller number of residual BNNTs
(Figure 6c). However, higher magnification SEM im-
ages show the presence of a disordered BN material
(Figure 6d), suggesting that vigorous potassium-
induced splitting at higher temperatures results in
structural damage to the resulting BNNRs. Therefore,
the 300�350 �C temperature range appears to be op-
timal for the synthesis of BNNRs from BNNTs prepared
as described here.23 However, since BNNT materials
prepared by different techniques22,23 exhibit such dif-
ferent reactivities in the discussed potassium-induced
splitting reaction, it is possible that the optimum
synthetic temperature could vary for BN materials
produced using other methods.

CONCLUSION

In summary, we demonstrate that potassium-
induced splitting of BNNTs is a high-yielding method

Figure 6. SEM imagesof theBNNRproducts obtainedat (a,b)
350 �C and (c,d) 450 �C.
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to obtain bulk quantities of high-quality BNNRs; nearly
all nanotubes exhibit splitting if a proper precursor
material is chosen. The resulting BNNRs are highly
crystalline; many of them have a high aspect ratio
and straight parallel edges. The ribbons are produced
atmoderate temperature (300�350 �C) using inexpen-
sive glass ampules. After the synthesis, the BNNRs
could be dispersed in isopropyl alcohol29 and then
deposited on any substrate, such as a silicon wafer or a
TEM grid, for further studies. The microscopy analysis
provides some insights into the mechanism of the
formation of BNNRs from BNNTs. The discussed me-
chanism favors the formation of multilayered BNNRs

with all layers having parallel edges. Few-layered and
evenmonolayer ribbons could be obtained frommulti-
layered BNNRs by a solution exfoliation.29

An important fundamental result of this study is that
BNNTs prepared by different synthetic approaches
could exhibit dramatically different reactivities in the
present potassium splitting reaction: the yield of
BNNRs could be as low as 1%20 or nearly 100% de-
pending on the nanotube precursormaterial.22,23 Thus,
this work demonstrates the need for future compar-
ison studies of BN nanomaterials synthesized using
different approaches to better understand their pre-
paration-dependent physical and chemical properties.

EXPERIMENTAL SECTION
Although several reactions were performed in 1/4 in. quartz

tubes as described in the previous work,20 we typically per-
formed the reactions on a very small scale using 146 mm long
disposable glass Pasteur pipets (Fisherbrand) to make the
reaction ampules. A tapered end of a pipet was first sealed using
an acetylene torch and then filled with a few cubic millimeters
of BNNTs (due to the low-density spongy nature of this material,
this accounts for less than 0.5 mg, so the precise determination
of themasswas not possiblewith a standard analytical balance).
Then, a large excess of the potassium metal (>30 mg), which
was freshly cut in a fume hood and rinsed with dry diethyl ether
to remove themineral oil, was added to the ampule (CAUTION:
Potassium and sealing of the potassium-loaded ampule
should be handled with utmost care due to the highly
reactive nature of potassium metal. Users should wear
safety glasses and a face shield, and all operations should
be done in a fumehoodwhenhandling thesematerials). The
ampule was evacuated to ∼10�3 Torr and sealed with an
acetylene torch. Then, the BNNT/K mixture was annealed at
300 to 450 �C for 12 to 72 h, cooled to room temperature, and
then quenchedwith ethanol. The resultingmaterial waswashed
with 2 mL of 5 wt % HF aqueous solution and with an excess of
water to remove possible silicate impurities left from the glass
ampule (CAUTION: HF is highly corrosive and should be
handled with utmost care). Residual carbonaceous materials,
presumably from remaining mineral oil and from atmospheric
adsorbates, graphitized on the surface of the BNmaterial during
the treatment, making it grayish. This residual carbon was
therefore removed by annealing at 600 �C in air for 30 min to
form a white BN material.
The BNNR products as well as the precursor BNNTs could be

readily dispersed in isopropyl alcohol under mild sonication29

and then deposited on a substrate followed by solvent evapora-
tion. For the SEM and AFM studies, BNNTs and BNNRs were
deposited on Si/SiO2 substrates (SQI; 300 nm thick thermal SiO2

on a heavily p-doped Si). For the TEM analysis, BNNRs were
deposited on Au mesh lacey carbon TEM grids (Ted Pella). SEM
imaging was performed on a JEOL-6500 field-emission micro-
scope. AFM images were obtained using a Digital Instruments
Nanoscope IIIa, operating in tapping mode; we used Si tips
n-doped with 1 to 10Ω 3 cm phosphorus (Veeco) at a 0.5 Hz and
a 512 � 512 resolution. TEM and electron diffraction analysis
were performed using a JEOL 2010 microscope. Figure 1a was
prepared using Accelrys Materials Studio 4.3.
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