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ABSTRACT: We present a facile wet-chemistry method for efficient metal
filling of the hollow inner cores of boron nitride nanotubes (BNNTs). The
fillers conform to the cross-section of the tube cavity and extend in length
from a few nm to hundreds of nm. The methodology is robust and is
demonstrated for noble metals (Au, Pt, Pd, and Ag), transition metals (Co),
and post-transition elements (In). Transmission electron microscopy and
related electron spectroscopy confirm the composition and morphology of
the filler nanoparticles. Up to 60% of BNNTs of a given preparation batch
have some degree of metal encapsulation, and individual tubes can have up
to 10% of their core volume filled during initial loading. The growth,
movement, and fusing of metal nanoparticles within the BNNTs are also
examined.
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Over two decades ago, Broughton and Pederson1 predicted
that capillary forces are sufficient to drive a liquid into the

inner cavity of a carbon nanotube (CNT). Since then, the filling
of CNTs with metals, oxides, halides, and even biomolecules
has been explored.2−7 The filler/CNT systems have been
studied both theoretically and experimentally, demonstrating
intriguing physical and chemical properties and potential
applications in optoelectronics, nanothermometry, and catal-
ysis.8−16 However, the conducting or semiconducting nature of
a CNT, as well as its chemical reactivity, can induce undesirable
interactions between the filler and the host, hindering the
ability to investigate intrinsic properties (optical, electrical, and
catalytic) of fillers,17−20 and limiting applications.
Boron nitride nanotubes (BNNTs) are wide-bandgap

structural analogues to CNTs.21,22 They are electrically
insulating, chemically inert, and have excellent thermal
oxidation resistance and high mechanical strength.23 This
makes them attractive for studying the intrinsic properties of
encapsulated materials or for constructing core−shell systems
such as insulated nanocables. Despite these advantages, there
have been only limited experiments on the filling of
BNNTs.24−28 In the cases reported, filling is accomplished
either in situ during the synthesis of the BNNTs29 or ex situ
(postsynthesis) using chemical vapor transport.26 These
methods severely restrict the filling material, for example, to

materials used as catalysts for BNNT growth or those with a
low vaporizing temperature. Additionally, low filling efficiencies
makes these methods far from ideal. A new method is needed,
which can work for a variety of filler materials at mild
conditions with higher filling yields and lower costs such as a
solution-based approach. However, capillarity-induced filling of
BNNTs using solution-based methods has not been reported;
this is likely attributable to the greater difficulty in wetting a the
hexagonal BN surface compared to C.30

In this report, we describe a successful wet-chemistry post-
tube-synthesis route to the encapsulation of metallic nano-
structures (including short nanocrystals, rods, and long wires)
within BNNTs. As many as 60% of the BNNTs in the
preparation batch have some degree of filling, with individual
tubes having as much as 10% of their interior volume occupied
by metal. We also explore the movement of metallic
nanoparticles within the BNNT as well as the fragmenting
and fusing of nanoparticles.
BNNTs used for the encapsulation in this study are first

synthesized using the extended pressure inductively coupled
(EPIC) plasma method.31 The BNNTs are largely double-
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walled with high crystallinity and lengths up to several microns.
The small inner diameters (∼2−6 nm) make them especially
conducive to drawing in liquids via capillarity.32

The BNNT ends, which are capped closed in as-synthesized
material, are removed via acid treatment. The tubes are then
placed in an ethanol bath containing metal salt precursors,
wherein the salts enter the tube interior via capillary action.
After drying, a thermal treatment reduces the metal salts
yielding dense metal nanoparticles within the core of the
BNNTs. The experiments here described are for a single-shot
process (where only one filling step is performed), but the
process can be repeated to enhance the overall filling factor of
the tubes.
The metal-filled BNNTs are sonicated in isopropyl alcohol

and drop cast onto lacey carbon grids for characterization by
high-resolution transmission electron microscopy (HRTEM)
and scanning transmission electron microscopy (STEM)
(JEOL JEM 2010 operating at 80 kV and FEI Titan working
at 80 and 120 kV). The composition of the product is evaluated
with subnanometer resolution by a combination of energy
dispersive X-ray (EDS) and electron energy loss (EELS)
spectroscopies.
Figure 1, panel a shows a TEM image of a double-wall

BNNT with etched open tip end before filling. Strong mineral

acids such as nitric acid have been used to selectively attack and
remove the nanotube caps, which are sites of high chemical
reactivity due to the incorporation of nonsix-membered
rings.6,7,33 Figure 1, panel b is a representative TEM image of
encapsulated Pt nanoparticles and nanorods within the BNNT
cavity (denoted as Pt@BNNTs) prepared from H2PtCl6. The
metal nanostructure lengths range from 5−50 nm with a width
normally defined by the inner diameter of the BNNTs (sub 10
nm as reported). Figure 1, panel c shows a zoomed-in image of
an encapsulated Pt nanoparticle. The distance between lattice

fringes of the particles is 0.226 nm, which corresponds to the
(111) lattice spacing of FCC Pt. The filling metals almost
always conform to the inner cross-sectional area of the BNNTs,
forming a leak-tight plug. As we demonstrate below, however,
under the right circumstances, the plugs can be physically
translated along the axis of the BNNT.
Other interesting structures are observed for metals formed

within the BNNTs. Figure 1, panel d shows an example of
sausage-shaped Pt rods with multiple neckings, conceivably the
result of simultaneous growth of closely spaced Pt particles/
rods during the reduction from proximate solutions. Another
possibility for their formation is transport and subsequent end-
to-end partial fusing of formerly separated particles, as
suggested by Fan et al.34−37 The intriguing shapes of these
marginally-coupled, segmented sausages and their relationship
to plasmonic and catalytic properties are subjects for further
investigation.
Similar results are obtained for other metal−salt precursors.

For example, Figure 2, panels a and b show HRTEM images of

Au@BNNTs prepared from AuCl3. Gold nanostructures tend
to form long nanorods with curved caps (as opposed to
nanoparticles with distinct facets). As in the case of Pt@BNNT,
the Au nanorods conform perfectly to the innermost walls of
nanotubes. Au nanorod lengths range from 50−350 nm, with
diameters 2−6 nm, the BNNT inner diameter range. Lattice
fringes in the Au nanorod of Figure 2, panel b are spaced at
0.204 nm, corresponding to the (002) interplanar spacing of
Au. The nanotube confinement creates very high aspect ratio
Au nanorods without the need for any surface stabilizing
ligands as prepared by other solution methods.38,39 These pure,
nanoscaled, Au rods encapsulated by electronically and
chemically inert BNNT are ideal subjects for studying
nanoplasmonics.

Figure 1. HRTEM images of (a) a double-wall BNNT with opened tip
end after nitric acid treatment; (b) encapsulated Pt nanostructures
within BNNTs; (c) Pt nanoparticles with lattice fringes corresponding
to (111) planes; (d) nanosausage formed by sintering of Pt
nanoparticles.

Figure 2. (a) TEM image of Au@BNNTs. Gold structures tend to
form long nanorods instead of separated nanoparticles. (b) HRTEM
of a single-crystallite Au nanorod with clear lattice fringes
corresponding to (002) planes. (c) Series of TEM images of a sample
tilted about the dashed red line confirming encapsulation of Au rod
inside BNNT cavity. (d) STEM high-angle annular dark field image
(contrast inverted for easier viewing) and EDS maps show chemical
composition of filling material.
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To confirm the confinement and circular cross-section of
formed metal nanostructures, TEM tilt-series are performed.
Figure 2, panel c shows results for the Au@BNNT sample. The
TEM sample stage is tilted 38°, forcing the nanotube to be
rotated about the axis denoted by the dashed red line. While a
small indexing particle clearly located on the outer surface of
the tube (in the right corner of the images) sweeps out a circle
and thus changes its projected position upon tilting, the core
nanorod does not move with respect to the tube walls or
change its diameter. This confirms that the metal nanorod is in
the core of the BNNT. Additional evidence for tight metal
nanorod confinement is provided by high-angle annular dark
field (HAADF) STEM imaging, as shown in Figure 2, panel d.
Chemical composition of encapsulated materials is inves-

tigated using EDS and EELS. Representative results are shown
in Figure 2, panel d for Au@BNNT. Elemental mapping using
EDS highlights the distribution of elements (B, N, and Au)
along the nanotube. As shown, elemental Au nanorods are
confined inside the cavity of the BNNT. The EDS spectrum
(Figure S2) confirms the purity of the metallic rod by showing
only strong Au edges with only negligible traces of other
precursor elements such as O or Cl. The apparent increase in
the B and N signals corresponding to the Au nanoparticle is
due to the increased Bremsstrahlung background in the spectral
region of the B and N K shell edges.
Filling methods similar to those described above for Pt and

Au are applied to prepare other metal-filled BNNTs including
Pd@BNNT from PdCl2 (Figure 3a), Ag@BNNT from AgNO3

(Figure 3b), In@BNNT from In(NO3)3 (Figure 3c), and Co@
BNNT from Co(NO3)2 (Figure 3d). The identity of filling
materials is confirmed by HRTEM and electron spectroscopy
of the crystals. Figure 3, panel a clearly shows an encapsulated
particle with sharp 120° facets and lattice fringes of 0.225 nm
corresponding to the (111) interplanar spacings of FCC Pd.
Much like Au, Ag filling forms almost exclusively nanorods as in
Figure 3, panel b. The 30 nm long by 5 nm wide Ag rod

exhibits lattice fringes spaced at 0.230 nm, which matches the
distance between (111) planes in Ag. The HRTEM image of
In@BNNT in Figure 3, panel c shows a crystalline In particle
forming a clear atomic interface with the innermost tubular
shells. The spacing between lattice fringes is measured to be
0.278 nm, which corresponds to the (224) lattice spacing of
tetragonal In. Similarly, Figure 3, panel d shows TEM images of
encapsulated Co particles inside BNNTs. The particles
conform nicely with the contour of BNNT innermost walls.
The measured regular spacing of the observed planes of the
lattice is 0.210 nm, which is consistent with the interplanar
spacings of (100) HCP Co. These metal@BNNT systems are
potential objects for study of nanoscaled plasmonic (Ag),40

sensor (Pd),41 thermometer (In),42 and magnetism (Co).43

Occasionally within the BNNTs we observe oxides of notably
reactive metal particles, for example, In2O3, as evidenced by the
presence of O signals in EDS spectra. The oxidation occurs
only at two ends of metal rods/particles (Figure S3). This
indicates that a full conversion to an elemental metal has
already taken place and that the oxidation of the nanowire ends
is a result of interaction with ambient oxygen or less likely from
products of the salt reduction confined in the BNNT following
the H2 reduction step.
The effect of thermal treatment temperature and time on

metal crystal morphology and size was also investigated.
Thermal treatments were conducted at 600, 700, 800, and 900
°C for 1, 2, and 4 h (under the same H2 flow). Variations in the
treatment temperature and time generally did not affect the
metal structures and dimensions. This is likely because
treatment temperatures are all well above the reduction
temperature of the metal salts, preventing further evolution
with increased treatment time beyond an already substantial
base soak time. The metal structures and dimensions do,
however, depend on the metals themselves, as discussed
previously. For example, Pt tends to form particles, rods, and
nanosausages, while Au tends to form very long nanowires.
In the series of TEM images of Figure 4, the inner cavity of

BNNTs acts as a chamber within which electron beam
irradiation induced phenomena can be observed. Particle
nucleation can be seen at t = 7s, indicated by solid yellow

Figure 3. HRTEM images of other metal@BNNTs with denoted
lattice spacings: (a) Pd, (b) Ag, (c) In, (d) Co.

Figure 4. Nanotest tube environment revealing electron beam
irradiation induced evolution of Au@BNNTs demonstrating nuclea-
tion and growth (solid yellow arrows near top of nanotube); splitting
(dashed red arrows from t = 0 s to 7 s); agglomeration (dashed orange
arrows from t = 29 s to 49 s); and splitting, agglomeration, and
translation (white brackets connected by a dashed arrow from t = 7 s
to t = 29 s) of nanoscale Au particles.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03874
Nano Lett. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03874/suppl_file/nl5b03874_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03874/suppl_file/nl5b03874_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b03874


arrows, with nanorod growth occurring near the top of the
nanotube from t = 0 s to t = 49 s. Under electron beam
irradiation, AuCl3 molecules are reduced to Au (or Au ion)
clusters.44 These clusters will coalescence to form the nuclei of
nanoparticle. Over time, more Au ion/atoms will be dissociated
from the nearby AuCl3 reservoir (amorphous-like substance at
the top of images) and join the nuclei so that the particle grows
bigger. Therefore, the gold indicated by solid yellow arrow
nucleates and grows from AuCl3 at the top of the tube, but not
from the Au particles indicated by dashed red arrows. Near the
top and the bottom of the images, there is AuCl3 solution
within the nanotubes, which under the electron beam will be
reduced and form new Au particles. There might be some small
Au clusters in the segment between the solid yellow arrow and
dashed red arrows, but they cannot be resolved. The
amorphous-like substance in the image is just amorphous
carbon or residual solvent (isopropanol) since it disintegrates
very quickly under the beam (from 7 to 29 s). Restricted to the
low dimensional environment, nanoparticles are seen to split
apart (dashed red arrows from t = 0 s to 7 s) and agglomerate
(dashed orange arrows from t = 29 s to 49 s). From t = 7 s to
29 s, the nanoparticles and nanorods near the center translate
down the tube axis, indicated by the dotted white arrow. In the
process of shifting, the nanoparticles exhibit splitting and
agglomeration as well (white brackets connected by a dashed
arrow from t = 7 s to t = 29 s). This all occurs without any
damage to the inner tube wall, indicating a low degree of
friction between filler material and the inner cavity. As such, the
BNNT serves as an inert nanoscaled chamber or test tube
inside which chemical and mechanical interactions can be
induced and studied.
We now turn to a more detailed examination of the solution-

based filling process. We postulate that the combination of high
crystallinity and small inner diameter BNNTs, and the use of
low surface energy solvents, promotes solution filling by
capillary force.32 In the case of CNTs, wetting and hence
capillarity-driven filling in accordance with the Young−Laplace
law occur for elements with a surface tension less than 100−
200 mN/m.4 A nanoscale version of the Wilhelmy method with
a BNNT based force sensor has measured the surface tension
of a BNNT (27 mN/m) to be comparable to that of CNTs.45

BNNTs with much larger diameters will have wetting
properties approaching that of hBN sheets. The surface
tensions of liquid metals explored in this study are significantly
greater (560−1900 mN/m), suggesting the inability of the
molten metals to physically flow into BNNTs without an
applied pressure. A wet-chemistry approach overcomes these
limits as metal−salt precursors dissolved in low surface tension
solvents, such as ethanol (22 mN/m), can be introduced to the
inside cavity of a BNNT by capillary force.
Furthermore, the small inner diameters (<10 nm) and highly

crystalline nature of BNNTs synthesized by the EPIC plasma
method enhance their ability to draw in liquids via capillarity.32

We find that BNNTs synthesized by other methods46,47 cannot
easily be filled with metals using wet-chemistry methods, likely
due to their large inner diameters (>50−80 nm) and often
curvy or bamboo-like structures.48 Size dependent filling
behavior for different metals may also occur. For example,
BN cavities filled by Ag are notably larger (∼4−9 nm) than
those containing Co fillings (∼2−6 nm) (Figure S4). Similar
size dependence has been observed for CNTs as well, where a
theshold diameter is proposed for cappillary filling of different
materials based on a polarizability description of the wetting

conditions.32 Our measurements for diameter dependence of
filled BNNTs is presented in Figure S4 for selected
encapsulated metals.
Discrete nanorods or arrays of nanoparticles are formed

throughout a tube cavity during thermal reduction as the
contained metal−salt precursor’s volume reduces to form the
more dense metal fillings. Calculations (as shown in Supporting
Information) of the reduction in volume from precursor to
elemental metal indicate filling efficiencies obtained are close to
their expected maximum value for some fillers. For instance,
some individual BNNTs were filled up to 10 vol % with Au,
compared to their calculated maximum filling factor of 15 vol
%. The very high aspect ratio and bundling of BNNTs make the
dependence of filling efficiency on nanotube length difficult to
determine. Theoretical maximum filling yields utilizing wet-
chemistry techniques have also been reported in the case of
CNTs. During the solution-based filling procedure described
above, solvent molecules will be encapsulated together with the
metal salt precursors within BNNTs. Nonmetal filled regions
will be left behind following thermal treatment due to the
removal of these solvents and other resultant products formed
during the thermal reduction of the metal−salt precursor.49

The loading procedure may be repeated to enhance filling
yields. Careful TEM investigation reveals that the metal
nanoparticles form randomly along the interior length of the
tubes, that is, there is no filling preference for the region near
the ends of the tubes over the middle region of the tubes.
In conclusion, we demonstrate a simple but effective route to

encapsulate nanoparticles and nanorods of various metals (Pt,
Au, Pd, Ag, In, Co) within BNNTs by a postsynthesis wet-
chemistry method for the first time. TEM, STEM, EDS, and
EELS data confirm the successful filling of metals with
crystalline structures and definite atomic boundaries within
the nanotube shells. Previous methods have demonstrated
some success in the filling of BNNTs, but only with a limited
number of insertion materials, in particular those that serve as
catalysts for the growth of BNNTs (Fe, Co)25 or fillers with
low vaporizing temperature (KCl).26 Our simplified approach is
versatile and applicable for a wide range of materials with
various vaporizing temperatures, for example Pt, Au, Ag, Pd, In,
and Co thus far. Moreover, previously reported methods have
significantly lower filling yields (less than 30% versus 60% as in
our report). They are also more expensive and time-consuming,
for instance required the creation of ampules and high
temperature. Previously reported filling methods are inherently
small batch processes, producing only a small (mg) amounts of
final sample at a time. This makes such techniques largely
unsuitable for large-scale application as would be required for
using filled BNNTs for thermal management and composites.
Our solution-based filling approach mates well with large-scale
methods of producing BNNTs using plasma synthesis.31,50 For
applications such as electromagnetic shielding composites,
significant amounts of materials are required with high
mechanical strength and thermal resistance, yet with some
electrical conductance for absorbing electromagnetic radiation.
Metal-filled BNNTs prepared by the current method meet
these requirements. Moreover, the large quantity of metal filled
BNNTs also finds promising applications in catalysts (Pt@
BNNTs),51 hydrogen storage (Pd@BNNTs),52 plasmonic
devices (Au@BNNTs),53 thermal management (Ag@
BNNTs),54 and memory devices (Co@BNNTs).55

It should be noted that previous methods for filling BNNTs
also require high temperatures (600−1000 °C), which make
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them incompatible for the filling of heat-sensitive chemicals and
biomolecules. The present method is based on solution filling
at room temperature, which is entirely suitable for biochemical
molecules (water, proton, small ion, DNA).56,57 The filling of
the inner pores of BNNTs with biochemical molecules could be
the first step in enabling nanopore science based on BNNTs.
BNNTs not only spatially confine the metal crystals, but also
serve as an electrically and chemically inert shell to protect and
enhance the stability of metal nanostructures. Hence, metals@
BNNTs present new forms of nanoscaled metals with likely
unusual optical, electric, catalytic, and magnetic properties.
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