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Here  we  report  fabrication  of  free‐standing  boron  nitride 

nanotube  (BNNT)  sheets by direct deposition  and by  vacuum 

filtration  methods,  including  novel  hybrid  assemblies  with 

BNNT  and  carbon  nanotubes.  Such  sheets  have  enabled 

production  of  polymer  nanocomposites  with  high  nanotube 

content.  Two  example  cases,  BNNT‐epoxy  nanocomposites 

(>30 wt.% BNNTs) produced by impregnation of dry sheets and 

BNNT  sheets  modified  by  integration  of  a  thermoplastic 

polyurethane  are  described.  Related  methods  have  proven 

advantageous  for  carbon  nanotube  composites  and,  enabled 

by  new  technology  for  large  scale  BNNT  production,  such 

composites  have  now  been  realized  with  BNNTs.  This 

represents  an  important milestone  towards  the development 

of BNNT‐based multifunctional composites. 

 

Boron nitride nanotubes (BNNTs) exhibit a range of properties that are 

as impressive as those of carbon nanotubes (CNTs),1-5 including 

comparable mechanical properties and thermal conductivity,6,7 but with 

substantially higher thermal stability (greater than 800 °C in air) and,8 

unlike CNTs, polarizability,9 wide band gap of ~5 eV,10 transparency in 

the visible region, and ability to shield neutron radiation.5 These unique 

characteristics make BNNTs attractive in the development of high-

performance, light-weight polymer nanocomposites, with potential to 

impact a range of engineering sectors such as aerospace and armour 

materials.11-18  

 To fully realize this potential it is important to develop diverse 

BNNT-polymer nanocomposite systems and architectures, including 

those with high fractions of BNNTs.17 For example, it was 

demonstrated that effective improvement in thermal conductivity was 

achieved at high loadings of over 10 wt. %.18 Further, as demonstrated 

in the CNT literature, one of the most effective ways to produce CNT-

enhanced polymer nanocomposites is through resin-infiltration of 

macroscopic assemblies of nanotubes such as yarns, thin films or 

sheets.19-21 This technique has advantages over dispersion/mixing 

approaches in terms of scalability, materials handling, consistency of 

the nanotube distribution in the composite and especially for achieving 

high nanotube content. Composites with a high fraction of CNTs (up to 

40 wt.%) have been reported by this approach.19 However, there have 

been very few attempts to fabricate BNNT nanocomposites using this 

technique, mainly due to the low accessibility of large quantities of 

BNNTs and the resulting lack of development of methods for making 

free-standing macroscopic assemblies of BNNTs.  The only example of 

this approach was demonstrated by soaking a BNNT mat supported on 

a filter membrane in a polymer solution for a week and achieved a high 

BNNT loading of 18-37 wt.%.22  

 The National Research Council Canada (NRC) has recently 

addressed the BNNT supply limitation through the development of a 

patent-pending, industrially scalable plasma process for BNNT 

production.23,24 Other approaches including a laser-based method25 and 

a second plasma method26 also have been developed recently. With 

these advances in the supply of high-quality BNNTs, development of 

BNNT composites is positioned to advance quickly. The NRC method, 

called hydrogen-assisted BNNT synthesis (HABS), makes use of 

hydrogen, which dramatically increases yield relative to most earlier 

high-temperature processes, to produce BNNTs without metal 

catalyst.24 The method produces few-walled, highly crystalline small-

diameter BNNTs (~5 nm diameter) at rates now approaching 30 g/h, 

which effectively removes previous supply limitations to the 

development of BNNT composites. It is also observed that the diversity 

in the macroscopic morphology of the as-produced BNNT materials 

from the HABS process (see Fig. 1) lends to its easy adaption in 
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fabricating macroscopic BNNT assemblies,24 which are highly 

advantageous in the manufacturing of BNNT composites with high 

fraction of nanotubes. Here we report the fabrication of BNNT-polymer 

nanocomposites, including BNNT-epoxy and BNNT-polyurethane, for 

the first time from free-standing, nanotube papers (often called 

buckypaper in the carbon nanotube literature), demonstrating that this 

approach and its advantages are now accessible and effective for 

production of high nanotube content BNNT composites. In addition, 

new macroscopic BNNT assemblies (anisotropic BNNT sheets and 

CNT/BNNT heterobuckypapers) are reported and present new 

possibilities for multifunctional nanocomposites. 

 In this work, BNNTs were synthesized from hBN via the HABS 

process, post-purified, and then formed into BNNT buckypapers by 

solvent dispersion and vacuum filtration similar to typical procedures 

employed in production of CNT buckypaper. (Additional details on the 

BNNTs and buckypaper production methods are provided as 

Supplementary Information, including Figs. S1 to S4.) The free-

standing BNNT buckypapers (Fig. 2a) produced from purified BNNT 

dispersions provided good structural integrity. The filtration method 

was directly scaled up to 30 cm × 30 cm and subsequently adapted to 

produce 30 cm × 1 m sheets (see, also, Fig. S4). The typical physical 

and mechanical properties of pristine BNNT buckypapers are 

summarized in Table 1. The fabricated BNNT buckypapers are flexible 

and foldable, and leverage the multifunctional properties of BNNTs. 

For example, the inset of Fig. 2a shows a BNNT paper airplane in a 

natural gas flame, illustrating its foldability and high flame resistance. 

BNNT buckypaper is stable without any structural deformation over 

extended periods in the flame due to the high thermal stability of 

BNNTs (see Fig. S5 for comparison to CNT and cellulose-based 

papers). The thermal stability was also assessed by TGA, showing 

stability in air to over 900 °C (see Fig. S3). Hence, BNNTs offer an 

obvious advantage over CNTs for flame and high-temperature resistant 

nanocomposite applications.     

 We also demonstrated the fabrication of heterostructured 

buckypapers using similar dispersion-filtration techniques, which offer 

the potential for additional sets of multifunctional properties due to the 

discrete properties of the individual layers. Figures 2b and 2e show two 

heterobuckypapers composed of both CNTs and BNNTs. The first 

heterobuckypaper shown in Fig. 2b has CNT and BNNT layers on 

opposite sides, and is coined a “Janus buckypaper” after the two-faced 

Roman god Janus and similar to the convention used for comparable 

heterostructured particles.27 The second heterobuckypaper shown in 

Fig. 2e is a sandwich cookie structure consisting of alternating layers of 

CNT, BNNT and CNT.  The optical microscope image in Fig. 2g shows 

that these are well-defined layers approximately 50 μm in thickness. 

These novel structures can offer additional functionalities over 

homogeneous buckypapers and may be of particular interest for 

polymer composite applications. For instance, structures with highly 

anisotropic electrical properties (e.g., for insulated high-temperature 

wire, see Fig. S6), or to combine electromagnetic and neutron shielding 

capabilities. The highly-conductive CNTs and high relative permittivity 

and dielectric strength of BNNTs present the opportunity to produce 

entirely nanotube-based capacitors.28 We demonstrate flexible all-

nanotube capacitors in Fig. 2h and Fig. S7. Using an LCR meter to 

measure capacitance and treating the structure as a parallel plate 

capacitor indicates an apparent dielectric constant of κ~3 and 0 μA 

leakage for the sandwich cookie buckypaper heterostructure. 

Applications and detailed physico-chemical properties of such 

heterobuckypapers are currently under investigation.   

 BNNT buckypaper structures can also be produced in situ within 

the synthesis reactor.  Figure 3 shows a BNNT sheet (12.7 cm × 11.3 

cm) formed on a rotating cylinder that was placed within the reactor 

during a BNNT synthesis run (see also Fig. S8), inspired by previous 

demonstrations for CNTs.29,30 This as-produced BNNT sheet (Fig. 3b) 

is flexible and mechanically robust. Its mechanical properties are 

summarized in Fig. 3c. The lower strength and stiffness compared to 

the BNNT buckypapers prepared by post-processing can be understood 

due to its lower density (0.16 g/cm3). Interestingly, this BNNT sheet 

exhibits anisotropy in strength and stiffness, unlike the buckypapers 

formed from the post-processing method. Higher strength and stiffness 

are obtained along the direction of rotation of the cylinder (i.e., length 

direction). This observation is attributed to partial alignment of the 

BNNTs along the rotation direction (see Fig. 3d).   

 The BNNT sheet assemblies described above provide a platform for 

high-nanotube content composites previously reported for CNTs. Such 

nanocomposites were demonstrated by using pristine BNNT 

buckypapers prepared by post-processing. The first example is an 

epoxy-infiltrated BNNT buckypaper composite (Fig. 4) made by 

infusing a low viscosity, aerospace-grade epoxy resin (Araldite 

MY0510 with Aradur HT 976, 4,4'-diaminodiphenylsulfone curing 

agent) into a BNNT buckypaper. Impregnation of small pieces of 

BNNT buckypaper (3.5 cm × 5.0 cm; ~60µm thick) was implemented 

through pure capillary force. Prior to the impregnation step, a hot-plate 

was used to heat the buckypaper to approximately 100˚C. The epoxy 

resin, pre-heated to 100˚C, was poured on top of the BNNT buckypaper 

and, after infiltration, excess resin was wiped off using lint-free 

absorbent wipes. The sample was then placed between glass plates with 

a small weight to avoid any warpage of the sample and oven-cured 

according the manufacturer recommended curing protocol (120˚C for 2 

h with postcuring at 177˚C for 2 h).      

 Figure 4a shows a photo of epoxy-impregnated BNNT buckypaper 

composite with 32 wt.% nanotube content. Unlike polymer-

impregnated CNT buckypapers, this BNNT-epoxy composite is semi-

transparent. The BNNT content was determined from the areal density 

(g/cm2) before and after resin impregnation and verified by TGA (e.g., 

Fig. 4b). Given the temperature stability of BNNTs and that the residue 

from combustion of the epoxy was negligible, TGA provides a more 

ideal tool for quantifying composition in this case than it does for CNT 

buckypapers. TGA is effective even for BNNT buckypapers with a 

significant boron impurity, in which case masses can be taken before 

the mass curve increases due to boron oxidation (see Fig. S3). Figure 4c 

is a SEM image of a resin-infiltrated BNNT composite taken from the 

cross-sectional area of a fractured specimen. This image shows 

significant pull-out of BNNT ropes, which is an effective energy 

absorbing mechanism during failure of fiber-reinforced composites. 

This phenomenon also can be seen in CNT buckypaper composites.21 A 

good interaction (i.e., wetting of BNNT with resin) can be observed in 

this SEM image as well as in a contact angle image in Fig. 4a.  The 

initial contact angles were below 60° indicating wetting of the surface.   

 Table 1 summarizes the measured physical and mechanical 

properties of BNNT buckypaper before and after resin impregnation. 

After impregnation, the void content decreased from 80% to less than 
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5%, suggesting that nearly full impregnation of the BNNT buckypaper 

was achieved. For pristine BNNT buckypaper, the Young’s modulus 

was ~0.5 GPa and the ultimate tensile strength was ~2 MPa. After 

epoxy-impregnation, the Young’s modulus is improved by almost 20 

fold (to 7.7 GPa) as compared to the pristine BNNT buckypaper (0.37 

GPa) and a factor of 2 higher than the neat epoxy. Dynamic mechanical 

analysis (DMA) measurements also verify increased stiffness (> 2× 

higher storage modulus than the neat epoxy near room temperature), 

but with several degrees decrease in glass transition temperature 

observed from the shift in the tan(δ) peak (Fig. S9). The ultimate tensile 

strength of the composite (42 MPa) shows a 20 fold enhancement 

versus the pristine BNNT buckypaper. However, this value is still only 

about 60 % that of the neat epoxy (~71 MPa). Measured strain at failure 

of 0.6% indicates the brittleness of the composite. Improvements in 

BNNT purity and the impregnation method, as well as stronger 

interaction between BNNTs and epoxy (e.g., by using functionalization 

such as employed for CNT buckypapers)31,32 should further improve the 

mechanical properties and are the subject of current studies.   

 In a second example, polymer nanocomposites were prepared by 

using thermoplastic polyurethane (TPU; UAF 472 by Adhesive Films 

Inc.) to modify the buckypaper properties. The TPU-modified BNNT 

buckypaper composites (Fig. 5) were prepared by both (1) infiltration 

of preformed buckypapers and (2) a one-step filtration method using a 

BNNT/TPU suspension. In the infiltration method the pristine 

buckypaper was immersed in a TPU solution in THF (40 mg/mL) for 

24 h before removing the solution and drying on a Teflon film, 

resulting in a BNNT:TPU ratio of 83:17 by weight. In the one-step 

filtration method TPU and purified BNNTs were mixed at a 5:1 weight 

ratio in tetrahydrofuran (THF) or THF/methanol mixtures.  After bath 

sonication for 30 min to form a homogeneous suspension, the 

suspension was filtered through a PTFE filter membrane (0.2 µm pore 

diameter) and the composite was sandwiched between sheets of 

parchment paper and dried at room temperature overnight.  

 Table 2 summarizes BNNT/TPU samples prepared for this study. 

After the infiltration (i.e., simply soaking the nanotube buckypaper in a 

TPU solution for 24 h), the buckypaper density increased from 0.38 

g/cm3 to 0.50 g/cm3. Note that unlike the nanocomposites formed by 

epoxy-impregnation, these sheets retain the porous character of 

buckypaper.  It was found that increasing the concentration of the TPU 

solution or the infiltration time did not increase significantly the TPU 

content in the nanocomposite during the infiltration. As demonstrated in 

Fig. 5a and 5b, the nanocomposites are flexible, mechanically robust 

and semi-transparent. A summary of mechanical properties is shown in 

Figs. 5d and 5e. The pristine BNNT buckypaper in this case presented a 

Young’s modulus of 0.245 GPa, an ultimate tensile strength of ~1 MPa 

and a strain at failure of 0.4 % while the neat TPU resin presents a 

Young’s modulus of 0.056 GPa, a yield strength of 5 MPa. After 

incorporation of the TPU in the preformed BNNT buckypaper, the 

elastic modulus and the failure strength showed 2 and 5 fold 

improvements, respectively, while the elongation at break improved by 

4.5 fold compared to the pristine BNNT buckypaper.  

 In the one-step filtration method, the use of a combination of 

different volume ratios of good and bad solvents for TPU (i.e., THF and 

methanol) proved to be effective in controlling the BNNT/TPU ratio in 

the final nanocomposite; as the content of the bad solvent (methanol) 

was increased in the solvent mixture, the TPU content in a composite 

increased. The density also increased with the TPU content but a 

significant void content is still present in all samples. FTIR spectra 

recorded in attenuated total reflectance (ATR) configuration show 

signals for TPU and BNNTs even in cases where TPU is present at < 10 

wt.% (see Fig S10). For the samples with high BNNT:TPU ratio and 

low density, the best mechanical properties were observed for the case 

of BN75PU25 (i.e., 75% BNNTs and 25% TPU by weight), which 

showed improvements in elastic modulus, ultimate tensile strength and 

strain at failure of 4.4 fold, 8 fold, and 7 fold, respectively,  compared 

to pristine BNNT buckypaper. While at low TPU-content the polymer 

improves the buckypaper properties, at high TPU-content the properties 

are qualitatively different and more resemble the TPU polymer. In the 

latter case, the nanocomposites are lower stiffness, higher density, and 

have much higher strain at failure (~2000 times higher than the BNNT 

buckypaper) approaching that of neat TPU. Accordingly, the one-step 

filtration method appears to be effective for the fabrication of light-

weight (0.5 g/cm3), high BNNT content nanocomposites with improved 

and tailor-able mechanical properties. Due to its porous character, TPU-

modified BNNT buckypapers also can serve as an intermediate to 

preparation of other high-BNNT content polymer nanocomposites.    

Conclusions 

The accessibility of commercial-scale quantities of BNNTs and their 

macroscopic assemblies has been a significant challenge in the 

realization of various BNNT-based multifunctional materials, 

especially in nanocomposite applications with high fractions of 

BNNTs.18 By leveraging a recent advancement in BNNT production 

technology,24 we have demonstrated the production of BNNT-polymer 

nanocomposites with high BNNT content, for the first time by resin-

infiltration of free-standing BNNT buckypaper assemblies with both 

epoxy and TPU resins. The epoxy composite showed large 

improvements in both modulus and ultimate tensile strength compared 

to a pristine BNNT buckypaper, and a 2 fold improvement in modulus 

when compared to the bulk resin. The TPU-modified BNNT 

buckypaper nanocomposites showed promising improvements, 

including significant increases in yield strength, modulus and strain at 

failure compared to unmodified BNNT buckypaper and tailorable 

properties that become more TPU-like, with high strain at failure, as the 

BNNT:TPU weight ratio decreases. Realization of BNNT buckypaper-

based nanocomposites with high nanotube content, which have proven 

advantageous in the carbon nanotube field, is an important step in the 

development of BNNT composites for structural and multifunctional 

applications. As such, it would also be interesting to examine other 

properties such as thermal or electrical properties. Novel 

heterostructures produced with CNT and BNNT layers were also 

demonstrated and represent opportunities for new, multifunctional 

composites that leverage the anisotropic properties across the different 

layers, including for insulated conductors, flame resistance, capacitors 

and other cases.33,34   
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Table 1. Physical and mechanical properties of pristine and epoxy-infiltrated BNNT 
buckypaper sheets. 

 

Sample Density 
(g/cm3) 

Void 
Content (%) 

Young’s Modulus 
(GPa) 

Ultimate Tensile 
Strength (MPa) 

Strain at 
Failure (%) 

Pristine 
BNNT BP 

0.43 80% 0.37 2 0.8 

BNNT 
BP/epoxy 

1.34 5% 7.7 42 0.6 

 
Note: According to the epoxy resin manufacturer, Young’s modulus, ultimate tensile strength 
and strain failure of 3.5 GPa, 71 MPa and 2.7%, respectively, are reported for the bulk resin.  
 
 
 
Table 2. Physical properties of pristine and BNNT-polyurethane nanocomposites  

 
Sample Method Solvent BNNT:TPU 

(wt. ratio) 
Density 
(g/cm3) 

Void 
Content  

BNNT 
 

Filtration Methanol NA 0.38 80 

BN83PU17 
 

Infiltration THF 83:17 0.50 72 

BN93PU7 
 

On-step 
filtration 

THF 93:7 
 

0.51 
 

72 

BN75PU25 
 

On-step 
filtration 

THF/Methanol 
(1:0.8) 

75:25 0.59 66 

BN25PU75 
 

On-step 
filtration 

THF/Methanol 
(1:1)

25:75 0.75 45 
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Figure 1. Photographs of as-produced BNNT materials with different macroscopic 
morphologies. (a) Reaction product in bulk (~20 g). (b) Fibril-like BNNT materials. (c) 
Aerogel and web-like materials. (d) Sheets and thin films. (e) Aerogel-like materials. 

 
 
 

 
 
Figure 2. BNNT and heterostructured buckypapers. (a) Photograph of pristine BNNT 
buckypaper. Inset is a flame test of a BNNT paper airplane (see Fig. S4 for additional 
information). (b) Photograph of Janus buckypaper composed of two different surfaces of 
BNNT and CNT. (c), (d) SEM images of Janus buckypaper showing (c) the BNNT and (d) 
the CNT surfaces, respectively. The scale bars are 0.5 μm. (e), (f) Photographs of sandwich 
cookie buckypaper composed of three consecutive layers of CNT/BNNT/CNT. (g) Optical 
image showing the cross section of sandwich cookie buckypaper. The thickness (To) of the 
BNNT layer is ~50 μm. (h) A flexible capacitor implemented with sandwich cookie 
buckypaper. 
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Figure 3.  (a), (b) As-produced BNNT sheet (12.7 cm × 11.3 cm; 0.16 g/cm3) formed in-situ 
during the BNNT synthesis. (c) Results of mechanical properties of the BNNT sheet in two 
different directions (length and width directions).  (d) SEM images of the BNNT sheet 
showing partial preferential alignment of BNNT along the rotation direction.  The scale bar in 
the inset is 500 nm. 
 

 
Figure 4. BNNT-epoxy composite. (a) Photograph of a 60µm thick BNNT buckypaper 
infiltrated by an epoxy resin (32 wt. % of BNNT). Inset is a contact angle measurement of the 
epoxy resin on a pristine BNNT buckypaper. The initial contact angles were below 60° 
indicating wetting of the surface. (b) TGA in oxidation mode verifying BNNT content in the 
buckypaper composites (c) SEM image of the cross-sectional area of a resin-infiltrated BNNT 
buckypaper. (d) Tensile properties of pristine and epoxy-infiltrated BNNT buckypaper sheets. 
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Figure 5. TPU-modified BNNT buckypaper composites. (a) Photograph of 75 µm and (b) 35 
µm thick composites obtained by the infiltration and one-step filtration methods, respectively. 
(c) SEM image of the cross-sectional area of a resin-infiltrated BNNT buckypaper 
(BN83PU17). The scale bar is 1 μm. (d), (e) Tensile properties of the neat TPU, pristine 
BNNT buckypaper and nanocomposite samples.  
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