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Herein, we apply a one-step filtration method to obtain boron nitride nanotube (BNNT)-based fabrics 
incorporating high content of BNNTs and an adhesive thermoplastic polyurethane (TPU). The adsorption 
behavior of TPU on BNNTs of different qualities and on functionalized BNNTs was evaluated in a two-
solvent system and contrasted with carbon nanotubes, pointing to differences in surface interaction. 
BNNT quality affected not only the nanocomposite mechanical properties but also the trends as a 
function of increasing TPU content and the adhesion to substrates. Samples containing higher quality 
BNNT materials showed up to 12-fold improvement in Young’s modulus, while functionalization 
improved the tensile toughness. Thermal conductivity varied between 1.5 and 3 W m−1 K−1 depending 
primarily on the BNNT content and without a pronounced effect from the quality of BNNTs. The BNNT-
TPU fabric offers a promising format to exploit BNNTs within tough, electrically insulating, thermally 
conductive materials for heat dissipation within packaging or adhesive materials in electronics.

Introduction
The development of low-dimensional boron nitride (BN) mate-
rials, such as boron nitride nanotubes (BNNTs), parallels that 
of their carbon equivalents (carbon nanotubes, graphene, etc.). 
Research in this area has increased in recent years due to new 
synthetic methods and increased availability of the materials 
such as BNNTs [1]. BNNTs are structural analogues to carbon 
nanotubes (CNTs) and possess similar mechanical properties 
with reported values of Young’s modulus as high as ~ 1 TPa and 
maximum stress of ~ 60 GPa [2]. However, the polarity of the 
BN bond imparts partial ionic characteristic of BN materials, 
which leads to different and complementary functional prop-
erties compared to nano-carbon materials. BNNTs are wide 
bandgap semiconducting materials with a nearly constant band-
gap (~ 6.0 eV) regardless of chirality, diameter, or the number 
of walls [3]. They are transparent in the visible region of the 

electromagnetic spectrum, exhibit electrical insulation with 
high thermal conductivity (350 W m−1 K−1) [4], and have higher 
thermo-oxidative stability than CNTs [5]. Due to the presence of 
boron, BNNTs are also effective absorbers for neutron radiation 
[6]. All these characteristics have attracted research interest for 
different applications of BNNTs and other BN structures [7–10]. 
Partially due to their highly polarized electrical characteristics 
and the resulting strong Coulomb interactions, BNNTs are capa-
ble of forming strong binding interfaces with polymer matri-
ces such as epoxies showing a superior interfacial load transfer 
capacity in composites relative to CNTs [11]. Fiber-reinforced 
polymer composites incorporating BNNTs into the epoxy matrix 
showed enhancements in shear and impact properties of the 
hybrid composites [12] while incorporation into an epoxy 
adhesive also led to increased lap shear strength associated with 
observations of pull-out of BNNTs at the failure surfaces [13]. 


 F

OC
US

 IS
SU

E

© Crown 2022 

Article

BORON NITRIDE NANOTUBES

http://orcid.org/0000-0002-1548-6504
http://www.mrs.org/editor-manuscripts/
http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00707-x&domain=pdf


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
37

  
 I

ss
ue

 2
4 

 D
ec

em
be

r 2
02

2 
 w

w
w

.m
rs

.o
rg

/jm
r

© Crown 2022 4554

Article

Recently electrically insulating yet thermal conductive polymer 
composites have been widely explored for application in thermal 
management of electronics, and in these applications, high BN 
loadings are usually required while achieving simultaneous high 
ductility [14, 15]. In the case of BNNTs, polymer composites 
with high BNNT content (~ 25−35 wt%) have been reported to 
have thermal conductivities of 1.5–4 W m−1 K−1 [16, 17], which 
is in the range of 5 to 25 times higher than the polymer matrix. 
Other potential applications of polymer composites with high 
BN content have been reported, including thermally conduc-
tive flexible adhesives [18] and neutron radiation shielding [19].

Development of non-woven sheets or fabrics offers a practi-
cal route to achieve high reinforcement content in nanocom-
posites, which is often required to realize the desired multi-
functional properties for a particular application. Lightweight 
nanotube buckypapers and nanotube/polymer composite sheets 
with high nanotube content are also attractive because they 
simplify the handling of nanomaterial and can be readily inte-
grated into conventional composite systems as well as laminated 
structures [20–24]. We recently developed a one-step filtration 
method for the fabrication of such nanocomposite fabrics using 
CNTs and a thermoplastic polyurethane adhesive (TPU) [22, 
25]. The method uses a TPU solvent/non-solvent combina-
tion to enhance polymer interaction with nanotubes and to 
facilitate a fast recovery of non-woven nanocomposite sheets of 
controlled and tailorable composition by vacuum filtration. We 
demonstrated that the adsorption of TPU on CNTs can be con-
trolled through solubility modulation and TPU chains mainly 
form a stable shell or coating around the CNTs leaving a low 
concentration of TPU in solution. CNT-TPU nanocomposites 
can then be recovered by vacuum filtration in a very short time 
as a non-woven sheet made of highly entangled and randomly 
oriented CNT/TPU “nano-fibers.” The network packing and 
possibly the nanotubes exfoliation were also shown to depend 
on the nanotube to TPU ratio. This new method of producing 
nanocomposite sheets is in contrast to processing methods that 
involve the fabrication of a high nanotube content preform or 
buckypaper followed by a polymer infiltration step [21, 26].

Here, we report the development of BNNT-TPU nano-
composite sheets of variable composition via the one-step 
vacuum filtration process applied to BNNT materials with 
different quality. Adsorption of TPU on pristine and non-
covalently functionalized BNNTs, respectively, was studied 
and compared to the behavior observed with CNTs. The 
observed different interactions between TPU and BNNTs, in 
comparison with CNTs, correlate to the differences in tensile 
mechanical properties. Elastic modulus mapping by atomic 
force microscopy (AFM) was employed to analyze the com-
plex morphology of the nanocomposite sheets revealing sig-
nificantly different mechanical responses depending on the 
nanotube type. The resulting tough and thermally conductive 

BNNT composites are promising for heat dissipation within 
packaging or adhesive materials in electronics, and potentially 
for other applications such as neutron shielding of space struc-
tures that would also benefit from robust polymer composites 
with added multifunctional features of BNNTs.

Results and discussion
Different TPU adsorption behavior on BNNTs

BNNT-TPU sheets of variable composition were fabricated by 
applying a one-step filtration process previously reported for CNT-
TPU composite sheets [25]. The method is based on the controlled 
adsorption of TPU on high surface area nanotubes (∼250 m2/g 
for CNTs) dispersed in a TPU solvent/non-solvent mixture. At an 
optimized solvent/non-solvent ratio, by simply changing the con-
centration of TPU in solution (increasing the TPU:CNT ratio), it 
is possible to readily recover nanocomposite sheets with controlled 
composition and tailorable properties. Using this approach, in the 
presence of CNTs, upon mixing with the non-solvent, a significant 
fraction of the dissolved TPU (~ 70%) is separated from the solu-
tion and immobilized onto the surface of the CNTs rather than 
coagulated in the solvent mixture facilitating the fast recovery of 
non-woven sheets by vacuum filtration. The conditions and sol-
vent/non-solvent ratios previously employed for the fabrication 
of CNT-TPU sheets were initially applied to the BNNT-TPU sys-
tem (see Supplementary Information). Under those conditions, 
contrary to the case of CNTs, coagulation of the TPU rather than 
immobilization onto the surface of the BNNTs as result of non-
covalent van der Waals interactions was still evident (Fig. S1). 
This made the recovery of the sheets difficult by filtration due to 
a high concentration of polymers blocking the membrane filter. 
The BNNT-1 and BNNT-2 materials employed in this study were 
obtained from two different purification batches producing materi-
als with specific surface areas of 180 m2/g and 250 m2/g, respec-
tively, with the latter being comparable to the specific surface area 
of CNT previously employed. The BNNT material was also evalu-
ated using the recently developed method for quality assessment 
(see Fig. S2), which also indicated higher quality of the BNNT-2 
material compared to BNNT-1 in agreement with SEM imaging 
results (Fig. S3). In the presence of both BNNT materials, regard-
less of the surface area and quality, coagulation of the free polymer 
was observed rather than immobilization of the polymer onto the 
surface of the BNNTs. This clearly confirmed a weaker interaction 
of the TPU with BNNTs in comparison with CNTs. Nevertheless, 
by increasing the concentration of BNNTs and the non-solvent to 
solvent ratio, it was possible to force the adsorption of TPU onto 
the BNNT surface, allowing the recovery of nanocomposite sheets 
by vacuum filtration.

Table 1 summarizes the compositional properties of BNNT-
TPU nanocomposite sheets with different BNNT/TPU weight 
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ratios obtained by changing the BNNT:TPU ratio in the solvent 
mixture (i.e., BNNT:TPU weight ratios of 1:1, 1:1.5, 1:2, 1:3, 
and 1:4 in solution). Note that in all cases, the amount of TPU 
adsorbed on the nanotubes, and that appears in the composite 
fabric recovered after filtration, is lower than the initial amount 
added in solution, as determined by the partition coefficient of 
TPU on nanotube to the concentration of TPU in the liquid 
phase [25]. The lowest BNNT (highest TPU) content that is 
possible to attain using this method is limited by the increased 
adhesion of the nanocomposites to the PTFE filter membrane 
as the TPU content increases, which prevents detachment and 
the complete recovery of the dried nanocomposite sheets. It 
was observed that this limit of BNNT/TPU composition varied 
depending on the quality of the BNNT material used (e.g., 31/69 
and 26/74 for BNNT-1 and BNNT-2, respectively, in Table 1).

The densities of the BNNT-TPU sheets indicate that all the 
nanocomposites are porous in nature. Although not as clear 
as for the case of CNT-TPU sheets, where an optimal network 
packing was evident at a CNT/TPU composition of 35/65 by 
weight [25], measurements of the sheets thickness and cal-
culations of the void fraction (Table 1) are also indicative of 
a network densification at a critical BNNT/TPU weight ratio. 
For example, for BN2-PU sheets (with higher purity BNNTs), 
the volume faction of BNNTs (vol%) is relatively constant for 
BN2-PU-1, BN2-PU-1.5, and BN2-PU-2 as the TPU content 
increases, while the sheet thickness and void content show 
minimum values for BN2-PU-2 sheets (BNNT/TPU composi-
tion of 42/58 by weight). Although the void fraction decreases 

as the TPU content increases, as expected, it increases at BNNT 
vol% lower than 23% for BNNT-1 and 19% for BNNT-2 nano-
composites. This increase in the void fraction is indicative of 
a deterioration of the network packing. Table 1 also includes 
sheets fabricated using functionalized BNNTs (f-BNNT-2). In 
this case, the BNNTs were noncovalently functionalized with 
regiorandom poly(3-hexyl-thiophene) (rra-P3HT) prior to 
integration with TPU. The conjugated rra-P3HT polymers self-
assemble on BNNTs via π-π stacking [27], producing a stable 
and uniform dispersion of exfoliated rra-P3HT/BNNT hybrids 
in CHCl3 and could potentially influence the interactions at the 
BNNT-TPU interface. The presence of hydrophobic alkyl chains 
on the BNNT surface could result in a favorable interaction with 
the hydrophobic segments of TPU.

The adsorption behavior, defined as the process through 
which a net accumulation of a substance occurs at the common 
boundary of two contiguous phases, was evaluated for BNNTs. 
Similar studies were previously undertaken to describe surface 
modification of CNTs with TPU in the production of CNT-TPU 
nanocomposites [25]. The degree of TPU adsorption (Cads) by 
BNNTs was determined using the mass balance (Eq. 1). Using 
this procedure, however, it can be difficult to discriminate 
between real adsorption and phase separation, especially consid-
ering the observed lower affinity of TPU to BNNT. The complex 
behavior is described in Fig. 1 by plotting the solute (i.e., TPU) 
concentration in the liquid phase (Ceq) on the x axis versus Cads 
on the y axis. It can be observed that the adsorption behavior of 
TPU to BNNT-1 and BNNT-2 was similar, while functionalized 

TABLE 1:   Physical properties of the 
BNNT-TPU sheets recovered by 
the one-step filtration method by 
changing the BNNT:TPU ratio in 
the solvent mixture (See “Methods” 
section).

a Note that in the sample labels (BNx-PU-y), x indicates the type of BNNTs (e.g., BNNT-1 or BNNT-2) and y indi-
cates the TPU to BNNT weight ratio in the solvent mixture, before filtration, while f corresponds to functional-
ized BNNTs with rra-P3HT.

Sample namea

BNNT-TPU sheets recovered by vacuum filtration

BNNT/TPU weight 
ratio (w/w) Density (g/cm3) Thickness (µm)

Volume fraction (vol%)

BNNT TPU Void

BN1-PU-1 60/40 0.93 56 29 31 40

BN1-PU-1.5 49/51 1.00 63 26 42 32

BN1-PU-2 42/58 1.06 71 23 51 25

BN1-PU-3 31/69 0.97 104 16 56 28

BN2-PU-1 60/40 0.77 68 25 25 50

BN2-PU-1.5 49/51 0.91 70 23 39 38

BN2-PU-2 42/58 1.14 66 25 56 19

BN2-PU-3 31/69 1.19 85 19 69 11

BN2-PU-4 26/74 0.99 123 14 61 25

f-BN2-PU-1 54/46 0.81 72 23 31 46

f-BN2-PU-1.5 44/55 0.88 80 21 41 38

f-BN2-PU-2 39/61 1.15 71 23 59 18

f-BN2-PU-3 29/71 1.19 91 18 71 11

f-BN2-PU-4 23/77 1.11 123 14 71 15
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BNNTs (f-BNNT-2) show higher adsorption (i.e., higher Cads 
for a given Ceq). This is attributed to an improved interaction 
between TPU and the modified BNNTs with rra-P3HT (which 

allows BNNT to be more exfoliated), leading to the recovery 
of higher TPU content sheets and reduced void fraction (e.g., 
25 void% vs. 15 void% for BN2-PU-4 and f-BN2-PU-4, respec-
tively, in Table 1) at equivalent fabrication conditions. It is worth 
mentioning that, in contrast to the observations with BNNTs, 
similar sheets incorporating h-BN, instead of BNNTs, cannot be 
produced using this one-step filtration method due to a weak 
interaction with TPU and inefficient h-BN exfoliation (low spe-
cific surface area). In the presence of h-BN, TPU adsorption was 
not favored and composite sheets cannot be readily recovered 
by vacuum filtration.

Figure 2 shows representative SEM images of the surface of 
BNNT-TPU composite sheets fabricated by the one-step filtra-
tion method at different TPU contents incorporating BNNT-1 
and BNNT-2 materials. SEM images of the purified BNNTs 
employed in this study are shown in Fig. S3. Figures 2 and S3 
show that both BNNT materials still contain BN impurities 
(non-tubular features), although a higher content of impurity 
can be observed in the BNNT-1 material, in agreement with 
the quality assessment results (Fig. S2). Similar to the previous 
observations for CNT-TPU sheets (Fig. S4), the BNNT-TPU 

Figure 1:   Adsorption data of TPU on BNNTs in the solvent/non-solvent 
mixture for BNNT-1 (blue filled circle), BNNT-2 (green filled square) and 
f-BNNT-2 (brown filled triangle).

S61-1a c

b d

voids

voids

free TPU

Figure 2:   SEM images of the surface of BNNT-TPU composite sheets incorporating BNNT-1 and f-BNNT-2 at different BNNT/TPU weight ratios: (a) 
BN1-PU-1, (b) BN1-PU-3, (c) f-BN2-PU-1, and (d) f-BN2-PU-3.
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nanocomposites also show a fiber-like morphology; however, 
in contrast to the CNT case, the TPU appears mainly deposited 
onto BNNT bundles rather than coating individual nanotubes 
and bundles. This again suggests that the interaction between 
TPU and BNNT is weaker than that of TPU and CNT.

Controllable tensile properties and nanomechanical 
mapping

Tensile tests were performed on the nanocomposite sheets to 
determine the effect of BNNT/TPU weight ratio and BNNT 
quality on the stiffness, toughness, extensibility, and strength of 
the nanocomposites. Results for neat TPU are shown in Fig. S5 
where three regions commonly observed for pristine TPU are 
evident: first, the behavior at low deformation and an appear-
ance of a clear yield point; second, the region of plastic flow 
deformations; and third, the strain hardening region. Figure 3a 
shows typical tensile stress–strain curves obtained for BNNT-
TPU sheets incorporating the f-BNNT-2 material. Table 2 sum-
marizes the tensile mechanical properties of the BNNT-TPU 
nanocomposite sheets as a function of TPU content. For com-
parison, nominally 100% BNNT papers (buckypapers) made 

from BNNTs synthesized and purified by the same methods 
have Young’s modulus ~ 500 MPa, although at lower density 
(~ 0.3 g/cm3), but very low strength (~ 2–4 MPa) and failure 
strain (~ 1%) compared to the BNNT-TPU sheets. 

Results indicate up to 12-fold improvement in Young’s 
modulus after the incorporation of BNNTs. A comparison 
between BNNT-1 and BNNT-2 nanocomposites shows that, 
despite the similarities in TPU adsorption behavior (Fig. 1), 
the use of the higher quality BNNT material improved the 
stiffness of the BNNT-TPU nanocomposites (Fig.  3b). 
Moreover, the stiffness reaches a maximum at lower BNNT 
content in the case of f-BNNT and BNNT-2 in comparison 
with BNNT-1, with BNNT/TPU weight ratios of 49/51 and 
42/58 for BNNT-1 and BNNT-2, respectively (indicated by 
dashed lines in Fig. 3b). The decrease in stiffness above an 
optimal TPU content was previously understood for CNT-
TPU sheets as the result of surpassing an optimal nanotube 
surface coverage at a critical CNT/TPU weight ratio leading 
to a combination of adsorbed TPU and free TPU. At the criti-
cal nanotube/TPU weight ratio, an optimal nanotube network 
density/packing and interface contribution (fraction of the 
polymer phase strongly adhered to the nanotube surface) 

Figure 3:   Typical tensile stress−strain curves for BNNT-TPU sheets of different BNNT/TPU weight ratios (Table 1) incorporating functionalized BNNTs 
(f-BNNT-2) (a). Summary of tensile mechanical properties of nanocomposite sheets incorporating pristine BNNTs of different quality (BNNT-1 and 
BNNT-2) and functionalized BNNTs (b, c, and d, lines to guide the eye).
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leads to an optimal improvement in the nanocomposite stiff-
ness and strength [25]. In this study, a higher stiffness with 
a higher TPU content at optimal compositions was observed 
for the higher quality BNNT-2 material. As disused above and 
shown in Table 1, an inherent characteristic of the obtained 
lightweight non-woven sheets is that the void content changes 
(can be controlled) with the BNNT/TPU ratio and it can also 
be affected by the network packing. These variations in void 
content will affect the sheet density and the values of spe-
cific modulus, as shown in Fig. S6. However, in a similar way, 
a higher specific modulus was achieved when BNNT-2 was 
used. The low specific surface area of low aspect ratio BN 
impurities still present in the purified BNNT materials was 
previously demonstrated [28], which likely explains the lower 
reinforcement observed for BNNT-1 compared to BNNT-2.

It is worth noting that even though a similar TPU adsorp-
tion behavior was observed for BNNT-1 and BNNT-2 (Fig. 1), 
their nanocomposite sheets also showed different adhesion 
behavior to the membrane filter with a stronger adhesion to 
the membrane filter observed for BNNT-1 composites as the 
TPU content increased. This adhesion to the filter limited the 
recovery of nanocomposite sheets to those with lower TPU 
contents for BNNT-1 vs BNNT-2 (i.e., BN1-PU-4 cannot be 
recovered from the membrane filter). Consequently, at equiv-
alent BNNT/TPU weight ratios (e.g., above ~ 50/50 Fig. 3b), 
the fractions of the polymer phase strongly adhered to the 
nanotube surface would become lower with increased frac-
tions of unbound or “free” TPU as the TPU content increases. 
A higher fraction of unbound TPU in BNNT-1 increased the 
nanocomposite adhesion to the membrane (or any other sub-
strate). This observation is also in agreement with the trend 

in Young’s modulus, which indicates that the optimal surface 
coverage is achieved at a lower TPU content for BNNT-1 com-
pared to BNNT-2. The results show the importance of BNNT 
material quality and its effect on composition control affecting 
not only the tensile mechanical properties but also the adhe-
sion behavior of the TPU nanocomposites.

In addition to the enhanced Young’s modulus, the stress in 
the plastic flow deformation region increases for all nanocom-
posites. For comparison, the stress at 30% strain (Table 2) shows 
an increase of up to 4 times at the optimal BNNT/TPU ratio. 
Trends in failure strength (σfail) with TPU content are similar 
to trends in Young’s modulus (i.e., higher strength observed at 
the optimal surface coverage), as shown in Fig. 3d. Noncova-
lent functionalization with rra-P3HT was not effective to further 
improve the nanocomposites stiffness over pristine BNNT-2, 
while the strength was slightly improved at the optimal TPU 
surface coverage (i.e., f-BNNT-2/TPU weight ratio of 39/61). It 
is evident from the stress–strain curves that the strain harden-
ing, which is characteristic of TPU, was not observed for the 
nanocomposite sheets and the failure stress is not improved over 
the neat TPU regardless of the BNNT material type. This is in 
contrast with CNT-TPU composites which showed enhance-
ment in failure strength [25].This could result from two effects: 
(1) a weaker surface interaction between BNNTs and TPU, as 
proposed above, in comparison with CNTs (for which TPU 
adsorption was more favorable and improvements in failure 
tensile strength were achieved); and (2) Morphological changes 
of TPU in BNNT-TPU composites that prevent soft segments 
recrystallization to a fiber-like orientation before sample failure.

The modification of the TPU with high contents of the 
BNNTs decreased the failure strain relative to the TPU matrix 

TABLE 2:   Summary of tensile 
mechanical properties measured 
on BNNT-TPU nanocomposite 
sheets.

* From the manufacturer datasheet.

Sample

BNNT/TPU 
weight ratio 

(w/w) E (MPa) σfail (MPa) σɛ=30% (MPa) εfail (%) Gt (MJ/m3)

BN1-PU-1 60/40 996 ± 130 14 ± 1 7 ± 1 0.9 ± 0.2

BN1-PU-1.5 49/51 1210 ± 80 20 ± 1 20 ± 1 30 ± 2 5.9 ± 0.6

BN1-PU-2 42/58 720 ± 160 12 ± 3 13 ± 3 28 ± 7 4 ± 1

BN1-PU-3 31/69 570 ± 30 15 ± 2 13 ± 2 92 ± 46 14 ± 8

BN2-PU-1 60/40 1440 ± 160 15 ± 0.5 15 ± 6 2.1 ± 0.9

BN2-PU-1.5 49/51 1440 ± 120 16 ± 2 10 ± 3 1.5 ± 0.6

BN2-PU-2 42/58 1500 ± 300 20 ± 2 11 ± 7 2.2 ± 1.6

BN2-PU-3 31/69 1050 ± 140 18 ± 2 15 ± 2 228 ± 80 39 ± 12

BN2-PU-4 26/74 840- ± 110 16 ± 2 13 ± 1 176 ± 81 26 ± 16

f-BN2-PU-1 54/46 940 ± 140 12 ± 0.4 11 ± 2 1.1 ± 0.2

f-BN2-PU-1.5 44/55 1150 ± 150 15 ± 1 9 ± 1 1.2 ± 0.2

f-BN2-PU-2 39/61 1460 ± 98 22 ± 0.5 18.9 ± 0.5 94 ± 24 21 ± 5

f-BN2-PU-3 29/71 990 ± 120 18 ± 1 14.5 ± 0.5 212 ± 28 37 ± 5

f-BN2-PU-4 23/77 690 ± 70 18 ± 1 13.0 ± 0.5 336 ± 64 55 ± 11

TPU 0/100 120 ± 8 34* 5.3 ± 0.3 580* 35*
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(Table 2), with the lowest quality material (BNNT-1) having a 
more negative effect. The failure strain generally increases with 
increasing TPU content once the optimal surface coverage is 
reached, while the noncovalent functionalization with rra-P3HT 
can significantly improve the failure strain values. BNNT qual-
ity had a significant effect on the tensile properties but most 
significantly in the failure strain. Low aspect ratio BN impuri-
ties with low specific surface area values had less contribution 
to the interface and probably acted as defect sites and therefore 
significantly reduced the strain at failure. Consequently, TPU 
modification on BNNT-2 (pristine and functionalized) offers 
higher values of absorbed energy before failure (Gt), as shown in 
Fig. 3d. At equivalent compositions (e.g., BN1-PU-3 and BN2-
PU-3), the tensile toughness of nanocomposites incorporating 
the higher quality BNNT-2 can be three times higher while func-
tionalization (e.g., f-BN2-PU-4 at the 23/77 weight ratio; 14 vol% 
BNNTs) can lead to further improvements in toughness over 
pristine BNNT-2 (~ two-fold improvement). Importantly, the 
increased ductility is achieved with ~ 6- and ~ 2.5-fold improve-
ments in modulus and stress at lower strain (e.g., 30% strain), 
respectively, in comparison with pristine TPU. The increase 
in toughness observed for f-BNNT-2 can be attributed to the 
improved BNNT exfoliation with rra-P3HT functionalization 
that favored TPU adsorption. This also led to better network 
packing and BNNT distribution with reduced void fraction as 
the TPU content increased (Table 1). Additionally, the large 
increase in toughness could be due to the energy dissipated in 
disentangling of P3HT alkyl chains [29].

Correlations between sample surface morphology and 
nanomechanical properties in nanocomposites provide quanti-
tative information on the incorporation and binding interaction 
between nanomaterials and polymers. Peak Force QNM mode 
in AFM was conducted on selected BNNT-TPU nanocomposites 
and pure TPU. Figures 4 and S7 show height images and elas-
tic modulus maps measured on TPU and the nanocomposites. 
TPUs are linear randomly segmented copolymers consisting of 
alternating flexible soft segments (SS) and more rigid urethane-
containing hard segments (HS). Their unique properties are 
directly related to their hierarchical morphology and degree of 
microphase separation. In both the height and elastic modulus 
maps in Fig. 4a, well-separated phases in the form of ribbon-like 
hard domains dispersed in the soft segment phase can be clearly 
observed and the Derjagin-Muller-Toropov (DMT) modulus 
values can be quantified by the elastic mapping measurements. 
The distribution of modulus values for the neat TPU was narrow, 
as previously reported [25], with a peak value of 60 MPa and a 
shoulder peak at around 30 MPa. AFM images of the BNNT-
TPU nanocomposites incorporating the lower quality BNNT-1 
material were difficult to image. Different areas showed very 
different modulus values (Fig. S7a) with significantly higher 
values observed in areas dominated by BN impurities. Better 

quality images and elastics maps were obtained for nanocom-
posites incorporating the higher quality BNNT-2 material at 
different BNNT/TPU weight ratios (Figs. S7b, 4b and 4c). At 
lower TPU content (i.e., f-BN2-PU-1 with ~ 50/50 weight ratio), 
the morphology with tubular structures due to the presence of 
BNNTs is evident, together with non-tubular BN impurities pre-
viously identified in SEM images (Fig. S3). As the TPU content 
increases above the optimal surface coverage (e.g., f-BN2-PU-3 
with ~ 30/70 weight ratio), the microphase segregation of hard 
segments can be clearly identified, which displays oriented con-
formation that is normal to the long axis of BNNTs or BNNT 
bundles (see Fig. S8a for zoom-in images with smaller scan 
size). Interestingly, the TPU microphase separation observed 
in BNNT-TPU nanocomposites was not evident in CNT-TPU 
nanocomposite sheets previously fabricated by the same method 
[25]. As shown in Fig. S8b, it seems that a homogeneous TPU 
coating on the CNT surface promotes the mixing of HS and SS 
domains. Occasionally, in about 10–15% of the areas, we have 
also observed similar homogeneous TPU coating on the BNNT 
surface (Fig. S9). These results indicate that a weaker interac-
tion between TPU and BNNTs, combined with the presence of 
impurities, might lead to more heterogeneous morphologies, 
thus impacting the nanocomposite mechanical properties.

Thermal conductivity of BNNT fabrics

The thermal conductivities of selected nanocomposite sheets are 
summarized in Table S1 and Fig. 5 as a function of TPU con-
tent. The values of thermal conductivity varied between 1.5 and 
3 W m−1 K−1 (approximately seven to fifteen times more than 
that of typical polymers), with the highest value obtained for 
the highest content of unfunctionalized BNNTs. The variation 
in BNNT quality among the materials did not have a signifi-
cant effect on thermal conductivity enhancement, which indi-
cates that BN impurities contribute to heat transport similarly 
to BNNTs within these high BNNT content fabrics, although 
impurities significantly decreased the sheets’ tensile toughness. 
As expected, the thermal conductivity increases with increased 
content of BNNT material and the results are comparable to 
reported BNNT composites with comparably high BNNT con-
tent [4, 16]. A simple rule-of-mixtures calculation (see supple-
mentary information) shows that the BNNT-1 and BNNT-2 
thermal conductivity results indicate a thermal conductivity of 
11–13 W m−1 K−1 for the BNNT network, slightly higher than 
estimated from measurements on nominally 100 wt% BNNT 
paper produced from similar BNNTs [16]. Noncovalent func-
tionalization with a conjugated polymer follows a similar trend 
to observations for nanocomposite stiffness, showing lower 
thermal conductivity improvement than with pristine BNNTs 
above the optimal BNNT/TPU composition and similar thermal 
conductivities below. For the case of rra-P3HT-functionalized 
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BNNTs, the presence of the conjugated polymer on the BNNT 
surface reduced the effective thermal conductivity of the BNNT 
network to ~ 9 W m−1 K−1 at the highest BNNT content. P3HT 

has been shown to deposit and align on the BNNT surface 
[27], and the reduction in thermal conductivity is attributed 
to increased phonon scattering within the BNNT network at 

a) Pris�ne TPU

b) f-BN2-PU-1

c) f-BN2-PU-3

Figure 4:   AFM morphology images and elastic modulus maps of TPU (a) and BNNT-TPU nanocomposites with different f-BNNT-2/TPU weight ratios 
(54/46 for f-BN2-PU-1 (b) and 29/71 for f-BN2-PU-3 (c), respectively). Note that different vertical (z-range) scales were displayed to better visualize the 
sample morphology and elastic moduli values.
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BNNT-BNNT contacts due to the presence of the rra-P3HT 
[30]. Unexpectedly, rra-P3HT did not negatively affect the ther-
mal conductivity at lower BNNT content (i.e., ~ 20–30 wt%), 
which we attribute to a beneficial effect of functionalization on 
the exfoliation of BNNTs and interaction with TPU above the 
optimal TPU surface coverage (i.e., at higher TPU content).

Conclusion
Tough, thermally conductive and lightweight BNNT-TPU 
composite sheets with controlled composition and high con-
tent of BNNTs (20–90 wt%) can be fabricated by a one-step 
filtration process previously applied to the fabrication of CNT-
TPU non-woven fabrics. Differences observed in the TPU 
adsorption behavior to BNNTs in the solvent/non-solvent 
mixture indicated a weaker interaction between TPU and 
BNNTs compared to CNTs, requiring an increase of BNNT 
concentration and of the non-solvent content to enable the 
recovery of the BNNT-TPU sheets by vacuum filtration. The 
adsorption behavior was independent of the quality and purity 
of the BNNT materials evaluated; however, noncovalent func-
tionalization with rra-P3HT appears to improve the surface 
interactions and favor TPU adsorption on BNNTs. Similar to 
previous results for CNT-TPU, an optimal surface coverage at 
a specific BNNT/TPU ratio leads to the highest improvement 
in Young’s modulus and strength and corresponds to the high-
est fraction of TPU strongly associated with the nanotubes. 
This specific BNNT/TPU ratio depends on the BNNT qual-
ity and shifts to higher TPU content for the higher quality 
BNNTs (higher specific surface area). Consequently, we expect 

the adhesive properties of the nanocomposites be different 
at equivalent BNNT/TPU ratios, which depend on the ratio 
of free TPU to TPU strongly associated with the nanomate-
rial. Correlated AFM height images and elastic modulus maps 
indicated morphological differences depend on the type of 
nanotube, with CNT promoting hard and soft segment mixing 
while the microphase segregation of hard segments was clearly 
identified in the BNNT-TPU composites. The quality of the 
BNNT material significantly affected the tensile toughness but 
the effect on thermal conductivity was not evident. Thermal 
conductivity was determined mainly by BNNT content and 
reached values of 3 W m−1 K−1 for the composite sheets with 
higher BNNT content, roughly 20 times higher than TPU 
and other typical polymers. The positive effect of rra-P3HT 
functionalization was mainly observed in the range of BNNT 
wt% above the optimal surface coverage where incorpora-
tion of functionalized BNNTs (f-BNNT-2) showed ~ two-fold 
improvement in tensile toughness over the unfunctional-
ized material while maintaining thermal conductivity val-
ues (~ 2 W m−1 K−1). Importantly, the increased ductility is 
achieved with ~ 6- and ~ 2.5-fold improvement in modulus 
and stress at lower strain (i.e., 30% strain), respectively, over 
pristine TPU. This indicates that the BNNT-TPU nanocom-
posite could be useful in electronics as a thermally conductive 
electrical insulator, in particular in combination with its good 
flexibility and toughness.

Materials and methods
Small diameter (~ 5 nm) BNNTs,were produced in-house by the 
hydrogen-assisted BNNT synthesis (HABS) process and purified 
by chlorine etching at 950°C [31, 32]. This gas-phase purification 
method removes boron impurities and can also remove some 
BN derivatives, although a significant content of BN impurities 
can remain in the purified material. BNNT materials from two 
different synthesis/purification batches namely BNNT-1 and 
BNNT-2 with BET-specific surface area values of 180 m2/g and 
250 m2/g, respectively (see supplementary information), were 
employed in this study. These batches were selected because of 
the relatively large difference in their surface areas, which were 
expected to effect the adsorption of TPU in the composite pro-
duction. The quality of both samples was also analyzed accord-
ing to a recently reported method based on the adsorption of 
rra-P3HT on the BNNT surface (Fig. S2) [28], which also shows 
that the content of impurities is significantly lower for BNNT-2 
vs. BNNT-1. The polyurethane was a thermoplastic ester-based 
polyurethane (UAF 472 by Adhesive Films Inc., Pine Brook, NJ) 
with density of 1.19 g/cm3 and a Shore hardness of 85A.

Figure 5:   Thermal conductivity of BNNT-TPU nanocomposite sheets 
prepared by the solvent/non-solvent one-step filtration method using 
different types BNNT materials.
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Fabrication of BNNT‑TPU nanocomposite sheets

The one-step filtration method, previously reported for CNTs 
[25], was adapted to fabricate BNNT-TPU nanocomposite 
sheets using a suspension of BNNTs dispersed in a TPU solvent/
non-solvent mixture. Thirty (30) mg of BNNTs was suspended 
in 50 mL of methanol using a sonication bath (Fisher Scientific 
FS110) for 30 min followed by horn sonication (Branson Soni-
fier 250, 15% output, 50% duty cycle) for 1 min and bath sonica-
tion for 30 min. This obtained dispersion settles shortly after the 
sample is removed from the sonication bath. The BNNT suspen-
sion in methanol (Fig. 6) was then added to a TPU solution in 
THF (30 mL) containing the required amount of TPU to achieve 
BNNT/TPU weight ratios of 1:1, 1:1.5, 1:2, 1:3, or 1:4 in the 
solvent mixture (i.e., 50/50, 40/60, 33/67, 25/75, or 20/80 weight 
ratios in the solvent mixture prior to filtration). The combining 
of BNNT suspension and TPU solution was facilitated by bath 
sonication at 20°C for 1 h, followed by horn sonication for 2 min 
and bath sonication for 30 min. During this step, a fraction of 
the added TPU is adsorbed on the surface of BNNTs and BNNT 
bundles. The applied sonication steps are expected to further 
disentangle BNNT agglomerates and/or bundles, which could 
be assisted by the polymer chains depending on the interactions 
between the polymer and BNNTs.

The BNNT:TPU mixtures were filtered, using a Venturi 
air pump, through a PTFE membrane (1.2 µm pore size). Fil-
tration was completed in 5−10 min. The wet nanocomposite 
sheets were immediately sandwiched between parchment and 
filter papers and dried flat at room temperature overnight, after 
which they were peeled off from the filter membrane, placed 
between Teflon films, and further dried at 75°C in vacuum for 
10 h to remove any residual solvent. The weight fraction of TPU 
in the final composites was determined by weighing the dried 
nanocomposites.

For sorption evaluation, the amount of TPU adsorbed per 
unit mass of BNNTs (Cads) and its remaining concentrations in 
the solutions (Ceq) at equilibrium were determined as follows:

where mBNNT and mi,TPU are the initial amounts of BNNTs and 
TPU, respectively, and mcomp corresponds to the weight of the 
dried nanocomposite. mTPU,comp, mTPU,sol, and Vsol correspond 
to the amount of TPU adsorbed by the BNNTs, the amount of 
TPU remaining in solution, and the volume (80 mL) of the solu-
tion, respectively.

BNNTs functionalized with rra-P3HT were prepared as previ-
ously reported [27] by suspending 30 mg of BNNT-2 in 300 mL of 
CHCl3 with the aid of bath sonication (30 min) and adding, gradu-
ally, a solution of rra-P3HT in CHCl3 (0.5 mg/mL). The mixture 
was bath-sonicated for a total of 50 min. The stable dispersion of 
rra-P3HT functionalized BNNTs (f-BNNT-2) was then filtered 
using a Venturi air pump and the wet f-BNNT-2 was immediately 
re-suspended in 30 mL of methanol before mixing with the TPU 
dissolved in THF, as described above for unfunctionalized BNNTs.

Characterization

Physical properties of the BNNT-TPU sheets: The external vol-
ume of the samples was evaluated by cutting squares of 30 mm 
by 30 mm from the BNNT-TPU composites. The thickness was 
measured with a Marathon Digital Electronic Micrometer hav-
ing a resolution of 0.001 mm. The volume fraction of nanotubes 
(Vf,BNNTs), TPU (Vf,TPU), and pores/voids (Vf,voids) in the samples 
were estimated using Eqs. 3, 4, and 5:

where ρComp, ρBNNTs, and ρTPU are the nanocomposite sheet, 
BNNT and TPU densities, respectively. ρComp was obtained by 
dividing the mass of the BNNT-TPU composite sheets by their 
external volume. The density of the individual BNNTs, 1.9 g/
cm3, was calculated from a geometrical model for nanotubes 
(see Supplementary information). Wf,BNNT and Wf,TPU corre-
spond to the weight fraction of BNNT and TPU, respectively, 
in the BNNT-TPU composite sheets.

(1)Cads =
mTPU,comp

mBNNT
=

mcomp −mBNNT

mBNNT
,

(2)Ceq =

mTPU,sol

Vsol
=

mi,TPU −mTPU,comp

Vsol
,

(3)Vf ,BNNT =

ρComp

ρBNNT
Wf ,BNNT,

(4)Vf ,TPU =

ρComp

ρTPU
Wf ,TPU,

(5)Vf ,voids = 1− Vf ,TPU − Vf ,BNNT,

Figure 6:   (a) Scheme of the one-step BNNT-TPU sheets fabrication 
method. (b) Photos of corresponding BNNT suspension, TPU solution, 
and BNT:TPU suspension in the acetone/methanol mixture prior to 
vacuum filtration. (c) Photo of a BNNT-TPU nanocomposite sheet.
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Imaging and properties

Scanning electron microscopy (SEM) images were taken 
with a Hitachi High Technologies S-4800v. Tensile testing 
was performed using a MTS Criterion C41 Table Top tensile 
machine with a load capacity of 1 kN. A minimum of five strips 
(~ 30 mm × 2 mm) of each material were tested at a displace-
ment rate of 5 mm/min and an initial gauge length of ~ 20 mm. 
Thermal conductivity was measured under vacuum (10–5 Torr) 
at room temperature (300 K) using the parallel thermal con-
ductance (PTC) method [33], and a measurement fixture pre-
viously implemented for carbon nanotube yarns [34]. In the 
PTC method, a BNNT-TPU sheet (5 mm × 12 mm ×  ~ 0.1 mm) 
was suspended across a gap between a heater platform and 
a heat sink. The steady-state thermal conductance (K) was 
determined through application of a series of known heater 
powers (P) and plotting the resulting temperature differences 
(ΔT), where

Three measurement results: background thermal conduct-
ance (sample removed), total thermal conductance (with sam-
ple present), and a radiation correction were used to extract 
the sample thermal conductance, accounting for sample 
dimensions, and calculate thermal conductivity [34]. Stand-
ard propagation of errors is used to estimate the measurement 
uncertainty based on the uncertainty in the measured K values 
and sample dimensions.

Atomic force microscopy (AFM) imaging and elastic 
modulus mapping were carried out using a MultiMode AFM 
with the NanoScope V controller (Bruker Nano Surfaces Divi-
sion, Santa Barbara, CA, USA), in the Peak Force QNM mode. 
The peak force with which the tip taps the sample surface 
was always kept at the lowest stable imaging level of 200–400 
pN. Silicon nitride ScanAsyst-Air AFM probes (Bruker AFM 
Probes, Camarillo, CA, USA) were used in all peak force feed-
back measurements. Their manufacturer-specified typical tip 
diameter and spring constants are 2 nm and 0.4 N/m, respec-
tively. While images of sizes of up to 20 µm × 20 µm were 
acquired to ensure good homogeneity nanotube networks, all 
the images used to measure modulus were 500 nm × 500 nm 
in size, acquired with 512 × 512 pixel resolution, and the AFM 
cantilever was vertically oscillated at 2 kHz, at a lateral scan 
rate of 1 Hz. In this way, the lateral pixel size is approximately 
1 nm. The elastic modulus values were analyzed in terms of 
the distribution of Derjagin–Muller–Toropov (DMT) moduli 
over the investigated area. In order to obtain reliable results of 
mechanical properties through AFM, the “relative calibration 
method” was adopted; details about the “relative method” can 
be found in the instrument manual provided by Gojzewski 
et al. [35]. Two reference samples were selected for calibration: 

(6)P = K�T .

polystyrene and polydimethylsiloxane gel with elastic modu-
lus of 2.7 GPa and 3.5 MPa, respectively. The calibration was 
always carried out before any measurements of the samples 
characterized.
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