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S
mall yet powerful cockpit microelec-
tronics found in military, automotive,
and aerospace products generate in-

tense heat that causes device failure; thus,
there is a need to address thermal dissipa-
tion in the device designs. The current
materials for conducting heat in aerospace
devices are aluminumalloys, which typically
have a thermal conductivity of 130 W/mK;
however, the density of aluminum alloys
makes them unfavorable for aerospace
applications. Recent reports demonstrate
lightweight nanocomposites incorporated
with thermally conductive nanomaterials,
such as carbon nanotubes (CNTs), graphene,
and boron nitride (BN) nanosheets.1�7 These
individual nanomaterials have ultrahigh
thermal conductivity due to limited phonon
scattering and high phonon velocity. The
thermal conductivity is 3500 W/mK for in-
dividual single walled carbon nanotubes at
room temperature,8 2000�4000 W/mK for
monolayer graphene,9 and 2000 W/mK
for BN.10 Unlike CNTs or graphene, BN is

an electrical insulator with a dielectric con-
stant of 3�4,11 and thus has applications in
thermal management of high power elec-
tronics and displays that are not possible for
CNTs and graphene. The thermal conduc-
tivity of conventional BN nanocomposites,
however, is only around 5 W/mK.7,12,13 A
recent study demonstrated polyhedral oli-
gosilsesquioxane modified boron nitride
nanotube (BNNT) based epoxy nanocompo-
site has a thermal conductivity of 2.7 W/mK
with 30 wt % of BNNT at 25 �C.14 The low
thermal conductivity is due to the random
distribution of BNNTs in the composite, and
the thermal insulating epoxy further hinders
phonon transport. Note that the BN based
films are thermally conductive and electri-
cally insulating, which is promising for dielec-
tric applications in complex and powerful
microelectronics or integrated devices.
In particular for portable flexible micro-

electronic applications, substrates such as
paper, glass, and plastic all have a very
low thermal conductivity. For example,
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ABSTRACT In this work, we report a dielectric nanocomposite

paper with layered boron nitride (BN) nanosheets wired by one-

dimensional (1D) nanofibrillated cellulose (NFC) that has superior

thermal and mechanical properties. These nanocomposite papers are

fabricated from a filtration of BN and NFC suspensions, in which NFC is

used as a stabilizer to stabilize BN nanosheets. In these nanocomposite

papers, two-dimensional (2D) nanosheets form a thermally conductive

network, while 1D NFC provides mechanical strength. A high thermal

conductivity has been achieved along the BN paper surface (up to 145.7 W/m K for 50 wt % of BN), which is an order of magnitude higher than that in randomly

distributed BN nanosheet composites and is even comparable to the thermal conductivity of aluminum alloys. Such a high thermal conductivity is mainly

attributed to the structural alignment within the BN nanosheet papers; the effects of the interfacial thermal contact resistance areminimized by the fact that the

heat transfer is in the direction parallel to the interface between BN nanosheets and that a large contact area occurs between BN nanosheets.

KEYWORDS: nanocomposite paper . boron nitride nanosheets . thermal conductivity . percolative network . optical transparence .
nanofibrillated cellulose
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conventional paper has a very low thermal conductiv-
ity of 0.03W/mK, while that of plastic is 0.23W/mK.15,16

There is an urgent need to increase the thermal con-
ductivity of these substrates for flexible electronic
devices. In this study, we designed a novel structural
nanocomposite paper based on 2D BN and 1D NFC,
which is fabricated with a standard filtration paper-
making process. 2D BN nanosheets are aligned in the
planar direction, which can maximize the overlapping
area, reduce percolation threshold, and decrease ther-
mal contact resistance. Novel NFC not only serves as a
stabilizer, butmore importantly, it links the nanosheets
together to enhance mechanical strength in the nano-
sheet paper. The dielectric constant of naocellulose
presented in this work is 4.5.17 The single cellulose
microfibril has an elastic modulus in the axial direction
as high as 145 GPa,18 which dramatically increases the
mechanical strength of the hybrid paper. Since theNFC
has a 1D nanofiber structure as opposed to other
polymers, they will form less insulating contacts
between BN sheets. The contact area between the
layered BN nanosheets is therefore increased. We
demonstrate that BN can dramatically increase the
thermal conductivity of NFC based transparent nano-
paper. Incorporation of 5%BN canmultiply the thermal
conductivity by 1000 times. A freestanding and flexible
film with a thermal conductivity of up to 150 W/mK is
achieved, which is an order of magnitude higher than
that for randomly distributed BN nanosheet compo-
sites and is even comparable to the thermal conduc-
tivity of aluminum alloys. In addition to freestanding
films, we also demonstrated that the stable BN/NFC ink
can be conformably coated on the paper, textile, and
electronic circuit surface tomake low-cost, lightweight,
and thermally conductive multifunctional materials.

RESULTS AND DISCUSSION

A schematic of the BN nanosheet composite paper
configuration is shown in Figure 1a,b. In this design, BN
nanosheets provide a thermal transport path while
NFC wires can enhance the mechanical strength of
BN paper. As shown in Figure 1b, the BN nanosheets
are well aligned in the direction along the paper sur-
face. Large contact area is achieved between BN
nanosheets, and therefore, the thermal contact resis-
tance is minimized when heat transfers along the
paper surface. Unlike a traditional polymer-like resin
or polymethyl methacrylate (PMMA), NFC fibers do not
form thermally insulating contacts between the BN
flakes. When BN is less than 5 wt %, the composite film
is highly optically transparent, allowing it to be used as
a substrate for transparent flexible electronics that is
capable of dissipating heat.
Large quantities of 2D BN nanosheets as shown in

Figure 2a were exfoliated by sonicating commercial
hexagonal BN (HBN) micropowder in isopropanol al-
cohol (IPA).19 The obtained BN thickness varies from a
few to several layers with a typical lateral size of
200�3000 nm, Figure 2b,c and Supporting Informa-
tion, Figures S1 and S2. Figure 2c illustrates a 3 nm thick
BN film (less than 10 layers). Cellulose is an organic
compound composed with D-glucose via β (1f4)
linkage that is nearly inexhaustible with outstanding
biodegradability and biocompatibility.20 The 1D NFC
was disintegrated from the wood fibers with a pre-
treatment of NaBr/NaClO/TEMPO (2,2,6,6-tetramethyl-
piperidine-1-oxyl) and homogenized with a micro-
fluidizer.21,22 After a TEMPO oxidation, an abundance
of ionized carboxyl groups (�COO�) were introduced
onto the surface of the NFC. The repulsive forces
generated by surface carboxyl groupsmake NFC stable

Figure 1. (a) Schematic to show the structure of cellulose nanofiber with layered boron nitride nanosheets to conduct heat in
the horizontal plane direction. (b) A schematic to show how phonons are transmitted between BN layers.
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in water without forming aggregates. Additionally, the
resultingNFCwater solution is transparent, as shown in
Figure 2d. Figure 2e shows that the diameter of the
NFC is around 5�10 nm. The NFC also possesses
80�90% crystallinity that is clearly depicted in the
image of high-resolution transmission electron micro-
scopy (HRTEM) in Figure 2f.
A BN solution is compatible with a NFC solution

without agglomerating. The hybrid solutions with
5 wt % BN (left) and 50 wt % BN (right) are uniform
and stable after 3 months, as shown in Figure 3a. In the
hybrid solution, the NFC acts as a stabilizer for BN. After
exfoliation by sonication, hydroxyl groups and amino
groups are formed on the BN edges due to the
hydrolysis.13,23 NFC easily absorbs onto BN nanosheets
due to the abundant surface hydroxyl groups. The
repulsive forces generated by surface carboxyl groups
between NFC fibers provide stability in the hybrid
solution. The well dispersed stable solution is critical
to obtain a uniform freestanding nanocomposite
film without defects, which is important to achieve
both excellent mechanical strength and phonon ther-
mal conductivity. The 25�30 μm thick nanocomposite
films with different ratios of BN were fabricated
through a simple and scalable paper-making process.
Figure 3b,c shows the films made from 5 wt % BN and
50 wt % BN, respectively. As shown in Figure 3b, the
letters and pattern beneath the film are clearly visible.
The 5% BN film has 67% transmittance at 550 nm
wavelength (Figure 3d). With a higher BN ratio, the film
is opaque with only 9% transmittance at 550 nm
wavelength and 86% whiteness. Paper with tailored
optical properties can be used for different applica-
tions; for example, cellulose paper with 5% BN incor-
poration can be used as transparent substrate to

replace plastic for flexible electronics applications.
Cellulose paper with a much higher BN content shows
excellent whiteness and potentially low IR and micro-
wave absorption, which can be applied as ideal ther-
mal conductors for military applications.
Figure 3e shows the thermal conductivity vs weight

content of BN. The pure cellulose has a poor thermal
conductivity of 0.035 W/mK. With only 5% BN loading,
the thermal conductivity is increased from 0.035W/mK
to 26.2 W/mK, which significantly exceeds the con-
ductivity of the composite made from 10 wt %
BN nanotube (BNNT)/resin, 0.7 W/mK at 25 �C.14

The thermal conductivity of the film increased to
145.7 W/mK with 50% BN, which is ∼30 times higher
than the conductivity of the composites reported in
literature with the similar BN weight content,12�14,24

and comparable with conventional airspace materials
such as aluminum alloy.
To understand thermal transport in the BN nano-

sheet composite paper, a 3-dimensional numerical
thermal model was developed using the commercial
finite element software ANSYS. The simulation results
are shown in Figure 3f, in which the BN nanosheets are
assumed to have a thermal conductivity of 1000W/mK.
It can be seen that the effective thermal conductivity of
the composite paper changes by a factor of 33 when
the thermal interfacial resistance varies by 5 orders of
magnitude in thenanocomposite paperswith 70 vol%of
BN nanosheets. In this layered composite paper, the
effective thermal conductivity becomes much less sensi-
tive to interfacial thermal resistance compared to con-
ventional spherical particle composites. This is due to the
large contact areabetween thesenanosheets.Whenheat
transfer is in the direction parallel to the BN nanosheets,
the effects of interfacial thermal contact resistance canbe

Figure 2. (a) Image of BN dispersed in IPA. (b) TEM image of BN nanoplates. (c) TEM image showing the edge of BN
nanosheets. (d) Image of transparent nanocellulose fibers in water. (e) TEM image of nanocellulose fiber. (f) High resolution
TEM image to show the crystalline pattern of nanocellulose fiber.
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minimized, and therefore a very large thermal conduc-
tivity can be achieved in this direction.25�28

A freestanding film with good thermal conductivity,
whiteness, or transmittance is important for advanced
electronics. In addition to good thermal conductivity,
excellent whiteness or good optical transmittance,
BN/NFC hybrid films also show excellent mechanical
flexibility and strength. As shown in Figure 4a, the

nanocomposite film has good flexibility. The influence
of BN loading on the tensile strength is compared
in Figure 4b. The sample with 5% BN has a tensile
strength of 181 MPa, and the tensile strength reduced
with an increase of BN content. Note that pure BN
film has weak strength and it is difficult to peel the
film off from the filter paper as a freestanding film,
while the NFC has excellent mechanical strength.

Figure 3. (a) An image of the stablemixturewith 5wt%BN and 95wt%NFC inwater at a concentration of 1.9 and 1.6mg/mL,
respectively. (b) Image of transparent and thermal conductive filmwith 5 wt%BN. (Image credit: University of Maryland seal.
Trademarkof theUniversity ofMaryland andusedwith permission.) (c) Imageofwhitefilmwith 50wt%BN. (d) Transmittance
of BN/NFC composite film with 5 and 50 wt % of BN. (e) Thermal conductivity vs BN content in BN/NFC composite. BN
nanosheets largely improve the thermal conductivity, with a value of 145.7 W/mK with 50 wt % BN. (f) Numeric simulation
results of effective thermal conductivity of BN nanosheet composite paper as function of the interfacial thermal resistance.

Figure 4. (a) A picture of BN film to show its flexibility. (b) Tensile strength vs BN content in the composite paper.
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The cellulose microfibril has a Young's modulus up
to 145 GPa.29,30 In the hybrid film, the 1D NFC fibers
enhance the strength of the composite film as a glue
by wrapping the 2D plates together. Meanwhile, the
edge of the BN platelets have functional groups such
as hydroxyl groups (�OH) and amino groups (�NH2).

13

The nanocellulose fiber surface has huge amount of
hydroxyl groups (�OH) and carboxyl groups (�COOH).
On the basis of this, we expect there is hydrobonding
between the NFC and BN. The density of the NFC/BN
hybrid film is in the range of 1.2�1.5 g/cm3, which is 50%
lighter than aluminum (2.7 g/cm3). A strong and light-
weight nanocomposite film with superior thermal con-
ductivity promises huge potential aerospace applications.
To shed light on the high thermal conductivity

and mechanical strength, the representative scanning
electron microscope (SEM) micrographs of a cross sec-
tion of 50% BN/50%NFC film is shown in Figure 5a. The
image shows that the 2D planes are tightly stacked and
the layered structure is well preserved in the film cross
section. This film has a high thermal conductivity of
145.7 W/mK. The tightly packed layered structure plays
a key role in the efficient phonon transfer between two
nanosheets. Rather than mixing the components in a

compounder and hot pressed under high pressure,24

the oriented layered structure is formed in the filtration
process. The 2D nanosheets mixed with 1D nanofibers
is also an effective architecture to preserve the planar
network rather than gluing everything together into a
solid structure. The compounding of polymers, includ-
ing polyimide,13 epoxy,14 PMMA,12 polyvinyl alcohol-
(PVA),7 andstyrene-ethylene-butylene-styrene terpolymer
(SEBS)/poly(ethylene-co-vinyl acetate) (EVA) blends, are
viscous bulky polymers.24 These viscous polymers do not
allow the formation of layered structures for BN sheets.24

The unique layered structure that incorporate fibers
as glue for the 2D nanosheets dramatically increases
the thermal conductivity. In the magnified image of
Figure 5b, theNFC is clearly observedbetween the layered
nanosheets.
Figure 5c illustrates a SEM image of the 50% BN/50%

NFC film surface in which a large BN plate is clearly
observed. The NFC fibers are also observable around
the BN plate. Figure 5d illuminates the 2D BN sheets
linked by 1D fibers to form a strong network, and that
they are tightly packed into a layered structure. All these
structures adequately explain the excellent thermal
conductivity of this tightly packed and layeredmaterial.

Figure 5. (a) SEM cross section image, and (b) a magnified image of the nanocomposite film with 50 wt % BN and
50 wt%NFC, which shows a well-defined layered structure. (c) SEM surface morphology image, and (d) a magnified image of
the nanocomposite film with 50 wt % BN and 50 wt % NFC. (e) SEM cross section image, and (f) a magnified image of the
fracture surface after force loading for the tensile strength test.
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Figure 5e,f demonstrate the fracture surface of the film
after force loading for the tensile strength test inwhich a
large plate of BN is clearly broken. In addition to the 2D
plate, the 1D fibers are also clearly defined in Figure 5f.
It is worthwhile to compare our performance

achieved with BN nanosheets to graphene-based
nanocomposites due to their structural similarity. Note
that graphene is electrically conductive but BN is
electrically insulating, and thus they are useful for very
different applications. Extremely high thermal conduc-
tivities are reported for monolayer graphene and BN,
with a value of (2.6( 0.9) to (3.1( 1.0)� 103 W/mK at
350 K and 2000 W/mK, respectively.10,31 Meanwhile,
excellent mechanical properties are reported for both
graphene and BN, with a tensile strength of 110 and
102 GPa, respectively.10,32 2D BN and graphene are
consequently excellent additives in nanocomposites
to achieve both high thermal conductivity and me-
chanical strength. Table 1 summarizes the best values

for nanocomposites with percolative BN and graphene
flakes. Our unique layered structure wired together
by 1D NFC fibers leads to the best combined perfor-
mance in thermal conductivity andmechanical strength
due to the layered structure with in-plane coupling.
The stable and scalable ink used to fabricate the

above-mentioned paper can be applied to functiona-
lize thermal isolating substrates, such as paper, fabric,
and glass. Figure 6a is an image of paper coated with
the ink (75 wt % BN and 25 wt % NFC in water at the
concentration of 1.6 mg/mL). The obtained thermal
conductive paper is foldable, lightweight, and stable.
After the additional BN coating, the paper keeps the
original appearance with a favorable whiteness, which
is dramatically different than a graphene coating.
Figure 6b shows the thermal conductive paper surface
morphology. A magnified image of the fiber sur-
face is illustrated in Figure 6c. The 1D NFC fibers link
the 2D flakes together, functioning as glue; therefore,

TABLE 1. Comparison of Thermal Conductivity and Tensile Strength between Our BN Paper with the Best Data from

Literature5,33,7,12�14,24,33,4 a

thermal conductivity K (W/mK) electrical conductivity tensile strength reference

Single BN nanosheet 2000 No 102 GPa 10
Single Graphene Sheet 2000�4000 Yes 110 GPa 31, 32
BN nanocomposite e20 No 120 MPa 7, 13
Graphene nanocomposite e80 Yes 200 MPa 5, 33, 34
2D layered structure 150�180 No 180 MPa This work

a Note that the electrical insulating nature of BN paper can open applications that are impossible for graphene-based composites.

Figure 6. A stableBN ink is applied for coatingondifferent substrates: (a) an imageof thermally conductivepaper coatedwithBN/
NFC ink. The thermal conductive paper has excellent whiteness. (b) SEM image shows the 3D fibers network structure of paper. (c)
SEM image of the fiber surfacemorphologywith an insetmagnified image to show the 1DNFCfibers gluing 2DBNplate together.
(d) An image of thermal conductive textile coated with BN. Textile fibermorphological SEM images are shown in (e) and (f). (g) An
image of an display color filter coated with BN flakes. Circuit surface morphological SEM images are shown in (h) and (i).
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the obtained thermally conductive paper has high
mechanical stability. Figure 6d demonstrates that a
similar processmay be applied to other substrates, such
as textiles. A conformal layer of BN was coated on the
textile fiber surface as shown in Figure 6e,f. The resulting
BN layer is expected to have high thermal conductivity
and gas barrier properties; therefore the thermally con-
ductive textile can be potentially applied as a fire
retardant material. The heat dissipation is important
for small electronics. We coated one layer of BN ink on
the surface of cellphone display color filter via a facial
dipping process, as seen in Figure 6g,h. As shown in the
magnified image in Figure 6i and Supporting Informa-
tion Figure S3, the flexible BN plates cover the steps in
the circuit perfectly. The extremely conformal coating
with BN-NFC hybrid inkmay provide an effective way to
remove heat from these substrates, which enables a
range of device applications.

CONCLUSION

In summary, we demonstrate nanocomposites
paper fabricated from 2D BN nanosheets and 1D NFC
based inks where NFC functions as a stabilizer to
stabilize BN. The resulting film has superior combined
thermal conductivity and mechanical strength, which
is due to the intrinsic layered structure with excellent
in-plane coupling between BN nanoplates wired by 1D
NFCs. The transmittance and whiteness of the paper
can be tuned by adjusting the BN content. The com-
posite paper containing 50 wt % BN has a high thermal
conductivity of 145.7 W/mK, which is approximately
ten times better than any other BN based composite
and is comparable to aluminum alloys. Intrinsically
insulating BN-NFC hybrid paper with high thermal
conductivity can open applications that are impossible
with other electrically conductive materials such as
CNTs and graphene.

EXPERIMENTAL SECTION
Preparation of BN Ink Exfoliation and NFC Gel. BN micropowder

was purchased from Graphene Supermarket, Inc. Commercial
BN powder was dispersed in IPA with a concentration of
5 mg/mL. The dispersion was sonicated for 48 h in a sonic
bath (FS 110D, Fisher Scientific). The dispersion was then
centrifuged at 1000 rpm for 15 min and decanted immedi-
ately. The concentration of the obtained ink was 0.77 mg/mL.
The NFC was disintegrated from wood pulp based on the
method proposed in Zhu's paper.21

Transmission Electron Microscopy (TEM) JEOL JEM 2100
(Japan) performed at an accelerating voltage of 200 kV was
employed for the BN and NFC morphology characterization.

Nanocomposite Film Fabrication and Characterization. The NFC was
diluted to 0.2 wt % with deionized water in a glass flask and
stirred for 30 min under magnetic stirrer. The BN suspension
was then dropped into a NFC dispersion during the stirring. The
mixture of BN andNFCwas kept stirring for 10min and placed in
a bath sonification for 15 min to form uniform BN/NFC
suspension. The prepared BN/NFC suspension was filtered
with a Bucher funnel using a filter membrane (pore size: 0.65
μm,Millipore). The obtainedwet filmwas placed between filter
papers and dried at room temperature under mechanical
pressing. The basic weight of BN/NFC film is around 40 g/m2.
The film morphology and thickness were tested with a Hitachi
SU-70 field emission scanning electron microscopy (FESEM)
with an accelerating voltage at 5�10 kV. The tensile strength
of the BN paper was characterized by a dynamic mechanical
analysis (DMA) machine (Q800) under tension filmmode. During
the extensionprocess, the ratewas 1%/min. Each samplewas cut
into a strip of 3 mm � 20 mm. The whiteness of the film was
tested with YA-Z-48B Whiteness Meter (YQ-Z-48B) (Hangzhou
Qingtong & Boke Automation Technology Co., Ltd.). The optical
transmittance of the nanocomposite film was obtained with a
UV�vis Spectrometer Lambda 35 (PerkInElmer), and the trans-
mittance was measured between 1100 and 250 nm using a
Shimadzu UV�vis spectrometer.

Thermal Conductivity Measurement. The thermal conductivity
along the BN nanosheet papers was measured using the
steady-state method, as shown in Supporting Information,
Figure S4.34,35 The nanosheet paper sample is about 8mmwide
and 30mm long. A heat sink was attached one end of the paper
sample, and the other end was connected to an electric heater.
Two fine-gage, K-type thermocouples separated by a distance
L were used to measure the temperature difference ΔT along

the sample. The sample was placed in a vacuum chamber with
heat shield to minimize the heat loss. When steady-state was
reached, the thermal conductivity of the sample was deter-
mined by applying Fourier's law:

k ¼ QSL

AΔT
(1)

where QS is the power flowing through the sample, L is the
distance between the thermocouple leads, A is the cross section
area of the sample through which the power flows, and ΔT is
the temperature difference measured. If there is no heat loss,
all the power supplied to the heater flows through the sample
and into the heat sink; therefore, the heat flowing across any
cross section would be constant. In real measurements, heat
loss is inevitable through radiation, convection and heat con-
duction, so the power flowing through the sample Qs can be
written as

QS ¼ Qin �Qloss ð2Þ
where Qloss is the power lost by radiation, heat conduction
through the connection leads, and convection. Calibration
experiments are performed for Teflon film (k = 0.25 W/mK)
and copper alloy 110 (k = 380 W/mK). The uncertainty of the
thermal conductivity measurement along the film samples is
about 10%.
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