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ABSTRACT: Hexagonal boron nitride (h-BN) has tremen-
dous potential for dielectric energy storage by rationally
assembling with graphene. We report the fabrication of
microlaminate composites consisting of alternating reduced
graphene oxide (rGO) and h-BN nanosheets embedded in a
polyurethane (PU) matrix using a novel, two-step bidirectional
freeze casting process. Porous, highly-aligned rGO−PU
aerogels having ultrahigh dielectric constants with relatively
high dielectric losses and low dielectric strengths are fabricated
by initial freeze casting. The losses are suppressed, whereas the
dielectric strengths are restored by assembling the porous
rGO−PU skeleton with electrically insulating BN−PU
tunneling barrier layers in the second freeze casting routine.
The ligaments bridging the conductive rGO−PU layers are
effectively removed by the BN−PU barrier layers, eliminating the current leakage in the transverse direction. The resultant
rGO−PU/BN−PU microlaminate composites deliver a remarkable dielectric constant of 1084 with a low dielectric loss of
0.091 at 1 kHz. By virtue of synergy arising from both the rGO−PU layers with a high dielectric constant and the BN−PU
barrier layers with a high dielectric strength, the microlaminate composites present a maximum energy density of 22.7 J/cm3, 44
folds of the neat rGO−PU composite acting alone. The promising overall dielectric performance based on a microlaminate
structure offers a new insight into the development of next-generation dielectric materials.
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1. INTRODUCTION
The rapid advances in the design, integration, and miniatur-
ization of modern electronics reply on the performance of
dielectric capacitors, which exhibit extremely fast charge and
discharge characteristics. Unlike supercapacitors and batteries,
dielectric capacitors show negligible performance degradation
during services, ensuring their super-long lifetime. In general,
the intrinsic performance of a capacitor is characterized by the
stored energy density, U, which is determined by

U E Dd∫=
(1)

where E and D are the applied electric field and the electric
displacement, respectively.1 The maximum stored energy
density, Umax, of a capacitor is quantified by2,3

U E0.5max 0 r b
2ε ε= (2)

where ε0, εr, and Eb are the permittivity of vacuum (=8.854 ×
10−12 F/m), the dielectric constant and the dielectric strength

of the material, respectively. The Umax is also a representation
of the maximum charge energy density. Therefore, besides a
high dielectric constant and a low dielectric loss, a high
dielectric strength is another critical parameter that should be
taken into account when designing superior dielectric materials
with high energy densities.
Conductive fillers and ceramics with high dielectric

constants (high-k) are the most popular reinforcements for
the development of high-k polymer-based composites. Nano-
carbon materials, such as carbon nanotubes (CNTs) and
graphene, are effective fillers for enhanced dielectric constants
due to the interfacial polarization arising from the large
difference in conductivity between the carbon fillers and the
insulating polymer matrices. A dielectric constant as high as
over 10 000 at 1 kHz has been reported for reduced graphene
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oxide (rGO)/epoxy composites,4 but their dielectric loss and
dielectric strength were unsatisfactory for practical applications
because they suffer from the inevitably high leakage currents
after the incorporation of conductive fillers. High-k ceramics,
such as calcium copper titanate (CaCu3Ti4O12), lead zirconate
titanate (Pb[ZrxTi1−x]O3 (0 ≤ x ≤ 1)), and barium titanate
(BaTiO3), greatly enhanced the dielectric constants with
marginal sacrifice of slightly increased losses.5−7 However, a
large amount of ceramic fillers is often needed to achieve high
dielectric constants, inevitably deteriorating the mechanical
properties and the dielectric strengths of the composites
because of the defects generated at such high filler contents.
Several approaches have been proposed to address the

foregoing issues so that both the dielectric constant and the
dielectric strength are simultaneously enhanced to improve the
energy density of the material. The following strategies are
considered promising, including (i) the encapsulation of
conductive fillers by insulating materials,8−10 (ii) the
incorporation of high-Eb fillers,

11−13 and (iii) the combination
of high-k (conductors or ceramics) and high-Eb materials.1,14

The first strategy has been achieved by in situ polymerization
or growth of insulating polymers or inorganic particles on
conductive filler surface, so that the direct interconnection of
conductive additives was prevented, which in turn mitigated
the dielectric loss and improved the dielectric strength by
suppressing leakage currents.8−10 The addition of fillers with
intrinsically high-Eb is effective for the improvement of
dielectric performance. Boron nitride (BN) nanosheets
obtained by exfoliation of hexagonal BN (h-BN) were proven
to be particularly promising for the enhancement of energy
densities and the reliability of dielectrics.11−13 For example, the
BN/poly(vinylidene fluoride-ter-trifluoroethylene-ter-chloro-
fluoroethylene) (P(VDF-TrFE-CFE)) composite delivered an
energy density of more than 2-folds of the neat P(VDF-TrFE-
CFE),11 although there was a marginal reduction in dielectric
constant after the addition of BN. Three-layer sandwich
structures were introduced to take full advantages of high
dielectric constants of high-k fillers and high dielectric
strengths of ceramics.1,14 The layered structure was confirmed

to be more effective in blocking conductive paths and
suppressing leakage currents than simple mixing of high-k
and high-Eb fillers.14 Although several studies covering the
synergistic effects of high-k ceramics and high-Eb BN on
dielectric properties have been reported,1,14 the collaborative
contributions of conductive and high-Eb fillers are rare.
With the foregoing studies in mind, we developed

microlaminate composites comprising alternating rGO−
polyurethane (PU) and BN−PU layers (Figure 1) in this
study to simultaneously offer high dielectric constants, low
dielectric losses, and high energy densities. Solid rGO−PU/
BN−PU microlaminate composites were fabricated using a
novel, two-step bidirectional freeze casting and drying process,
where the aligned porous rGO−PU aerogel skeleton was
infiltrated by a BN−PU aqueous suspension, followed by
compaction. This is the first report on developing a
microlaminar structure consisting of both high-k and high-Eb
laminates. The high-k rGO−PU laminates with relatively high
dielectric losses were spatially separated by the low-loss, high-
Eb rGO−PU layers, simultaneously achieving reduced
dielectric losses and enhanced dielectric strengths. The
composites delivered an ultrahigh dielectric constant of 1084
and a low dielectric loss of 0.091 along with a remarkable Umax
of 22.7 J/cm3, which is 37-folds of the neat PU.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Aligned Porous rGO−PU Aerogels.

Graphene oxide (GO) was prepared by the modified Hummers
method,15,16 and the typical size distribution of GO sheets is shown in
Figure S1. The GO sheets were functionalized using polydopamine by
in situ polymerization of dopamine monomers because of its excellent
affinity to both GO and organic matrix materials.17 Fifty milligrams of
GO dispersion was diluted in 200 mL of deionized (DI) water,
followed by the addition of 10 mM Trizma base (supplied by Sigma).
The pH value of the solution was adjusted to 8.5 using ammonia
solution (supplied by Uni-chem), followed by the addition of 150 mg
dopamine hydrochloride (supplied by Sigma). The mixture was kept
at 70 °C for 24 h for in situ polymerization of polydopamine on the
GO sheets and the treated GO was washed with DI water several
times to remove superfluous polydopamine. The resultant product

Figure 1. Schematic procedure of the synthesis of highly aligned rGO−PU/BN−PU microlaminate composites.
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was reduced by hydrazine (Aldrich, 35 wt % in water) at 90 °C
overnight at a hydrazine-to-GO weight ratio of 3:1. The rGO
dispersion was blended with waterborne PU emulsion (NeoRez R-
600 supplied by DSM NeoResin) and sonicated for 1 h to obtain a
homogeneous solution. The waterborne PU was employed as the
matrix because of its water dispersive characteristic and high
flexibility, making the freeze-casting/drying and the compaction (as
described below) process possible. The rGO−PU dispersion was
freeze-cast using a custom-made apparatus, where the unidirectional
freeze-casting tool developed previously18 was modified to achieve
bidirectional freeze casting. The bottom part of casting mold was
replaced by a poly(dimethyl siloxane) (PDMS) wedge similar to a
recent report19 to allow simultaneous casting in two orthogonal
directions. The details of the bidirectional freeze-casting apparatus are
shown in Figure S2. The freeze-cast rGO−PU hydrogel was
subsequently freeze-dried (SuperModulyo, Thermo Fisher) at −70
°C for 48 h to obtain aligned, porous rGO−PU aerogels, which were
used as the skeleton for the preparation of rGO−PU/BN−PU
microlaminate composites.
2.2. Fabrication of rGO−PU/BN−PU Microlaminate Compo-

sites. The h-BN flakes were exfoliated by a urea-assisted ball-milling
method with an h-BN/urea weight ratio of 1:60 at 400 rpm for 24 h
on a planetary ball mill (QM-3SP2). The application of urea was
proven to be effective in assisting exfoliation and protecting the BN
nanosheets from excessive mechanical damage to their lattice
structure.20 The ball-milled powders were dispersed in DI water for
centrifugation at 4000 rpm for 2 h to collect the supernatant, which
was washed with DI water several times to remove the residual urea
and freeze-dried to obtain the BN nanosheets. The BN−PU films with
different BN contents were fabricated by drop casting for the
measurements of dielectric strengths. The suspensions containing
different solid concentrations of BN−PU were infiltrated into the
aligned porous rGO−PU aerogels in a vacuum oven, followed by a
second freeze-casting and freeze-drying routine. The resulting flexible,
porous rGO−PU/BN−PU composites were compacted by pressing at
∼10 MPa to form solid, highly-aligned rGO−PU/BN−PU micro-
laminate composites with alternating rGO−PU and BN−PU layers.
The composites were designated as rGO−PU/BN−PU_X, where X is
the volume ratio of rGO−PU to BN−PU laminates in composites.
The volumetric fractions were calculated using the densities of 2.2,

2.3, and 1.06 g/cm3 for rGO, BN nanosheets, and PU according to
the suppliers’ specifications, respectively. The schematic of the above
fabrication procedure is illustrated in Figure 1.

2.3. Characterization. The elemental compositions and chemical
structure of GO before and after the reduction were examined by X-
ray photoelectron spectroscopy (XPS, Axis Ultra DLD). The
dispersion of rGO sheets in the PU matrix and the exfoliation of h-
BN were characterized on an X-ray diffraction analyzer (XRD,
PANalytical X’pert Pro) using Cu Kα1 (λ = 0.154 nm) radiation.
Morphologies of different composites were examined on a scanning
electron microscope (SEM, JEOL JSM 6390). The size distribution
and thickness measurement of BN nanosheets were conducted using a
SEM, a transmission electron microscope (TEM, JEOL JEM 2010),
and an atomic force microscope (AFM, NanoScope IIIa/Dimension
3100). Raman spectroscopy (Reinshaw MicroRaman/Photolumines-
cence System) was used to examine the structural change of BN
before and after exfoliation. The functional groups on BN, the
chemical bonds of GO before and after functionalization and
reduction, and the interfacial interactions between rGO and PU
were studied by Fourier transform infrared spectroscopy (FT-IR,
Bruker Vertex 70Hyperion 1000). The dielectric properties of solid
rGO−PU composites and rGO−PU/BN−PU microlaminate compo-
sites with different filler contents were studied on an impedance/gain-
phase analyzer (Hewlett Packard 4149A) in the frequency range from
100 Hz to 40 MHz. The dielectric strength was measured on a
ferroelectric analyzer (TF Analyzer 2000E).

3. RESULTS AND DISCUSSION

3.1. Reduction of GO and Dielectric Properties of
rGO−PU Composites. The general XPS spectrum (Figure
S3a) of rGO presents a prominent N 1s peak at 400 eV as a
reflection of functionalization by polydopamine and reduction
by hydrazine, both of which were absent in GO. After the
functionalization and reduction, the intensity of O 1s of rGO
significantly reduced. Consequently, the atomic C/O ratios of
rGO (inset table in Figure 2a) increased from 1.38 to 4.3,
which was lower than those of rGO reported in the
literature18,21 because of the presence of O atoms in the

Figure 2. (a) Deconvoluted C 1s XPS spectra of GO and rGO after functionalization and reduction with deconvoluted N 1s spectrum in inset. (b)
FT-IR of neat PU, GO−PU, and rGO−PU composites, showing enhanced interfacial interactions after the functionalization and reduction of GO
with magnified peaks in inset. (c, d) Side-view SEM images of porous rGO−PU composites at different magnifications. (e) Raman spectra of
porous rGO−PU composites measured in different directions as indicated in inset.
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polydopamine chains. The deconvoluted C 1s spectra of GO
(Figure 2a) consisted of CC/C−C (284.9, eV), C−H
(285.3 eV), C−O (287 eV), CO (287.8 eV), and O−CO
(289 eV) functional groups.22 After the functionalization and
reduction, a new peak appeared at 285.8 eV, corresponding to
C−N in rGO, whereas the intensities of oxygenated functional
groups were significantly reduced. The CC/C−C peak of
rGO underwent an obvious downshift after the reduction, as
indicated by the black arrow, suggesting the formation of π−π
stacking between the graphitic units of rGO sheets and the
aromatic rings of polydopamine.23 A comparison of
deconvoluted C 1s spectra of the polydopamine-functionalized
GO before and after reduction is given in Figure S3b. The GO
sheets were partially reduced by the amine functional groups in
polydopamine chains,17,24 showing significantly reduced
intensities of C−O and O−CO peaks. After the hydrazine
treatment, the functionalized GO sheets were further reduced
with weakened oxygen-containing groups, especially the C−O
and CO species. The deconvoluted N 1s spectrum of rGO
showed a predominant N−H (400 eV) peak and two minor
peaks of −N (389.9 eV) and −NH2 (401.7 eV) functional
groups (inset in Figure 2a).
In spite of the largely different chemical nature of GO before

and after functionalization and reduction, both GO−PU and
rGO−PU composites presented similar FT-IR spectra to the
neat PU. The peptide bond peak of PU located at 1530 cm−1

shifted to 1535 cm−1 after the incorporation of GO sheets,
indicating strong interactions between the peptide bonds in
PU chains and the oxygenated groups in GO sheets. The peak
position underwent a further shift to 1537 cm−1 in the

polydopamine-functionalized rGO, a suggestion of enhanced
interfacial interactions as the long tails of wrapped polydop-
amine on GO sheets likely penetrated into the PU molecules.25

The broad peak at ∼3400 cm−1, a representation of N−H/O−
H stretching vibration, exhibited an obvious downshift,
indicating the formation of strong hydrogen bonds between
the oxygenated functional groups on the GO sheets and the
PU matrix.26 With the incorporation of the polydopamine-
functionalized rGO, much stronger hydrogen bonds were
expected as indicated by the extended downshift of the peak
position (inset in Figure 2b), attributed to the large amount of
oxygen- and nitrogen-containing groups in polydopamine and
the polydopamine chains penetrating into the PU matrix as
discussed above. The XRD pattern of GO had a peak at 2θ =
7.7° (Figure S3c), reflecting a d-spacing of 1.15 nm, which is
much larger than that of pristine graphite as a result of
intercalation of high concentration acid into the GO layers.15,16

The 0.73 vol % rGO−PU composites presented an XRD
pattern very similar to that of the neat PU with a characteristic
peak at 19.5°, showing the absence of the characteristic peak of
the GO sheets at 7.7°. This signified the uniform dispersion of
polydopamine-functionalized rGO sheets in the matrix with
enhanced interfacial interactions.
The morphologies and structures of the rGO−PU

composites before compaction were examined by SEM and
Raman spectroscopy, as shown in Figure 2c−e. The porous
state of rGO−PU composites obtained after freeze-casting and
drying process27 presented highly aligned longitudinal
skeleton, which is intermittently connected by transverse
bridges (Figure 2c,d). The bidirectional freeze casting

Figure 3. Dielectric properties of rGO−PU composites with different filler contents: (a) alternating current (AC) conductivity, (b) dielectric
constant, (c) dielectric loss, and (d) summary of dielectric performance at 1 kHz. Insets in (a)−(c) are the percolation threshold obtained
according to the power law; and the dielectric constant and dielectric loss of composites plotted in linear scales within a frequency range of 100−
2000 Hz, respectively.
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produced a highly oriented rGO−PU composites in the two
orthogonal directions (Figure S4a). The SEM image of freeze-
fractured surface (Figure S4b) indicates that the composites
consisted of large pieces of rGO−PU laminates (as indicated
by white arrows) interconnected by rGO−PU bridges. These
SEM images taken from different directions (Figures 2c,d and
S4) confirmed that a highly aligned layered structure was
formed owing to the bidirectional temperature gradients
generated using the PDMS wedge. The large temperature
gradients along the two directions, namely from the mold
bottom to the top surface and along the slope of PDMS wedge
(Figure S2), resulted in the nucleation of ice crystals at the
thinnest edge of the PDMS wedge and their laminar growth
directed by the dual temperature gradients (Figure S5a,i).
Without the PDMS wedge, the ice crystals tended to nucleate
randomly at the bottom of the mold, leading to only
longitudinal alignment of rGO−PU composites (Figure
S5b,iii).19

The polarized Raman spectroscopy has been widely used to
study the alignment of carbon materials, such as CNTs and
graphene.21,28,29 The intensities of Raman bands of these
carbon allotropes are highly sensitive to the relative direction
of the polarized incident laser, exhibiting the most intensified
peaks when the laser light is aligned along the alignment
direction while obtaining the most suppressed bands with
incident laser oriented perpendicular to it.18 The Raman
spectra of porous rGO−PU composites exhibited two major
peaks (Figure 2e), the D- and G-bands, reflecting disordered
sp3 hybridization and the doubly degenerate zone center E2g
mode, respectively. The intensities of these peaks for the
porous rGO−PU composites were largely different along the
three major directions. Much higher intensities were observed
in the directions 2 and 3 than in the direction 1, signifying the
orientation of rGO sheets in the composites along these two
directions. With the incident laser oriented transverse to the
alignment direction (direction 1 in Figure 2e), the intensities
of the Raman peaks were significantly suppressed, suggesting
lack of alignment, which is consistent with the SEM
morphologies. Apart from the good alignment arising from
the bidirectional freeze-casting, the large size GO precursors
(Figure S1) also enhanced the alignment, contributing to high
dielectric constants of the rGO−PU composites (Figure 3d).4

The alternating current (AC) conductivities and dielectric
properties of solid rGO−PU composites containing different
filler contents obtained after compaction are shown in Figure
3a−d. The AC electrical conductivity of composites signifi-
cantly enhanced with increasing rGO content (Figure 3a),
indicating effective reduction of the GO sheets. The AC
conductivities of composites reinforced with conductive fillers
can be expressed using a resistance−capacitance percolation
model. The model includes a frequency-independent Ohmic
conductivity attributed to the migration of charge carriers and
a frequency-dependent capacitive conductivity owing to the
dielectric component.30 Both neat PU and composites with
low filler contents (≤0.24 vol %) showed a linear relationship
with frequency in a log−log plot, typical of those below
percolation threshold.31 No conducting network was formed,
typical of a frequency-dependent capacitor-like behavior.
However, the composites with higher rGO contents (≥0.36
vol %) exhibited a plateau in conductivity at a low frequency
region below 10 kHz, showing conductivities dominated by a
frequency-independent Ohmic characteristic because of the
formation of percolating networks. At high frequencies, they

exhibited capacitive electrical conductivities. The percolation
threshold of composites, fc, was calculated following the power
law equation32

f f( )n
f cσ σ= − (3)

where σ is the electrical conductivity of the composites, σf is
the conductivity of the filler, f is the filler content, and n is the
critical exponent. The log−log relationship of σ and ( f − fc)
(see the inset in Figure 3a) gave a percolation threshold of 0.25
vol % for the rGO−PU composites.
The dielectric constant of rGO−PU composites greatly

improved with increasing filler content, especially at filler
contents above the percolation threshold at low frequencies
(Figure 3b). This is attributed to the significantly enhanced
interfacial polarization at high rGO contents, arising from the
large disparity in electrical conductivity between the
conductive fillers and the insulating PU matrix.31,33 The
polarized charges generated from the conductive fillers upon
the application of external electric field gather around the
rGO/PU interfaces, naturally forming numerous micro- or
nanocapacitors. The contributions of fillers for the formation
of nanocapacitors and thus the enhancement of dielectric
constant were maximized if the rGO sheets were highly
aligned.4 However, the transversely interconnected rGO sheets
were detrimental to the dielectric loss, giving rise to increased
dielectric losses with increasing filler contents (Figure 3c).
Leakage currents sharply increased when rGO conductive
networks were formed at filler contents above the percolation
threshold.34

The dielectric properties of rGO−PU composites deter-
mined at a reference frequency of 1 kHz are summarized in
Figure 3d. The highest dielectric constant of 4759 was
obtained at 0.97 vol % rGO at the expense of a large dielectric
loss of 3.9. A comparison is made of dielectric properties
among the current rGO−PU composites and other composites
reinforced with different conductive fillers (Figure S6a). The
rGO−PU composites exhibited both high dielectric constants
with moderately high dielectric losses, which are attributed to
(i) the strong interfacial polarization arising from the highly
conductive nature of well-reduced rGO sheets and (ii)
suppressed polarization relaxation due to strong interfacial
interactions arising from the polydopamine functionalization.
Taking advantage of the high dielectric constants, balanced
dielectric properties with significantly reduced losses were
achieved after the second freeze-casting/drying routine, as
discussed below. With increasing filler content, dielectric
strengths of the composites decreased sharply from 120 MV/m
of the neat PU to 5 MV/m of 0.97 vol % rGO−PU composites
(Figure S6b) as a result of the much increased leakage
currents. This means that a high dielectric constant and a low
dielectric loss or a high dielectric strength of conducting filler
composites are mutually exclusive, and one property can only
be tailored at the expense of the other.
A further study was made in an effort to simultaneously

achieve high dielectric constants, low dielectric losses, high
dielectric strengths, and high energy densities. For this
purpose, the porous 0.73 vol % rGO−PU composite with
the highest dielectric constant/loss ratio (Figure S6b) among
all rGO−PU composites was chosen for further optimization.
The dielectric constant/loss ratio or “dielectric ratio” has been
considered a measure of overall dielectric performance of
materials.35 Insulating BN−PU layers with high dielectric

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b08031
ACS Appl. Mater. Interfaces 2018, 10, 26641−26652

26645

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08031/suppl_file/am8b08031_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b08031


strengths were introduced among the high-k 0.73 vol % rGO−
PU layers to form a microlaminate structure.
3.2. Exfoliation of h-BN and Dielectric Strength of

BN−PU Films. Several methods have been developed for the
exfoliation of h-BNsuch as liquid phase exfoliation, chemical
assisted exfoliation, gas exfoliation, electrochemical exfoliation,
and ball milling20,36−38among which the ball-milling method
is proven to give effective exfoliation with the highest yields of
h-BN nanosheets. In this study, the h-BN flakes (Figure S7a)
were exfoliated by urea-assisted ball milling. Urea molecules
were adsorbed and intercalated into the BN layers during ball
milling, resulting in enhanced interlayer spacing to allow
exfoliation of the BN sheets.20 The SEM images of exfoliated
BN nanosheets (Figure S7b) on a SiO2/Si substrate showed a
similar contrast difference to the GO sheets deposited on the
same substrate,15 a typical characteristic of exfoliated two-
dimensional materials with single or a few layers. The dark area
demonstrates effective exfoliation of the BN flakes into the h-
BN nanosheets. The AFM height profiles present nanosheet

thicknesses of 1.7−2.0 nm (Figure 4a), equivalent to 3−4
layers,39,40 taking into account the solvent residue entrapped
between the BN sheets and the underlying substrate, although
the d-spacing of h-BN is 3.3 Å.41 The TEM images present
well-exfoliated BN nanosheets (Figure 4b,c) with a crystalline
structure, which is indicated by the selected area electron
diffraction (SEAD) pattern (inset of Figure 4b). The h-BN
nanosheets exfoliated by the urea-assisted method had an
average lateral size of 0.39 μm and an average number of 3.9
layers (Figure 4d). The h-BN sheets were inevitably
fragmented into smaller pieces because of the high-energy
ball impacts. It is reported that an ultrasmall thickness of the
BN sheets was essential for the high dielectric strengths of the
BN/polymer composites. However, the dielectric strength
became almost insensitive to lateral size of the BN nanosheets
ranging from 0.25 to 0.4 μm when they had an average layer
number of ∼4.11 Therefore, the BN nanosheets applied in this
study achieved excellent dielectric strengths, indicating a
moderate size effect of the BN sheets.

Figure 4. (a) AFM images and corresponding height profiles, (b) TEM and (c) high-resolution TEM images, and (d) distributions of size and
number of layers of BN nanosheets. (e) Raman spectra of h-BN and exfoliated BN nanosheets. (f) FT-IR of h-BN flakes and BN nanosheets. (g)
Dielectric strengths of BN−PU composites as a function of BN content. Insets in (b) and (f) are the SEAD pattern of BN nanosheets and the
magnified curves of selected regions, respectively.
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The XRD patterns of h-BN flakes and BN nanosheets are
shown in Figure S7c. No urea peaks were observed in the
pattern of BN nanosheets, confirming complete removal of
urea after centrifugation. The h-BN’s major characteristic peak
centered at 21.7° corresponds to the (002) plane, which
remained strong as the preferential plane for BN after
exfoliation, reflecting the relatively weak interlayer bond
among the (002) planes.41 The intensities of the other peaks
at 42.1 and 55.4°, representing the (100) and (004) planes of
BN, respectively, significantly reduced compared to those of h-
BN because of the medium bonding energy. Several weak
diffraction peaks at 44.1, 50.3, 76.3, and 82.5° correspond to
the (101), (102), (110), and (112) plane in h-BN, respectively.
They disappeared in BN nanosheets, reflecting high bonding
energies of these planes. The Raman spectra of both h-BN
flakes and BN nanosheets exhibited a characteristic peak at

∼1365 cm−1, and the intensity significantly reduced after
exfoliation from h-BN to BN nanosheets, see Figure 4e. The
full width at half-maximum of these peaks increased from 9.4
cm−1 for h-BN flakes to 11.8 cm−1 for BN nanosheets because
of a stronger surface scattering after exfoliation.42 Analogous to
graphite and graphene, the Raman peak position is proven to
be sensitive to the number of layers of BN. The peak position
underwent an upshift when the number of BN layers reduced
from the bulk h-BN flakes to monolayer BN due to the
hardening of E2g phonon mode induced by a slightly shorter
B−N bond in the isolated monolayer BN.43 It is proposed
previously that the peaks of double- and few-layer BN sheets
shifted downward due to the random strains induced during
cleavage or exfoliation, whereas BN sheets thicker than 10
layers presented almost the identical peak position to that of
bulk h-BN.42 The comparison of the characteristic peak at

Figure 5. SEM images of (a) porous and (b) solid rGO−PU/BN−PU microlaminate composites before and after compaction, respectively; (c)
dielectric constant and (d) dielectric loss vs frequency; (e) summary of dielectric properties at 1 kHz; and (f) dielectric strength and maximum
stored energy density of PU, rGO−PU, BN−PU, and rGO−PU/BN−PU composites. Insets (i) and (ii) are the magnified SEM image of porous
rGO−PU/BN−PU and the TEM image of the solid rGO−PU/BN−PU composites, respectively.
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1365.9 cm−1 between the h-BN flakes and the BN nanosheets
(inset of Figure 4e) clearly downshifted, demonstrating
exfoliation of the BN sheets to less than 10 layers.
The FT-IR spectra in Figure 4f show that both h-BN flakes

and BN nanosheets had prominent peaks at ∼770 and 1350
cm−1, corresponding to the in-plane B−N−B stretching
vibrations and the out-of-plane B−N bending vibrations,
respectively.44 The former peak upshifted from 765.7 to 783.0
cm−1 after exfoliation, possibly because of the wrinkles
generated in the thin BN nanosheets. A new broad band of
the N−H stretching vibrations appeared in the BN nanosheets,
a reflection of functionalization of BN by urea during the ball-
milling process. The functionalization of the BN nanosheets
using urea-assisted ball milling has been studied previously.20

The high-energy ball collisions led to mechanochemical
reaction where the amino groups were chemically bonded
with edges and physically adsorbed onto the B sites of the BN
nanosheets.
BN−PU composite films were prepared by drop casting and

their dielectric strengths were measured, as shown in Figure 4g.
The dielectric strength enhanced drastically from 120 MV/m
to a maximum value of 283 MV/m at a BN content of 3.85 vol
%. With further increase in the filler content, the dielectric
strength suffered a downward trend possibly due to
agglomeration of the fillers. Therefore, the 3.85 vol % BN−
PU composite was chosen for the fabrication of rGO−PU/
BN−PU microlaminate composites to study their dielectric
properties and energy densities.
3.3. Dielectric Properties of rGO−PU/BN−PU Micro-

laminate Composites. BN nanosheets, of 3.85 vol %, were
mixed with PU suspension and diluted with DI water before
infiltration into the aligned porous rGO−PU aerogels in the
second freeze-casting routine, followed by freeze-drying. The
resultant rGO−PU/BN−PU microlaminate composites before
and after compaction are shown in Figure 5a,b, respectively.
The aligned skeleton of conductive rGO−PU composite layers
remained intact through which the insulating BN−PU barriers
were intercalated (Figure 5a). After compaction, the
conductive rGO−PU layers were separated by the electrically
insulating BN−PU layers in the solid rGO−PU/BN−PU
composites, forming a microlaminate structure with uniformly
distributed alternating rGO−PU and BN−PU layers of
thicknesses ranging from 200 to 1000 nm (Figure 5b). In
contrast to the unidirectional freeze-casting method, which has
been widely used to fabricate aligned structure in the
longitudinal direction,18,19,35 the bidirectional freeze casting
led to a microlaminate structure that is more effective in
blocking conductive paths in the thickness direction (Figure
S5a,ii) than the structure with random cross-sectional
configuration (Figure S5b,iv). The aligned rGO sheets
observed in the rGO−PU layers (inset (ii) in Figure 5b)
functioned as the nanoscale capacitors, giving rise to high
dielectric constants.4 It is well known that a high dielectric loss
is directly related to the interconnected conductive materials,
whereas a high dielectric strength has an inverse relationship
with it. Therefore, the separation of the conductive rGO−PU
skeleton by the insulating BN−PU barriers in the micro-
laminate composites is expected to result in lower dielectric
losses and higher dielectric strengths.
The frequency-dependent dielectric properties of rGO−PU

and rGO−PU/BN−PU composites are shown in Figure 5c,d.
As expected, both dielectric constant and dielectric loss of
rGO−PU/BN−PU composites were lower than those of the

0.73 vol % rGO−PU composite over the whole frequency
range studied. The positive effect of the BN−PU barrier layers
on reducing dielectric loss was particularly encouraging, which
is attributed to the significantly suppressed tunneling currents
among electrically conductive rGO−PU layers. The AC
conductivities of PU (Figure S7a) decreased with the addition
of 3.85 vol % BN nanosheets due to the formation of insulating
BN networks, which acted as an efficient barrier against the
space−charge conduction and the leakage current.11 After
introducing the highly insulating BN−PU barrier layers among
the conductive rGO−PU layers, the electrical conduction
among the rGO−PU layers was effectively mitigated, resulting
in significantly reduced AC conductivities of the microlaminate
composites compared to the rGO−PU composites (Figure
S8b). Unlike the 0.73 vol % rGO−PU composites, the rGO−
PU/BN−PU microlaminate composites showed capacitor-like
AC conductivities over the whole frequency range, indicating
broken percolation pathways. In addition, the second freeze-
casting and freeze-drying process involving the BN−PU
aqueous dispersion effectively eliminated the transverse
rGO−PU bridges connecting the rGO−PU layers (Figure
5a) by the growth of ice crystals, leading to lower electrical
conductivities and thus suppressed dielectric losses of the
microlaminate composites.
The dielectric properties obtained at 1 kHz along with the

corresponding Umax calculated using eq 2 are summarized in
Figure 5e,f. An excellent dielectric constant of 1084 was
recorded by the rGO−PU/BN−PU_1.38 composites with a
low loss of 0.091. Practically viable dielectric losses lower than
0.1 were achieved for all combinations of rGO−PU and BN−
PU hybrids in this study, confirming the microlaminate
structure as a promising choice for developing high-perform-
ance dielectric materials. Three different batches of materials
were used for the same fabrication process and testing
procedure to confirm the reproducibility of the results, as
shown in Figures 5e,f and S9.
Further, the dielectric strength of rGO−PU/BN−PU_0.67

microlaminate composites was enhanced to a maximum value
of 95.1 MV/m, almost 18 times that of the neat rGO−PU
composite without the BN−PU barrier layers (Figure 5f and
Table S1). The BN−PU layer’s inherently high dielectric
strength of 283 MV/m and their barrier effect on the electrical
conduction among the rGO−PU layers contributed to this
ameliorating trait. The energy densities of the neat PU and the
rGO−PU composites were almost negligible with ultralow
values of less than 1 J/cm3. The incorporation of 3.85 vol %
BN nanosheets in PU resulted in an increase of 2.8-folds that
of the neat PU, which is consistent with previous study.11

Although the rGO−PU/BN−PU microlaminate composites
delivered lower dielectric constants than the rGO−PU
composites and lower dielectric strengths than the neat PU
or 3.85 vol % BN−PU, the microlaminate composites
exhibited significantly higher Umax than the neat PU, rGO−
PU, or BN−PU acting alone. A highest value of 22.7 J/cm3 was
achieved by the rGO−PU/BN−PU_0.67 composites, which is
12, 36, and 43 times higher than those of the 3.85 vol % BN−
PU composite, neat PU, and the 0.73 vol % rGO−PU
composite. The above observation means that the dielectric
constant, dielectric loss, and dielectric strength have to be
balanced to achieve optimized energy densities of composites.
In summary, the high energy densities of GO−PU/BN−PU
microlaminate composites are attributed to several ameliorat-
ing factors, including (i) high dielectric constants arising from
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the rGO−PU layers; (ii) significantly suppressed leakage
currents in the transverse direction and thus low dielectric
losses, thanks to the electrically insulating BN−PU layers
among the rGO−PU layers; (iii) the microlaminate structure
with a blocking effect of leakage currents in the thickness
direction; and (iv) intrinsically high dielectric strengths of the
BN−PU layers.
The excellent dielectric properties and energy densities of

the rGO−PU/BN−PU microlaminate structure are compared
with those of composites reinforced with different types of
fillers, as shown in Figure 6. Figure 6a indicates that the
composites reinforced with high-k inorganic fillers deliver
relatively low dielectric losses due to their intrinsically
insulating characteristics, but their dielectric constants are
limited even at high filler loadings.8,45−47 Dielectric losses
lower than 0.1, an important criterion for practical applications,
were achieved using high-k ceramic fillers, such as BaTiO3 and
BCZT. The addition of BN reduced the dielectric constants of
polymers due to its intrinsically low dielectric constant,
whereas the dielectric losses were well suppressed.11 The
dielectric constants of the polymer composites were greatly
improved after adding highly conductive reinforcements, such
as CNTs and graphene, but at the expense of much higher
dielectric losses. The encapsulation of conductive fillers by
insulating polymers and/or combining conductive fillers with
inorganic fillers were proven to be effective in maintaining both
high dielectric constants and restrained dielectric los-
ses.26,32,48−52 Thanks to the insulating layers on the conductive
filler surface, extremely low dielectric losses lower than 0.01
were achieved, but the enhancement of the dielectric constants
remained inadequate.10,53−56 A recent breakthrough using neat
poly(vinyl alcohol) (PVA) as the barrier layers among

conductive rGO/PVA delivered a remarkable dielectric
constant of 1059 and a loss of ∼0.8, although the energy
density was not measured.35 The current rGO−PU/BN−PU
composites with a microlaminate structure where the electri-
cally insulating BN−PU barriers isolate the conductive rGO−
PU layers presented a combination of excellent dielectric
constants as high as 1084 and a low dielectric loss of 0.091,
making them highly competitive for real-world applications.
The energy densities of the microlaminate composites are

also proven to be among the highest in a plot against the
dielectric constant/loss ratio, as shown in Figure 6b. For the
polymer composites containing dispersed conductive fillers, it
is challenging to achieve both high dielectric constant/loss
ratio and high energy density because of their relatively high
dielectric losses.48 High-k ceramic/polymer composites gen-
erally outperform conductive polymer composites owing to the
intrinsically high dielectric strengths and low dielectric losses
of high-k ceramics.8,45,46 However, relatively high filler loadings
are necessary to obtain optimized dielectric performances,
inevitably sacrificing the light weight and the mechanical
properties of polymer-based composites. BN has been verified
to be a promising high-k ceramic with a high energy density,11

but the dielectric constant/loss ratio is low because of its low
dielectric constant. The isolation of conductive fillers with an
insulating material makes it possible to obtain both high
dielectric constant/loss ratios and relatively high energy
densities.10,53,54,57 The rationally designed rGO−PU/BN−
PU composites in this study revealed such desirable attributes
simultaneously. In summary, Figure 6a,b clearly demonstrate
the benefits of the microlaminate structure consisting of
alternating high-k and high-Eb layers for emerging dielectric
applications.

Figure 6. Comparison of dielectric performance between rGO−PU/BN−PU microlaminate composites and other polymer-based composites: (a)
dielectric constant as a function of dielectric loss and (b) energy density as a function of dielectric constant/loss ratio.
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4. CONCLUSIONS
Highly aligned microlaminate composites consisting of
alternating rGO−PU and BN−PU layers were fabricated by
a two-step freeze-casting/drying process where the aligned
rGO−PU aerogel was infiltrated with the BN−PU aqueous
dispersion, followed by compaction. The transverse conductive
bridges connecting the longitudinal rGO−PU aerogel skeleton
were effectively broken by the electrically insulating BN−PU
layers, resulting in significantly enhanced dielectric properties.
The following can be highlighted from this study:

(i) Highly aligned rGO−PU aerogels with conductive
bridges among the neighboring rGO−PU layers were
fabricated by freeze casting. The polydopamine-
functionalized rGO were uniformly dispersed in the
PU matrix, leading to an excellent dielectric constant of
4258 with a moderate dielectric loss of 3.2 for the 0.73
vol % rGO−PU. However, the highly enhanced
dielectric constant of the composite was at the expense
of a sharply reduced dielectric strength of PU from 120
to 5.3 MV/m, resulting in a concomitant reduction in
energy density by almost 75%.

(ii) BN nanosheets with an average diameter of 0.39 μm and
an average layer number of 3.9 were synthesized using a
urea-assisted ball-milling method. The BN−PU compo-
site dispersion was intercalated to break the conducting
bridges connecting the rGO−PU composite skeleton
during the second freeze-casting/drying routine.

(iii) The microlaminate composites consisting of highly
aligned alternating rGO−PU and BN−PU layers were
formed after compaction. The dielectric constants of the
microlaminate composites remained as high as 1084,
whereas their losses were drastically suppressed to below
0.1. The dielectric strengths and energy densities were
restored in the microlaminate composites, achieving an
energy density of 22.7 J/cm3, which is 36 and 43 times
higher than those of the neat PU and the 0.73 vol %
rGO−PU composites, respectively. The longitudinally
conductive, transversely insulating high-k rGO−PU
layers and the high-Eb BN−PU layers were mainly
responsible for the excellent dielectric properties and
high energy densities.
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