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• A oxygen doped boron nitride (OBNNS)
was synthesized.

• The OBNNS can disperse and embed
into the PI matrix commendably.

• The PI/OBNNS composite can endow the
PI with a dramatic increment on ther-
mal, electrical, optical and mechanical
properties.
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In this article, oxygen doped boron nitride (OBNNS) was selected and introduced into PI to form OBNNS/PI com-
posite films. The thermal, electrical, optical and mechanical properties of the OBNNS/PI composite films were all
improved compared to pure PI. Our experimental results shown that the synthesizedOBNNS/PI compositewith a
low OBNNS content (0.25 wt%) have thermal conductivity of 0.291 W·m−1·K−1, tensile strength of 127.1 MPa,
elongation at break of 13.3%, and corona resistant life of 9.50 h, all were significantly enhanced compared with
that of a pure PI film. This can be attributed the homogeneous and ordered dispersion of OBNNS in PI matrix.
The successful preparation of the OBNNS/PI composites will pave a way for the development of multifunctional
polyimide-based composites for applications.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Polyimide(PI) has excellent high-temperature insulating properties
as insulating layered material of frequency conversion motor and di-
electric material, and widely used for electronic device surface passiv-
ation, buffer coatings, interlayer insulation and silicon chip packaging,
because of its high electrical, mechanical and thermal stability
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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properties [1–3]. However, PI suffers from a very low thermal conduc-
tivity, which would be a problem if fast heat dissipation is required,
and one previous study has shown that pure PI is not satisfactory in co-
rona resistance [4]. Nano-fillers incorporated in PI is considered as one
of the most promising ways to improve PI's thermal and corona resis-
tance properties [5]. However, the poor control of nanofillers dispersion
inside PI matrix may limit the full potential of PI material development.
Fortunately, some of inorganic nano-particles, such as silica [6],
aluminumoxide [7,8], montmorillonite [9], titaniumoxide [10,11], and
aluminum nitride [12], can be dispersed more or less uniformly into PI
matrix. Therefore, polyimide-based nano-composites are of particular
investigation interest to achieve better insulating materials. Recently,
some researchers have demonstrated that a few two-dimensional
(2D) materials such as graphene [13,14], molybdenumsulfide and
boron nitride (BN) [15–20] are beneficial for improving the perfor-
mance of polymer based composites in the development of multifunc-
tional applications. BN has been considered attractive insulating
ceramic filler for thermal or insulated applications, owing to its remark-
able microscopic properties such as its thermal conductivity
(400 W·m−1·K−1) and wide band gap (5–6 eV). Many researchers
have been focusing on enhancing the microscopic properties of pure
PI using modified BN particles with different sizes for various applica-
tions [21–23]. Hsu et al. reported the preparation of high thermal con-
ductive PI/BN composites, containing different proportions of micro
and nano sized BN, and the thermal conductivity of the PI/BN composite
with 30wt% content is up to 1.2W·m−1·K−1, which is 4–5 times higher
than that of pure PI [24]. Sato et al. have achieved a solids loading of
60 vol% PI/BN composite withmaintained flexibility, which has thermal
conductivity of 7 W·m−1·K−1 [25]. Tanimoto et al. prepared PI/BN
composite films containing voids achieving high thermal conductivities,
the highest value being 17.5 W·m−1·K−1 in in-plane direction for the
PI/BN composite with 60 vol% BN loading [26]. High concentrations of
BN were used in these studies to enhance the macroscopic properties,
this may lead to drastically deteriorate the mechanical properties, in-
crease the cost of composite preparation, and the simultaneous im-
provement for mechanical, electrical, optical and thermal properties of
PI based nanocomposites is proved to be difficult.

According to one previous study [27], the basal plane of BN
(2000 W·m−1·K−1) provides much higher thermal conductivity than
that of BN particles (400 W·m−1·K−1), so the ordered dispersion of
BN nano-sheets (BNNS) may hold the key to enhance the macroscopic
properties of polymer based composites. Thus, we decided to prepare
oxygen doped BN nanosheets (OBNNS) by acid etch and liquid-phase
exfoliation using an organic solvent, and fabricated PI-based nanocom-
posites containing OBNNS by in-situ polymerization.We conducted the
detailed investigation of PI-based composites with various concentra-
tions of OBNNS to determine the optimal concentration of the OBNNS
fillers for achieving the desirable thermal, optical, electrical, and me-
chanical properties. And we found that the synthesized OBNNS/PI com-
posite with 0.25 wt% content have thermal conductivity of
0.29 W·m−1·K−1, tensile strength of 127.1 MPa, elongation at break
of 13.3%, and corona resistant life of 9.5 h are all improved in compari-
son with that of pure PI, due to mainly the homogeneous dispersion
and good orientations of OBNNS in the composite films.

2. Experimental details

2.1. Synthesis of oxygen doped BN nanosheet

The synthesis process of BN nanosheet from BN nanoparticles is in
two steps. First, 3 mg BN nanoparticles were suspended in 240 ml of
concentrated H2SO4 for over an hour. 60 ml concentrated H2PO3 was
then added in, and the resulting mixture was constantly stirred for
12 h at 80 °C. After that, the resultingwhite colored precipitate was col-
lected on a 450 nm pore size PTFE membrane, washed several times
with DI water. Then 100 ml ethanol was used to wash the product
again,whichwas then collected on the samePTFEmembrane and freeze
dry to obtain hydroxy BN nanoparticles. Second, the collected hydroxy
BN nanoparticles were dispersed in 400 ml N, N-dimethylacetamide
(DMAC) under vigorous stirring for 1 h. Themixturewas then subjected
to 24 h-long tip-type sonication. The resultingmixture was then centri-
fuged at 3000 rpm for 30 min, and the supernatant was collected. Then
the collected supernatant was subjected to 20 min of centrifugation at
10,000 rpm to precipitate BN nano-sheets. After washing several times
with DI water, freeze dry overnight at −60 °C, oxygen doped BN
nano-sheets (OBNNS) were obtained.

2.2. In-situ synthesis of PI/BNNSs composite films

Equivalent molar ratios of 2 g 4, 4′-oxy dianiline (ODA) and 2.2 g
pyromellitic dianhydride (PMDA) were dissolved in the OBNNSs/
DMAC dispersion solution to make solutions containing 0.25, 0.5, 1
and 3 wt% of OBNNSs (compared to monomers), respectively. There
was no precipitate found in OBNNSs/DMAC dispersion solutions, indi-
cating thatmost OBNNSs arewell dispersed in DMAC. After that, viscous
polymer solutions of polyamic acid PAA/OBNNSs were obtained. The
PAA/BNNSs solutions were then casted onto glass substrates and dried
at room temperature overnight. Next, the PAA composite films were
imidized through a sequence of heat treatments at 80,100, 150, 200,
260, 310, and 350 °C, each for 0.5 h under nitrogen environment,
forming the PI/OBNNS composite films with thicknesses around 40–50
μm. All chemicals usedwere supplied from the SinopharmChemical Re-
agent Co. Ltd. (China).

2.3. PI/OBNNS composite characterization

Cross-section scanning electron microscope (SEM) images were ob-
tained on a JEOL field-emission SEM, model JSM-6700F, at operating
voltage of 10 kV. TEM was carried out on a JEOL model JEM-2010. The
small angle x-ray scattering (SAXS) experiments were carried out at
beam line 4B9A at Beijing Synchrotron Radiation Facility. The storage
ring was operated at 2.2 GeV with beam current at 80 mA. The incident
X-raywavelengthwas selected at 0.154 nmby a double-crystal Si (111)
monochromator. X-ray photoelectron spectroscopy used is PHI 5700.
The tensile strength and elongation at break were measured on an
XLD-series liquid screen electronic tensile apparatus with specimens
in accordance with GB/T13541–92 at a drawing rate of 50 mm/min.
The average of five individual measurements is used with three signifi-
cant digits, and the unit is MPa. The dielectric constant of PI/OBNNS
films was tested using an impedance analyzer (Aglient4294A) with
16451B Dielectric Test Fixture in the frequency range of 1–107 Hz.
Transmittance spectra were recorded by a Shimadzu UV-1700 spectro-
photometer. The thermal distribution of the sample surface was de-
tected with the thermal imager (HY-G90 by SAT Ltd. Temperature
resolution: b 1 °C, frame time: 0.2 s). The corona resistant of the PI/
OBNNS films were performed at AC electric field intensity of
60 kV/mm (the frequency is 50 Hz) with a rod-plate electrode system
(IEC 60343).

3. Results and discussion

TEM was used to investigate the microstructure of the synthesized
OBNNSs, and the TEM image of OBNNS is shown in Fig. 1a. It is clearly
visible that the ultrathin OBNNSs have ellipse and irregular shapes
with overlapping morphology, and the OBNNS sheet is so thin, that
the underneath sheets can be seen in TEM image, similar to the previous
reported [28]. The obtained OBNNS thickness varies from single to sev-
eral layers with a typical lateral size b100 nm, and the dark parts are
generally the cross sections of the OBNNSs overlapped back. A bright
electron diffraction spots can be clearly observed in Fig. 1a inset
image, indicating that the OBNNSs are well crystallized. The spacing be-
tween diffraction spots indicates that the diffraction spot circled by red



Fig. 1. (a) The TEM image of OBNNSs (b-c) the SEM images of PI/OBNNS with 0.25 wt% doping concentration at deferent magnifications; (d-e) The C, N, B EDS element mapping for PI/
OBNNS with 0.25 wt% doping concentration.
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line is (200) crystal planes of h-BN. Fig. 1b shows a cross-section SEM
image of PI/OBNNS composite containing 0.25 wt% OBNNS, and a
zoom-in view of cross section area of the PI/OBNNS was shown in
Fig. 1c. The SEM images show that the fractured surface of the compos-
ite film is smooth with no distinguishable OBNNS layers. The homoge-
neously dispersed agglomeration of polymer molecular chain
containing OBNNS is observed, which all of the agglomerations are sep-
arated and sizes of the composite containing 0.25% OBNNS are b50 nm.
The OBNNS's existence and uniform distribution inside the PI-based
composite are further confirmed by C, N, B element mapping in
Fig. 1d–f. The SEM results validate the homogeneous distribution of
OBNNSs in PI matrix, and this can attribute that OBNNSs are able to dis-
perse inDMAC stably because of the polar surface of OBNNSs induced by
B\\N bonds, which enables homogeneous distribution of OBNNSs in
polar polymers. It is interesting to note that the OBNNSs and polymer
molecular chains agglomeration is somewhat aligned in the direction
parallel to the surface of the composite film. We suspect that, during
the PI/OBNNS composite casting and drying process, 2D OBNNS sheets
have tendency to align with the composite film surface, when the film
shrank due to drying.

The small angle X-ray scattering (SAXS) technique is widely used as
an effectivemeasure to probe the nanoscale structures in polymer com-
posite materials. We used technique explore PI/OBNNS micron-
structures. The SAXS scattering curves of the PI/OBNNS composites
with various OBNNS concentrations are shown in Fig. 2a. The PI/
OBNNS composite films with different OBNNS doping concentrations
have quite similar SAXS scattering signals, and the scattering intensity
gradually decreases with doping concentrations decrease. The charac-
teristic of microstructures of PI/OBNNS composites can be studied by
classic Porod's law of SAXS using the scattering signals of Fig. 2a [29].
The plots of ln[q3I(q)] versus q2 from PI/OBNNS composites are shown
in Fig. 2b, and these curves show the negative deviations indicating
the existence of the interfaces between OBNNS and PI molecular chains
according Porod's law. Moreover, the thickness of the interfaces could
be deduced by fitting with the following equation: E = (2πσ)0.5,
where σ is negative slope of Porod's curve of composite films, E is the
average thickness of the interfaces which is a characteristic parameter
for understanding the relationship between macrostructure and physi-
ochemical properties of composite.We found that the thicknesses of the
interfaces of PI/OBNNS composites decrease from 3.7 nm to 3.3 nmwith
the increase of the OBNNS doping concentrations indicating more dop-
ing induced change of electronic energy states. We believe that the in-
teraction between PI molecular chains and OBBNs leads to interfaces
which are responsible to the negative deviation. According fractal law
in SAXS theory, the fractal dimension parameter D can be calculated
by using ln(I(q)) vs. ln(q) plots for all the composite films (as shown
in Fig. 2c) [8]. The surface fractal (Ds)was coexisted in the all specimens,
from the slopes of the fractal curves. After fitting fractal curves, the sur-
face fractal of PI/OBNNS composites is barely fluctuated for all speci-
mens, this indicates that the composite structures become loose with
OBNNS content increases, and the strong interaction between PI molec-
ular chains and OBNNS exists in all composites.

The synchrotron grazing-incidence small-angle x-ray scattering
(GISAXS) were used to investigate the structures of the PI/OBNNS com-
posites. The PI/OBNNS composite with 0.25 wt% content exhibits an an-
isotropic three-dimensional GISAXS pattern (Fig. 2d), which
demonstrates the existence of oriented agglomeration, and the average
diameter is about 50 nm, calculated according to GISAXS theory [30–32]
(see inset image of Fig. 2d). The oriented agglomeration could be poten-
tially formed from BNNSs and polymer molecular chain, which this is
consistent with the SEM result. The PI/OBNNS with 0.25% content was
further characterized by XPS (shown in Fig. 3a), The survey scan spectra
from XPS analysis of the composite show the presence of the principal
C1s, O1s, B1s and N1 s core levels, with no evidence of impurities. The
observed strong carbon peak could come from the PI chain, moreover,
the oxygen peak could result from the OBNNSs. The observed binding
energies of B1s and N1 s are 190.5 and 397.9 eV, respectively. Our ob-
served binding energy values are in good agreement with the reported
values [33,34]. The C1s core level peak can be resolved into two compo-
nents centered at 283 and 286 eV, suggesting sp2 C-sp2 C and C sp2–N
(amide) bonds, respectively (Fig. 3b). The XPS N1 s peaks of PI/OBNNS
are observed at binding energies of 397.1 and 399.3 eV (Fig. 3c). The
peak at 397.1 eV binding energy comes from OBNNS. The pyridinic
type of N atoms is observed at N1 s binding energy of 399.3 eV, this



Fig. 2. (a) Typical scattering curve of SAXS for OBNNS/PI with different content; (b) The plots of ln[q3I(q)] versus q2; (c) Typical ln(I(q)) versus ln(q) plots; (d) The GISAXS patterns and
scattering curve of the PI/BNNS with 0.25 wt% content.
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could come from PI molecules of the composite. The binding energy of
the B1s spectrum of NF-BNNS is 189.2 eV (Fig. 3d), which was similar
to that of h-BN. The B1s spectrum also show additional intense peaks
corresponding to B\\O bonds (at 192.5 eV) onto surface or edges of
OBNNS, and B\\O bonds for the BN particles preparation using the
acid treatment process. The XPS spectra of O1s peak can be resolved
as 531.3 eV, this further confirmed the existence of oxygen-containing
functional groups in composite (see Fig. 3e). The X-ray diffraction
(XRD) is an effective technique for probing the amount and orientation
of composite. The XRD pattern of the PI/OBNNS with 0.25% content
shows a small sharp (200) peak at ~26.1° compared to pure PI sample,
suggesting OBNNSs higher crystalline structure (Fig. 3f). The asymmet-
ric and broad peak at 18.3° is consistent with the amorphous structure
in PI based composite. The (200) peak at ~26.1° in XRD curve of the
PI/OBNNSis in good agreement with the TEM observation of (200)
plane of OBNNS (see the inset of Fig. 1a).

The real part of dielectric constant and the dielectric loss of the PI/
OBNNS composites as a function of frequency with different OBNNS
doping concentrations are shown in Fig. 4a and b. The dielectric con-
stant increases with increasing OBNNS doping concentrations due to
the enhanced dipolar polarizations by the incorporated oxygen func-
tional groups of modified OBNNS. However, the dielectric constant of
PI/OBNNS composite with 0.25 wt% content is 3.21, lower than that of
pure PI (about 3.43). Ultrathin two-dimensional OBNNS would result
in a large amount of heterostructure when they are embedded into PI
matrix even at a very low filling. The dielectric confinement and strong
self-polarization-induced radial localization of electronic density arising
from the heterostructure between insulating and semiconducting com-
ponentswere likely to lead to decrease of dielectric constant. The dielec-
tric loss of all PI/OBNNS films still remain low and even lower than
0.005 at 1000 Hz as shown in Fig. 4b. We think that the low dielectric
permittivity and dielectric loss are caused by this slightly ordered ag-
glomeration of OBNNSs and polymer molecular chains, as indicated by
SEM and SAXS results. The stress-strain curves of pure PI and the PI/
OBNNS composite films are shown in Fig. 4c, and the tensile properties
are summarized in the inset plot. The tensile strength and elongation at
break of the PI/OBNNS compositewith 0.25wt%OBNNS are significantly
increased, compared to that of pure PI. Increasing OBNNS doping con-
centration from 0.25 to 0.5 wt%, the tensile strength of PI/OBNNS film
increases even more, from 127.3 to 139.1 MPa. The tensile strength of
the PI/OBNNS film containing 0.5 wt% of OBNNS is 31.1% higher than
that of pure PI film and the elongation at break is 16.7% greater than
that of pure PIfilm. This reinforcement effect fromOBNNS can bemainly
attributed again to uniform dispersion and orientation alignment in PI
matrix, as well as the efficient stress transfer from the matrix to
OBNNS, because of the strong interfacial interactions between them.
Low amount of OBNNS mixing in mechanical property improvement
of PI means relatively low cost in practical applications. When OBNNS
content reaches 3wt%, however, the elongation at break of the compos-
ite decreases significantly, probably because the OBNNS doping exceeds
the critical threshold. The excess OBNNS may form small agglomerates,
which act as stress concentration sites, thus becoming one of the possi-
ble origins of the embrittlement of the composites. Another possible



Fig. 3. (a) XPS spectrum of the PI/OBNNS: (b) C1s XPS scans of the PI/OBNNS. (c) N1 s XPS scans of the PI/OBNNS. (d) B1s XPS scans of the PI/OBNNS. (e) O1s XPS scans of the PI/OBNNS.
(f) The XRD scans of the PI/OBNNS.
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reason is that OBNNS act as physical cross-linking points in the matrix
and restricts the movement or mobility of polymer chains.

The corona resistant life (CRF) is a key parameter of electrical prop-
erties of insulation materials. As shown in Fig. 4d, The CRF increases
with the increase of doping OBNNS contents under the same corona
aging testing condition, while the life of the PI composite doped with
3 wt% BNNS is 18.2 h under room temperature, which is about five
times longer than that of pure PI (3.10 h). At 100 °C, the PI/OBNNS com-
posites still possess excellent corona aging performance, all prepared
composites have longer CRF than pure PI, however,most polymermate-
rials have begun tomelt at 100 °C. As the above discussions, thin OBNNS
plays an important role in protecting the inner PI matrix from
decomposing by corona aging process. It is benefited that the OBNNS
coated PI molecules slight aligned distributed inside PI films, which
have been indirectly detected in SEM images in Fig. 1. Besides, the
adding of OBNNS can effectively improve the corona performance of
the PI composite due to the existence of insulated barrier layer and a
high heat conduction network from OBNNS connecting bridges.
Fig. 5a presents the thermal conductivity results of the OBNNS/PI
composites with various contents. It can be seen that the thermal con-
ductivity of the composites increased with the addition of OBNNS. The
pure PI had a relatively low thermal conductivity of
0.180 W·m−1·K−1, when the content of BNNS increased to 0.25 wt%,
an obvious enhancement of the thermal conductivity could be observed,
0.291 W·m−1·K−1, 50% higher than that of pure PI. With further in-
creasing OBNNS contents, the increased rate of thermal conductivity is
slow, which indicates that a conduction heat channel has been part
formed under a lowOBNNS doping content, so for the PI based compos-
ites with relatively low OBNNS loading, there is part direct contact with
each other between thin BNnano-sheets.Moreover, slightly aligned dis-
tribution of OBNNS coated PI molecules is a key for formation conduc-
tivity heat network and suppressing interface phonon scattering,
because the thermal conductive pathways are formed by the interface
of the composites through phonon boundary scattering in theory.

Due to the low thermal conductivity of the polyimide substrate,
most heat would transmit along the conductive OBNNS network in



Fig. 4. (a) The dielectric permittivity, (b) The loss tangent and (c) Curves of tensile strength vs. strain, and (d) Corona resistant life of the PI/OBNNS composites with different doping
concentrations.
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the composite. The OBNNS network would improve the thermally con-
ductive path. However, the visual transmittance decreases. In Fig. 5b the
transmittances at visiblespectrum for PI composite with 0.25 wt% con-
tent is larger than 80%. However, when the content of OBNNS increased
to 3%, the transmittance decreased to b40%. In addition, the transmit-
tance of the composite films is regularly fluctuated in high wavelength
(N1000 nm), which may further imply the existence of this ordered ag-
glomeration in the PI/OBNNS composite films. In order to further con-
firm the thermal conductivity of the OBNNS/PI composite film, the
Fig. 5. (a) Thermal conductivity of the OBNNS/PI composites as a functio
infrared thermographs are recorded to investigate the effect of OBNNS
on thermal conduction phenomenon. An isotherm distribution after ap-
plying the discharge for 10s is shown in Fig. 6. It is observed that the
83.3 C central maximum temperature for PI/OBNNS composite film
with was 0.25 wt% content lower than pure PI. As can be seen from
Fig. 6a, b, the isotherm distribution of pure PI with lower is more inten-
sive. Under the same discharge condition, the intensive distribution rep-
resents the maximum temperature is much higher and more heat is
accumulated in the center. It can be inferred that the OBNNS can greatly
n of OBNNS content, (b) Transmittance spectra of OBNNS/PI films.



Fig. 6. Relation between the isotherm distribution and the Infrared images after applying pulse frequency for 10s. (a)Pure PI, (b) PI/OBNNS composite with 0.25 wt% content, (c) Infrared
images of pure PI during the test, (d) Infrared images of the composite with 0.25 wt% content.
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decrease the maximum temperature, and the heat will be conducted
out quickly and the effect of thermal accumulation will be reduced.
Fig. 6c, d further shows the thermographs of pure PI and PI/OBNNS com-
posite with 0.25 wt% content. On the thermographs, a brighter color in-
dicates a higher temperature, while a darker color corresponds to a
lower temperature. It was obviously found that for the same test time,
the temperature in the heat source region decreased with the incorpo-
ration OBNNS. Compared with pure PI films, heat can be more quickly
transferred in the composite films. Above all, the composites possess ex-
cellent mechanical, electrical insulation and thermal property. There-
fore, the PI/OBNNS composites are suitably applied for the industry in
the future.

4. Conclusions

In conclusion, this article demonstrated that the advanced PI/OBNNS
composite filmswith excellent thermal, electrical andmechanical prop-
erties and low dielectric permittivity can be fabricated by using in-situ
polymerization method in low OBNNS doping. The testing results
shown that the dielectric constant of PI/OBNNS composite with
0.25 wt% content is 3.21, lower than that of pure PI (about 3.43), and
the tensile strength is 26.2% higher than that of pure PI film and the
elongation at break is 23.1% similarly greater than that of pure PI film.
The corona resistant life increases with the increase of doping OBNNS
contents under the same corona aging testing condition. The life of the
PI/OBNNS composite doped with 3 wt% OBNNS is 18.2 h at room tem-
perature, which is more than five times longer than that of pure PI
(3.10 h). More importantly, under 100 °C, PI/OBNNS composites still
possess excellent corona aging performance. Besides, the transmittance
at visiblespectrum for PI composite with 0.25wt% content is larger than
80%, and the thermal conductivity is 50% higher than that of pure PI,
which this was confirmed by the infrared thermographs. The SEM and
GISAXS results show that OBNNS are very likely have uniform and
aligned distribution inside PI matrix. Our study develops a facile and ef-
fective way to fabricate high performance multifunctional polyimide-
based composites.
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