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f graphene oxide and boron nitride
on the mechanical properties of polyimide
composite films†

Yi Kai Cheng,a Benôıt Denis Louis Campéon,b Seiji Obatab and Yuta Nishina *ab

The addition of two-dimensional (2D) materials into polymers can improve their mechanical properties. In

particular, graphene oxide (GO) and hexagonal boron nitride (h-BN) are expected to be potential

nanoplatelet additives for polymers. Interactions between such nanoplatelets and polymers are effective

in improving the above properties. However, no report has investigated the effect of using two types of

nanoplatelets that have good interaction with polymers. In this study, we fabricated polyimide (PI) films

that contain two types of nanoplatelets, amine-functionalized h-BN (BNNH2
) and GO. We have elucidated

that the critical ratio and the content of BNNH2
and GO within PI govern the films' mechanical properties.

When the BNNH2
/GO weight ratio was 52 : 1 and their content was 1 wt% in the PI film, the tensile

modulus and tensile strength were increased by 155.2 MPa and 4.2 GPa compared with the pristine PI film.
Introduction

Polymer lms with molecularly designed structures have been
playing an important role in applications such as medical
devices,1 separators in batteries,2–4 high-performance audio
diaphragms,5 and computer memory.6 Therefore, the fabrica-
tion of polymers with targeted properties is of great interest for
the development of next-generation technologies. Polymers
have advantages such as their ease of processing, light weight,
and chemical resistance compared with metallic materials.7,8

Polyimide (PI), which was rst synthesized in 1908,9 has
extremely high heat and chemical resistances, mechanical
properties, and electrical insulation compared to other polymer
materials. These properties enable PI to be used in a wide range
of applications such as waterproof coatings,10,11 speaker
components,12–14 separators for batteries,15,16 gas separa-
tions,17–19 and water purication membranes.20,21

The introduction of llers has been investigated to improve
the properties of polymer lms. Addition of one- and/or two-
dimensional (2D) carbon materials has been aimed at forming
strong p–p interaction between the aromatic frameworks in PI
and carbon materials.22,23 For example, the physical properties of
PI can be improved by the addition of low-dimensional carbon
materials, such as carbon nanotubes,24–26 graphene oxide
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the Royal Society of Chemistry
(GO),27–31 and amine-functionalized carbonmaterials.32,33 Another
promising ller with a honeycomb structure is hexagonal boron
nitride (h-BN), which can interact strongly with 2D carbon
materials.34 Therefore, mixing with carbon composites of h-BN
would exert a synergic effect, resulting in thermal conductivity,
as well as thermoelectric and mechanical properties.35–37 Several
methods ofmodifying h-BN edges with hydroxyl groups or amino
(NH2) groups were reported recently.38–40However, the fabrication
of the PI-BN/GO composite lm and evaluation of its mechanical
properties have not been reported so far.

In this study, we focused on edge functionalization of h-BN
with NH2 groups (BNNH2

) to ensure a good affinity with GO
and PI to improve mechanical strength. The BNNH2

edge can
bond with PI through amide bonds, while its basal plane retains
a non-reactive honeycomb structure. Interestingly, h-BN and
GO show good interaction with each other.41–43 Therefore, we
hypothesized that covering the basal plane of BNNH2

with GO
results in a ller with superior mechanical strength through
interaction with PI at both the basal plane (oxy functional
groups on GO) and edge (amino groups of BNNH2

) of the 2D
structure. In this context, we prepared a PI-BNNH2

/GO composite
containing both GO and BNNH2

to elucidate the effect of
employing multiple types of nanoplatelets in PI lms (Fig. 1). As
a result, the mechanical properties of PI lms were improved by
the introduction of BNNH2

, and a further improvement was ob-
tained with an additional small amount of GO.
Results and discussion
Synthesis and characterization of BNNH2

First, we synthesized amine-functionalized h-BN (BNNH2
) by

a ball milling method (details are given in the Experimental
Nanoscale Adv., 2022, 4, 2339–2345 | 2339
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Fig. 1 Schematic illustration of the fabrication of the PI-BNNH2
/GO composite film.
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section). We used guanidine or urea as a nitrogen source.
Hereaer, we call h-BN treated with urea BNNH2

(U) and h-BN
treated with guanidine BNNH2

(G), respectively. Aer ball
milling, dialysis was carried out to remove unreacted guanidine
or urea. The specimens were treated by sonication for 1 h in
dimethylacetamide (DMAc), resulting in a homogeneous
dispersion (Fig. S1†).

The Fourier transform infrared (FTIR) spectra exhibited
strong peaks at 780 cm�1 and 1380 cm�1 originating from the
in-plane B–N stretching vibration and out-of-plane B–N–B
bending vibration (Fig. S2†).44,45 Furthermore, an additional
peak appeared at around 3250 cm�1 in BNNH2

(G). This peak is
assigned to the N–H vibration mode.46,47 Thermal gravimetric
analysis (TGA) results are shown in Fig. 2a. According to the
TGA results, BNNH2

(U) and BNNH2
(G) showed 2 wt% and 4 wt%

loss, respectively, while pure h-BN did not show weight loss.
These results indicate that functionalized h-BN was successfully
synthesized and that more amine-functionalization proceeded
with guanidine than with urea. Therefore, BNNH2

(G) was used
for the following experiments. X-ray diffraction (XRD) data are
presented in Fig. 2b; BNNH2

(G) showed two main characteristic
diffraction peaks at 26.2� and 42.8� originating from the h-BN
structure. Compared to the pristine h-BN, the (002) and (100)
peak intensities of BNNH2

(G) decreased. Thus, the FWHM of
(002) was changed from 0.25 to 0.34; in contrast, the (002) peak
position was not signicantly shied (Fig. S3†). These results
suggest that h-BN sheets were exfoliated because of the physical
force and/or the chemical functionalization during the ball
milling process.
Fig. 2 (a) TGA curves of h-BN, BNNH2
(U), and BNNH2

(G) with a heating
rate of 10 �C min�1. (b) XRD patterns of BNNH2

(G), BNNH2
(U), and

pristine h-BN.
Reaction of BNNH2
with an acid anhydride

To conrm the presence of NH2 groups in BNNH2
, we treated

BNNH2
(G) with 3,30,4,40-benzophenonetetracarboxylic dianhydride
2340 | Nanoscale Adv., 2022, 4, 2339–2345
(BTDA) to form amide bonds. The detailed synthesis procedure is
given in the Experimental section. TGA data of h-BN, BNNH2

(G),
and BNNH2

(G) treated with BTDA (BNNH2
(G)/BTDA) are presented
© 2022 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 3. For comparison, TGA data of h-BN treated with BTDA (h-
BN/BTDA) are also presented in Fig. 3. The h-BN/BTDA sample
showed two mass losses of 1.7 wt% and 2.2 wt% at 225 �C and
320 �C. On the other hand, the BNNH2

(G)/BTDA sample showed
two mass losses of 5.6 wt% and 4.2 wt% at 150 �C and 500 �C,
respectively, corresponding to the release of water during the
thermal imidization and the carbonization reactions.48–50 Aer
TGA analysis, only the surface of BNNH2

(G)/BTDA turned black
(Fig. 3b–e). Furthermore, FTIR spectra of BNNH2

(G)/BTDA (Fig. S4a
and b†) show an additional peak at 1720 cm�1 derived from the
C]O vibration,51,52 and the NH stretching vibration at 3520 cm�1

has slightly decreased (Fig. S4c†). The above description suggests
that the NH2 group on h-BN can bond with BTDA through an
amide bond. In the case of h-BN/BTDA, C]O vibration at
1720 cm�1 was not observed (Fig. S4d†). The TGA and FTIR results
conrm that NH2 groups are present on h-BN, and the NH2 groups
can form amide bonds.
Fabrication of PI-BNNH2
(G) and PI-BNNH2

(G)/GO composite
lms

DMAc is generally used as a solvent for the preparation of pol-
yamic acid (PAA),32,33 a precursor of PI. Therefore, the dis-
persibility of BNNH2

(G) and BNNH2
(G)/GO was investigated in

DMAc by sonication. The ratio of BNNH2
(G) : GO was 10 : 1 and

100 : 1, and the obtained samples were termed BNNH2
(G)/

GO(10 : 1) and BNNH2
(G)/GO(100 : 1), respectively. The suspen-

sions were stable for more than onemonth at room temperature
without visible precipitation (Fig. S1†). The particle size analysis
(Fig. S5†) showed a mean size of 273 nm, 234 nm, and 223 nm
Fig. 3 (a) TGA curves of h-BN, h-BN/BTDA, BNNH2
(G), and BNNH2

(G)/
BTDA with a heating rate of 10 �Cmin�1 under a N2 atmosphere. (b) h-
BN after TGA. (c) h-BN/BTDA after TGA. (d) BNNH2

(G) after TGA. (e)
BNNH2

(G)/BTDA after TGA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
for BNNH2
(G), BNNH2

(G)/GO(100 : 1), and BNNH2
(G)/GO(10 : 1),

respectively.
Next, homogeneous suspensions of PAA composites were

prepared in DMAc by a two-step process. Initially, sonication
was employed to disperse BNNH2

(G) or BNNH2
(G)/GO with 4,40-

diaminodiphenyl ether (ODA) and BTDA. Then, the as-obtained
dispersion was mixed for 12 hours to allow the polymerization
and formation of PAA composite suspensions, which are termed
as PAA-BNNH2

(G), PAA-BNNH2
(G)/GO(10 : 1), and PAA-BNNH2

(G)/
GO(100 : 1). These PAA composite suspensions were coated on
glass and heated at 300 �C, resulting in PI composite lms,
termed as PI-BNNH2

(G), PI-BNNH2
(G)/GO(10 : 1), and PI-

BNNH2
(G)/GO(100 : 1) (details are given in the Experimental

section). A conventional method for the synthesis of PI lms
consists of heating PAA lms at elevated temperatures within
200 to 300 �C.53,54 The heating rate was kept as low as 5 �Cmin�1

to avoid the formation of bubbles within the PI lm during the
solvent evaporation.55
Mechanical properties of composite lms

First, we investigated the effect of BNNH2
(G) and GO on PI lm.

According to Fig. 4 and Table 1, the tensile modulus of PI
containing a low quantity (1 wt%) of GO showed a 22% increase
over the tensile modulus of the pristine PI, although the tensile
strength of the PI–GO was slightly decreased (Table 1, entries 1
and 2). The addition of only GO does not signicantly improve
the mechanical properties. A previous study also pointed out
that GO decreased the tensile strength because the interaction
between GO and PI is not strong.31

Next, we investigated the effect of the addition of h-BN,
which improved the mechanical properties (Table 1, entry 3).
Due to the surface roughness and wrinkles in h-BN (Fig. S6a and
b†), the PI–hBN composite lm has better mechanical proper-
ties than the pristine PI lm, as reported previously.56 Then, we
investigated the composite with BNNH2

(G) to elucidate the effect
of the functionalization. The tensile strength of PI containing
a low quantity (0.5 wt%) of BNNH2

(G) showed a 23% increase
over the tensile strength of the pristine PI (Table S1, entry 1†).
Increasing the amount of BNNH2

(G) from 0.5 to 1 wt% improved
the tensile strength by 44% (Table 1, entry 4). However, further
increase of BNNH2

(G) to 3 wt% decreased both the tensile
strength and tensile modulus (Table S1, entry 2†). These results
indicate that an excess amount of BNNH2

(G) leads to reducing
the positive effects of BNNH2

(G) in the PI matrix, probably
caused by the stacking of BNNH2

(G) and void formation.
Therefore, the optimal amount of BNNH2

(G) in PI is determined
to be 1 wt%.

Finally, the combined use of GO and BN in the PI lms was
evaluated. The results demonstrated that PI lms incorporating
h-BN, BNNH2

(G) and GO showed superior mechanical properties
than those with a single component (GO, h-BN, or BNNH2

(G))
(Table 1, entries 2–6). This suggests that there is a good inter-
action between GO and BN, which enhances the mechanical
properties of PI. According to Table 1 (entries 5 and 6), the
tensile strength and tensile modulus of the BNNH2

(G)/GO
composite lm are 22% and 23% higher than those of PI–
Nanoscale Adv., 2022, 4, 2339–2345 | 2341
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Fig. 4 (a) Stress–strain curves of the pristine PI film and PI-BNNH2
(G)

films. (b) Stress–strain curves of the PI-BNNH2
(G) (100 : 1) and PI-

BNNH2
(G) (10 : 1) films.
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hBN/GO. This proves that the edge-functionalization of h-BN
improves the mechanical properties of the composite lm. In
addition, the PI-BNNH2

(G)/GO composite lm has a tensile
strength of approximately 154.89 MPa, which is 65% higher
than that of the original PI, and the tensile modulus was
Table 1 Mechanical properties of the neat PI film, PI-BNNH2
(G) films, an

Entry Samplea Tensile stren

1 Pristine PI 93.9 � 3.4
2 PI–GO 90.2 � 6.3
3 PI–hBN 110.9 � 7.0
4 PI-BNNH2

(G) 135.7 � 5.4
5 PI–hBN/GO(100 : 1) 127.4 � 6.8
6 PI-BNNH2

(G)/GO(100 : 1) 154.8 � 11.1
7 PI-BNNH2

(G)/GO(52 : 1) 155.2 � 2.1

a 1 wt% sample was used in the PI matrix.

2342 | Nanoscale Adv., 2022, 4, 2339–2345
increased to 3.83 GPa, which is 69% higher than that of the
original PI (Table 1, entry 1). Upon reducing the amount of
BNNH2

(G)/GO to 0.5 wt% BNNH2
(G), the tensile strength and

tensile modulus of PI were also reduced to 118.96 MPa and
2.84 GPa (Table S1, entry 4†). When the BNNH2

(G)/GO ratio
increased to 10 : 1, the tensile strength dropped to 137.33 MPa
and the tensile modulus also dropped to 3.30 GPa (Table S1,
entry 7†). Similar to only h-BN, there is a critical BNNH2

(G)/GO
amount for the improvement of the PI lm's mechanical
properties. Furthermore, these data also revealed that the ratio
of BNNH2

(G) to GO strongly affects the PI lm's mechanical
properties.

Based on our experimental results, we propose a model
structure of PI-BNNH2

(G)/GO. As reported previously, GO sheets
are easily aggregated in the composite, resulting in lower
tensile strength (Fig. S7a†).31 In contrast, GO has a strong
affinity with h-BN (Fig. S7c and d†).41–43 The attachment of GO
on the BNNH2

(G) surface facilitates the interaction with PI
because of the following synergic effect: (1) amide bond
formation with BTDA at the edge of BNNH2

(G),57 and (2) ami-
nation of GO at the basal plane with ODA through an epoxy
ring-opening reaction.27 Due to these effects, the BNNH2

(G)/GO
composite would successfully enhance the mechanical prop-
erties of PI.

Ideally, BNNH2
(G)/GO should be composed of single

BNNH2
(G) akes covered by single-layer GO on both sides.

According to AFM measurements, the average thickness of
BNNH2

(G) was 36 nm (Fig. S8†). Considering that the thickness
of a single layer h-BN is 0.33 nm,58 the prepared BNNH2

(G) is
composed of about 109 layers. As GO sheets are adsorbed only
on the surface of BNNH2

(G), the ideal ratio to fully cover the
BNNH2

(G) surface with GO is 109 layers of BNNH2
(G) and 2

layers of GO. Considering the unit weight of BN and GO (the
elemental ratio of C to O is 2 : 1), the ideal ratio of BNNH2

(G)/
GO is 52 : 1. To prove our speculation, we measured the
mechanical properties of BNNH2

(G)/GO that has a ratio of
52 : 1 (BNNH2

(G)/GO(52 : 1)); its tensile modulus increased by
86%, and the tensile strength increased by 65% in compar-
ison to the neat PI lm (Table 1, entry 6). This specimen shows
the highest tensile strength and tensile modulus among all
specimens, which supports our hypothesis that surface
coating of h-BN with GO is desirable for the strong interaction
with PI.
d PI-BNNH2
(G)/GO films

gth (MPa)
Tensile modulus
(GPa)

Elongation at
break (%)

2.2 � 0.2 10.6 � 3.6
2.7 � 0.1 4.4 � 1.3
2.7 � 0.1 6.8 � 1.4
3.1 � 0.5 10.3 � 1.7
3.1 � 0.2 9.5 � 3.1
3.8 � 0.4 7.8 � 1.6
4.2 � 0.1 7.1 � 0.7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this research, we have demonstrated the improvement of the
mechanical properties of PI lms using amixture of two types of
materials, BNNH2

(G) and GO. Improvement of the mechanical
properties of composite lms, including modulus, strength,
and failure strain, has attracted tremendous interest in the eld
of materials science. Although the improvement of the modulus
and/or strength has been realized in current studies,59,60 the
improvement of failure strain along with modulus and strength
is rare in previous studies. Changing the ratio of BN and GO and
their ratio to PI, we elucidated that there is a critical value at
which the PI composite lm showed the highest tensile
modulus, tensile strength, and failure strain at the same time.
This enhances the toughness and potential application of PI.

In the case of 1 wt% PI-BNNH2
(G)/GO(52 : 1) composite lm,

the tensile modulus increased by 86%, and the tensile strength
increased by 65% in comparison to the neat PI lm. According
to our results, we proposed and experimentally conrmed
a model for the improvement of PI mechanical properties via
the addition of BNNH2

(G) and GO. In the case of BNNH2
(G), only

NH2 groups at the edges interact with the raw materials of PI
because the BNNH2

(G) surface is inert. On the other hand,
covering the BNNH2

(G) surface with GO creates additional
interaction between the BNNH2

(G)/GO surface and the raw
material of PI. Therefore, PI has a good affinity with it on the
surfaces and edges, which enhances the mechanical properties
of the PI composite lm. In contrast, the excess amount of GO
that is not attached to the h-BN surface causes the mechanical
properties of the composite to deteriorate. Our results and the
proposed mechanism will be useful guidelines for fabricating
2D composite materials in polymer matrixes.
Experimental section
Materials

Hexagonal boron nitride (h-BN) (average size 1–2 mm) was
purchased from Showa Denko K.K., Japan. Guanidine hydro-
chloride (purity 99.0+%), 3,30,4,40-benzophenonetetracarboxylic
dianhydride (BTDA, purity 96.0+%), 4,40-diaminodiphenyl ether
(ODA, purity 99.0+%), dimethylacetamide (DMAc, purity
98.0+%), sulfuric acid (H2SO4, purity 95.0+%), and potassium
permanganate (KMnO4, purity 99.3+%) were purchased from
FUJIFILM Wako Pure Chemical Corporation, Japan.
Characterization instruments

The particle size analyzer (PSA) used in this work was ELSZ-
2000N (Photal Otsuka Electronics, Japan). The samples for the
PSA were dispersed in DMAc. Fourier transform infrared spec-
troscopy (FTIR) spectra of the samples were recorded between
400 and 4000 cm�1 with an IRTracer-100 (Shimadzu Corpora-
tion, Japan). Scanning electron microscope (SEM) measure-
ments were performed with an S-5200 (Hitachi Limited, Japan)
with an accelerating voltage of 30 kV. X-ray diffraction (XRD)
measurements were performed on an AERIS equipped with
single crystalline silicon (Panalytical, Netherlands). Thermal
© 2022 The Author(s). Published by the Royal Society of Chemistry
gravimetric analyses (TGA) were performed with a DTG-60AH
(Shimadzu Corporation, Japan) from room temperature to
800 �C in nitrogen (N2) at a heating rate of 10 �C min�1. To
measure the tensile strength of PI lms, sample sheets were cut
into 10 mm � 60 mm and were tested using an AG-Xplus
Universal Testing Machine (Shimadzu, Japan) at a tensile
testing rate of 1 mm min�1.
Preparation of graphene oxide (GO)

GO was prepared using a modied Hummers method.61,62

Graphite (3.0 g) was stirred in 95% H2SO4 (75 mL). KMnO4 (9.0
g) was gradually added to the solution while keeping the
temperature below 10 �C using an ice bath. The mixture was
then stirred at 35 �C for 2 h. The resulting mixture was diluted
with water (75 mL) under vigorous stirring and cooling so that
the temperature did not exceed 50 �C. The suspension was
further treated with 30% aq. H2O2 (7.5 mL). The resulting
graphite oxide suspension was puried by centrifugation with
water until neutralization, and freeze-dried.
Preparation of amine-functionalized hexagonal boron nitride
(BNNH2

(G))

BNNH2(G) was prepared using a Pulverisette 7 Classic Line ball
mill (Fritsch, Germany).39,40 h-BN (0.5 g) and guanidine hydro-
chloride (10 g) were mixed using a ball mill at a rotation speed
of 750 rpm for 16 h at ambient temperature. Water (ca. 50 mL)
was added to the solid product. The resulting BNNH2(G)
suspension was puried by dialysis (membrane cutoff: 12 000–
14 000 Da) in deionized (DI) water for 24 h (DI water was
changed every 3 h, which was repeated 3 times, then le to
stand for 16 h) to remove the guanidine hydrochloride. A 1 week
dialysis treatment was also investigated (Fig. S9†), but no
difference was detected from the 24 h treated sample. There-
fore, the 24 h dialysis treatment was selected. Finally, the
sample was ultrasonicated for 10 min in DI water, and freeze-
dried.
Preparation of PI-BNNH2
(G) composite lms

To prepare PAA-BNNH2
(G) suspensions of different concentra-

tions, BNNH2
(G) (0.026 g, 0.053 g, 0.161 g, or 0.274 g) was

dispersed in DMAc (20 mL) by sonication for 1 h. ODA (2.0 g, 10
mmol) was added to the BNNH2

(G) suspension by sonication for
10 min. Then, BTDA (3.2 g, 10 mmol) was added into the
suspension, sonicated for 10 min, and cooled in a freezer at
about �18 �C for 12 h.

A viscous PAA-BNNH2(G) suspension was coated on glass
using an MSK-AFA-III coater (MTI Corporation, USA) with
a coating rate of 20 mm s�1. The coating was heated at 90 �C for
1 h (heating speed 1 �C min�1 under nitrogen) to evaporate the
solvent. Finally, PI was formed by heat-treatment from room
temperature to 300 �C for 1 h (room temperature to 300 �C for
5 h under nitrogen).
Nanoscale Adv., 2022, 4, 2339–2345 | 2343
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Preparation of PI-BNNH2
(G)/GO composite lms

BNNH2
(G)/GO(100 : 1) or BNNH2

(G)/GO(10 : 1) (5.2 g) was
dispersed in DMAc (20 mL) with sonication for 1 h. ODA (2.0 g,
10 mmol) was added to the BNNH2

(G)/GO suspension with
sonication for 10 min. BTDA (3.2 g, 10 mmol) was then added
into the suspension and sonicated for 10 min, furnishing a PAA-
BNNH2

(G)/GO suspension. The mixture was coated on glass and
heated at 90 �C for 1 h (heating speed: 1 �C min�1 under
nitrogen) to evaporate the solvent. Next, heat-treatment was
performed from room temperature to 300 �C over 5 h under
a nitrogen atmosphere, followed by keeping at 300 �C for 1 h. PI-
BNNH2

(G)/GO composite lms containing 0.5 wt%, 1 wt%, and
3 wt% BNNH2

(G)/GO were prepared following the same
procedures.
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