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In the current work, we fabricated flexible poly(ether-block-amide) (PEBAX)/graphene composite films by

a combination of facile melt blending and compression molding technique. The graphene content

significantly affects the mechanical properties, electrical conductivity and electromagnetic interference

(EMI) shielding performance. An electrically conductive percolation threshold of 1.75 vol% graphene was

obtained in the PEBAX/graphene composites. With the introduction of 4.45 vol%, and 8.91 vol%

graphene content, the average EMI SE of composite films could reach 16.6 and 30.7 dB, respectively.

More interestingly, the PEBAX/graphene composite exhibited a nearly-linear negative pressure

coefficient (NPC) effect of resistance with increasing outer pressure stimulation, which was attributed to

the formation of more conductive pathways caused by the decreased distance between adjacent

graphene. In addition, these composites demonstrated good sensing stability, recoverability and

reproducibility after stabilization by cyclic pressure loading. The current study provides guidelines for the

large-scale preparation of elastomer NPC sensors and smart EMI shielding devices.
1. Introduction

During the past few decades, with the rapid development of
electronic devices and wireless communications in daily life,
there has been an increasing issue of electromagnetic interfer-
ence (EMI) pollution, which has signicant effects on electronic
devices' operation, communication security and raises human
health concerns.1–4 Therefore, much attention has been paid to
the development of novel and exceptional EMI shielding
materials.5–8 Promising electromagnetic shielding materials
should possess the characteristics of strong blocking perfor-
mance, high electrical conductivity, excellent strength and anti-
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corrosion ability. Generally, metals and metal alloys display
outstanding EMI shielding effectiveness due to excellent elec-
trical conductivity. However, many aws, such as high density,
easy corrosion, low exibility and complex manufacturing
processes, hamper their utilization and development in elec-
tromagnetic shielding.9,10

Compared with EMI shields based on metals, conductive
polymer composites (CPCs) have received extensive attention in
EMI shielding recently due to their numerous advantages, such
as good processability, light weight, tunable conductivity, and
resistance to corrosion.11–13 It has been well anticipated that the
EMI shielding effectiveness of CPCs is closely associated with
the electrical conductivity.14,15 To obtain the target shielding
property, considerably appropriate ller loading is required. In
the practical application, when subjected to outer force, how to
maintain the strong EMI shielding properties remained chal-
lenge. Thus, the compressibility of CPCs should be rstly
considered when one wants to obtain high-efficiency EMI
shielding ability. Encouragingly, there are several publications
about compressive behavior of EMI shielding materials under
force stimulation, such as carbon-wrapped metallic Ag nano-
wire hybrid sponges,16 Cu nanowire@graphene core–shell aer-
ogels,17 porous multiwalled carbon nanotube/water-borne
polyurethane composites,18 light graphene foams,19,20 and
carbon nanotube–multilayered graphene edge plane core–shell
hybrid foams.21 These materials exhibited exceptional EMI
RSC Adv., 2020, 10, 1535–1543 | 1535
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shielding properties along with superior compressibility, which
renders their great potential as promising candidates for high-
performance EMI shielding in exible electronic devices.

Pressure sensors based on the resistance change upon
exposing to mechanical deformation have attracted much
attenuation due to their widespread applications including
health monitoring,22 and movement detection.23 High sensi-
tivity, good reproducibility, and good processability are neces-
sarily required for satisfactory pressure sensing. Recently, CPCs
based sensors have been widely investigated owing to their fast
response in the style of electrical resistance variation when
exposed to tensile or compressive strain.24–27 Generally, the
CPCs based sensors always presented positive pressure coeffi-
cient (PPC) effect of resistance, namely, the electrical resistance
of CPCs increased with an increased outer stimulated pressure.
For example, thermoplastic polyurethane (TPU)/graphene,28

epoxy/CNTs,29 poly(propylene)/CNTs,30 and TPU/carbon nano-
tubes (CNTs)31 showed good strain sensing ability with PPC
effect of resistance. To the best of our knowledge, there are
scarce reports about the CPCs sensors with NPC effect of
resistance. Moreover, the above mentioned CPCs sensors also
possess the demerit of the limited stretchability of the matrix
and poor ller–polymer interaction. How to select suitable
polymer matrix with satised stretchability and outstanding
processability is signicant for pressure sensing.

Polyether block amides (PEBAX) are a relatively new family of
thermoplastic elastomers, consisting of linear chains of hard
polyamide blocks as crystalline hard segments and polyether
blocks as so segments. Interestingly, PEBAX exhibits
a mechanical behavior ranging from that of thermoplastics to
elastomers.32 In current study, we detailedly investigated the
mechanical properties, electrical conductivity and EMI shield-
ing performance of PEBAX/graphene composite lms. Under
cyclic pressure stimulation, the PEBAX/graphene composite
lms exhibited a negative pressure coefficient (NPC) effect of
resistance with increasing outer pressure stimulation. This
study paves a guide for the preparation of elastomer NPC
sensors and smart EMI shielding devices.
2. Experimental section
2.1 Materials

PEBAX 3533 was provided by Arkema, France, with a density of
1.01 g cm�3 and a melting temperature of 143.5 �C. Graphene
was supplied by Shenzhen Turing Evolution Technology Co.,
Ltd., with a specic surface area of 50–200 m2 g�1, thickness of
1–3 layers, and carbon purity of 98%.
2.2 Preparation of PEBAX/graphene

PEBAX/graphene composites were prepared by a facile melt-
mixing method, as shown in Fig. 1. Typically, 50 g of the
mixture was weighed, and added to the mixing chamber of XSS-
330 torque-rheometer. Then, the melt blending temperature is
175 �C for 6 min with the rotation speed of 80 rpm, and the
experimental recipe is shown in Table 1. Then, the blended
sample was molded by a LN-50T at vulcanizing machine under
1536 | RSC Adv., 2020, 10, 1535–1543
the template temperature of 175 �C preheated for 10 min. Aer
the preheating, the sample was subjected at a pressure of
15 MPa for 4 min to obtain nal products.
2.3 Characterization

To evidence the dispersion of graphene in the composites,
samples were cut into 30 mm-thick lms using an RM2235
microtome (Leica, Germany) and were observed using a BX51
microscope (Olympus, Japan) equipped with a MicroPublisher
3.3 RTV CCD camera. Scanning electron microscopy (SEM)
observation was performed by a eld emission scanning elec-
tron microscopy (FESEM, Nova Nano SEM 450, FEI) at an
accelerating voltage of 3 kV. The specimens were cryogenically
fractured in liquid nitrogen, and then the freshly fractured
surfaces were coated with a thin layer of gold prior to being
observed.33 High-resolution transmission electron microscopy
(HRTEM, JEM-2100F, Japan) observation was performed at an
accelerating voltage of 200 kV.

Electrical conductivity. When the resistivity is less than 2 �
107U cm, the resistivity is tested by the FT-331 four-probe tester.
When the resistivity is greater than 2 � 107 U cm, the surface
resistance and volume resistance of the PEBAX/graphene was
measured by a high resistance meter (PC68). Then, rv ¼ Rv(S/d)
and rs ¼ Rs[2p/lg(D2/D1)] are converted into surface resistivity
and volume resistivity, S is the bottom area of the electrode, d is
the thickness of the sample, and rv is volume resistivity, Rv is
volume resistance, D1 is the diameter of the measuring elec-
trode, D2 is the inner diameter of the ring electrode, rs is the
surface resistivity, and Rs is the surface resistance. The pres-
surizing resistor is a weight on the high resistance meter (PC68).

Tensile properties. The tensile properties of dumbbell-type
tensile specimens were tested by a computer controlled
universal testing machine. The test was carried out according to
GB/T 1040.1-2006. The tensile rate was 50 mm min�1. At least 5
splines were tested for each formulation and averaged.

Electromagnetic performance. The EMI shielding properties
of the PEBAX/graphene were measured in a frequency range of
18–26.5 GHz at room temperature using a vector network
analyzer (VNA, Agilent N5234A). The VNA was calibrated before
the S scattering parameters were measured. Samples were cut
into �11.0 mm � 4.0 mm (length � width) sizes to perfectly
satisfy the waveguide holders. The incident EM wave had
a power of 0 dB, which corresponded to 1 mW. The EMI prop-
erties, including the SEtotal, the SEreection, and the SEabsorption

(SET, SER and SEA, respectively) were calculated based on the
scattering parameters (S11 and S21) using the following
equations:34–38

R ¼ |S11|
2 (1)

T ¼ |S21|
2 (2)

A ¼ 1 � R � T (3)

SER ¼ �10 log10(1 � R) (4)

SEA ¼ �10 log10(T/(1 � R)) (5)
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08679j


Fig. 1 Schematic illustration for the preparation of flexible PEBAX/graphene composite film.
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SET ¼ SEA + SER + SEM (6)

where the microwave multiple internal reections (SEM) are
negligible when the EMI SE is higher than 10 dB.39,40
3. Results and discussion

The TEM micrographs (Fig. S1†) of the graphene clearly shows
a large, ultrathin, transparent laminar structure with a large
number of wrinkles on the surface. To intuitively watch the
graphene distribution and the formation of electrical conduc-
tive network, morphological comparison of various PEBAX/
graphene composites was rst carried out via optical micro-
scope (OM) observation in a transmission light mode, as shown
in Fig. 2. With the increase of graphene content from
0.022 vol% to 6.68 vol%, more black aggregation would be ob-
tained, which could be assigned to graphene accumulation and
the conductive pathways composed by incomputable graphene
become thicker, indicating the perfection of the conductive
network. It is well accepted that the formation of conductive
network would inuence the electrical conductivity and further
affect the EMI shielding properties.6,21,41 To further identify the
distribution of graphene and connected state between
conductive graphene, SEM observation was performed (Fig. 3).
From the SEM images, the random distribution of graphene
imbedded into PEBAX matrix could be gradually more visible. It
was noted that composite containing 2.23 vol% graphene
already established interconnected graphene networks. With
the increase of ller contents, denser graphene networks were
observed. This bridging network could be regarded as electron
transport channels in the PEBAX/graphene composite lms,
Table 1 Experimental recipe of PEBAX/graphene composite

wt% (vol%) PEBAX/g Graphene/g

0 (0) 50 0
0.01 (0.0045) 49.995 0.005
0.02 (0.0089) 49.99 0.01
0.05 (0.0223) 49.975 0.025
0.1 (0.0445) 49.95 0.05
0.2 (0.0891) 49.9 0.1
0.5 (0.223) 49.75 0.25

This journal is © The Royal Society of Chemistry 2020
which would cause ohmic loss under irradiated by alternating
EM elds.

The electrical conductivity is one of the main factors
affecting its EMI shielding performance. The behavior of elec-
trical conductivity with the addition of a conductive ller
particle can be explained by the assist of percolation theory.42,43

The theory provides a concept about the minimal amount of
conductive ller needed to convert an insulating polymer matrix
to a conductive one.14,44 As in Fig. 4, conductivity versus ller
concentration plot can be broadly divided into three regions:
insulating region, rapid increasing region and formation of
plateau electrical network. At a lower concentration of ller, the
composite act as an insulating material since the ller particles
are separated from one another without the generation of
a continuous conductive network. Then it shows an abrupt
increase in conductivity due to the formation of a continuous
conductive network by the arrangement of ller particles in the
polymer matrix. Beyond a particular concentration, a very small
increment in conductivity is observed and this unique concen-
tration is named as the electrical percolation threshold
concentration. Finally, more or less plateau region is formed
beyond the threshold concentration of ller without any
signicant increase in conductivity. Excessive addition of ller
above the threshold concentration can lead to an increase in
agglomeration and aggregation of ller part which will make
less contribution to enhancing electrical conductivity.

To determine the electrical percolation threshold for the
PEBAX/graphene composites, a power law relation, which was
derived from the percolation theory, was used as follows:28,45,46

s ¼ s0(4 � 4c)
t (7)
wt% (vol%) PEBAX/g Graphene/g

1 (0.446) 49.5 0.5
2 (0.891) 49.0 1.0
5 (2.23) 47.5 2.5
10 (4.45) 45 5
15 (6.68) 42.5 7.5
20 (8.91) 40 10

RSC Adv., 2020, 10, 1535–1543 | 1537
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Fig. 2 Optical images of PEBAX/graphene composites containing various graphene contents: (a) 0.022 vol%, (b) 0.089 vol%, (c) 0.22 vol%, (d)
0.89 vol%, (e) 2.23 vol%, (f) 6.68 vol%. Scar bar is 500 mm.
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In this equation, s is the electrical conductivity, s0 is
a scaling factor, 4 is the volume fraction of the ller, 4c is the
electrical percolation threshold volume fraction, and t is a crit-
ical exponent dependent on the electrical network mechanism.
The inset in Fig. 4 shows the best t result using the power law
equation, and 4c is calculated to be 1.75 vol%. A higher value of
t indicates the conductivity is imparted by the contact between
individual 2D graphene.47

In order to justify the applications of the PEBAX/graphene
composite lms in electromagnetic eld, the mechanical
properties of the composite lms were investigated. As shown in
Fig. 5, the mechanical properties of composite lms is
Fig. 3 SEM images of cryofractured surface of PEBAX/graphene films w
and (d) 6.68 vol%.

1538 | RSC Adv., 2020, 10, 1535–1543
signicantly altered when incorporating graphene llers. It is
interesting that the yield stress of the composites shis to
higher value and the yield strain decreases with the increasing
graphene loading (Fig. 5a). The phenomenon is widely accepted
as a results of the restriction on the polymer chain movement.48

However, the elongation at break (Fig. 5d) decrease with the
higher graphene content owing to the agglomerates of the llers
which induces failure points during the deformation.49

For particulate lled composites, strength relies on the
effectiveness of stress transfer between the host polymer matrix
and the ller material. Particle/matrix interfacial strength and
particle loading signicantly affect the composite strength.50
ith various graphene content: (a) 0.22 vol%, (b) 0.89 vol%, (c) 2.23 vol%

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Electrical conductivity versus graphene content for the PEBAX/
graphene composite films. The inset shows the power law fitting of
conductivity data.
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The samples with less than 4.45 vol% graphene show clearly
elastic behavior, and change to the typical brittle behavior with
higher graphene content. Similarly, the tensile strength (Fig. 5b)
decreases rst when the graphenes content is below 4.45 vol%.
It indicates the poor bonding between the matrix polymer and
graphene. However, when the graphene access 4.45 vol%, the
tensile strength increases. Moreover, although the tensile
Fig. 5 (a) Typical stress–strain curves, (b) tensile strength, (c) tensile mod
films.

This journal is © The Royal Society of Chemistry 2020
modulus (Fig. 5c) monotonically increases with the ller
content, an abrupt increase is observed when the loading
excessing 4.45 vol%. All abrupt change suggests different
mechanisms behind these conditions. This critical loading
content has been identied for elastomer composites for several
other systems, for example: carbon black,51 clay,48 graphene-
based llers52,53 and so on. This accelerated stiffening effects
have been identied and analysis in several researches51 too.
The critical ller loading content determined how the ller
reacted to the loading. When the ller is below the critical point,
the nal performance is considered depending on the indi-
vidual ller. According to the simple mixing rule, the properties
of the composite behave in a linear pattern. However, when the
loading is above the critical loading content, a percolation
threshold is reached. The average distance between the ller is
small enough to be considered not only individually but also
simultaneously attribute to the nal properties. In other word,
a “net-work” structure is formed. This percolated structure will
remarkably affect the mechanical performance of the PEBAX/
graphene composite lms.

Now, our focus turns to the EMI shielding performance of as-
prepared PEBAX/graphene composite lms. Fig. 6a depicts the
EMI SE of PEBAX/graphene composite lms with the thickness
of 2.0 mm over 18–26.5 GHz ranges. The EMI SE values of
PEBAX/graphene composite lms display weakly frequency
dependence across the measured range. Interestingly, the EMI
ulus and (d) elongation at break of various PEBAX/graphene composite

RSC Adv., 2020, 10, 1535–1543 | 1539
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Fig. 6 (a) EMI SE of the PEBAX/graphene composite films with gra-
phene content as a function of frequency, (b) comparison of average
total shielding (SET), reflection (SER) and absorption (SEA) of PEBAX/
graphene composite films.

Fig. 7 Conductivity–pressure behavior of composite films with (a)
different graphene contents (0.22–2.23 vol%) and (b) 4.45 vol% loading
for 5 times cycles, up to high pressure of 24.67 kPa.
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SE increases slowly with an elevated graphene amount below
percolation threshold, while it increases remarkably with an
increased graphene content more than percolation threshold,
which mainly results from the enhanced electrical conductivity
at higher graphene loading. With the addition of 4.45 vol%,
6.68 vol% and 8.91 vol% amounts, the average EMI SE of
composite lms could reach up to 16.6, 22.6 and 30.7 dB,
respectively. More importantly, the EMI SE beyond 10 dB in the
measured frequency range indicated that the prepared
composite lms can satisfy the requirements of traditional
electromagnetic shielding materials.54

It is supposed that the EMI SE of a material originates from
the reection and absorptionmechanisms. The reection of EM
wave takes place because of the impedance mismatch between
air and materials. The absorption results from the conduction
loss (dissipation of energy through the current ow in phase
with the alternating EM wave), the polarization loss (attenua-
tion of energy by surmounting the momentum required to
reorient the dipoles in the applied EM wave) and the magnetic
loss (stemming from magnetic particles in the EM eld).55–57

Herein, to understand the mechanism of electromagnetic
1540 | RSC Adv., 2020, 10, 1535–1543
shielding, average SET, SEA and SER of composite lms with
various ller loading are calculated and were presented in
Fig. 6b. The SET and the SEA are signicantly improved with
increasing graphene ller content above percolation threshold.
However, the SER depicts a smaller increase dependence on
graphene ller contents. With the 6.68 vol% and 8.91 vol%
loading, the value of SEA reaches 15.3 dB and 20.9 dB, respec-
tively, almost 67.7% and 68.1% of SET, indicating the absorp-
tion dominant shielding mechanism rather than reection in
the prepared composite lms. As is mentioned above, the
reection mechanism of EMI shielding results from the
impedance mismatch between air and materials. This depends
on conductivity of shielding material, which is correlated with
the interaction between mobile charge carriers of the material
and the electromagnetic eld.38,58,59 For the absorption, it always
originates from the conduction loss (i.e., the ohmic loss) and
the polarization loss.60,61 The conduction loss is associated with
attenuation of energy through the current ow via the conduc-
tion, hopping, and tunnelingmechanisms.54 Here, the existence
of the interfaces between the graphene and PEBAX would cause
interfacial polarization loss in an electromagnetic eld,62 which
is usually considered to be happened in a heterogeneous
interface and was caused by the accumulated charge in the
interface.63,64 Additionally, due to unique two-dimensional
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Schematic illustration of the change in the graphene network in a single cycle.
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structure of graphene, the multiple reections would also
promote the microwaves absorption.65,66

To investigate the inuence of pressure stimulation on the
conductivity of composite lms, a home-made measurement
setup (Fig. S2†) was used to get the in situ electrical conductivity
under pressure stimulation. Fig. 7 exhibits the conductivity–
pressure behavior of composite lms with different graphene
contents for 5 times cycles under continuous pressure (up to
24.67 kPa). Interestingly, the value of electrical conductivity
increases gradually with increasing pressure, which is dened
as the negative pressure effect.67,68 This is attributed to the more
connection of graphene networks and the decease the distance
between llers (graphene), both inducing an increase of
conductivity. Aer unloading, conductivity nearly recover initial
level, causing a reversible phenomenon, which is due to the
elastomer properties of PEBAX.32 During the cyclic loading as
shown in Fig. 7a and b, the composite lms present different
trends during the loading process, and good recoverability aer
stabilization by cyclic loading were obtained. The demonstra-
tion experiments indicate that exible PEBAX/graphene
composite lms are promising negative pressure resistance
materials in pressure sensors. Amazingly, in comparison with
composite lms with relative low graphene content (Fig. 7a), the
composite lm with 4.45 vol% graphene displayed the elevating
conductivity during cyclic loading. Though the reason of this
phenomenon has not been gured out, both the variation of
elastomer properties of composite lms and the struggle
between the disruption and rebuilding of the conductive paths
may account for this phenomenon.

To better cotton on the change of electrical conductivity
under the cyclic pressure, a scheme illustration about the
change of graphene networks in a single cycle is proposed to
describe the mechanism (Fig. 8). For the original graphene
conductive network, the lamella–lamella connection of gra-
phene conductive networks is formed in PEBAX. When the
outer pressure was placed on the composite lms, due to the
mechanical exibility of graphene, it stretches and creeps along
the PEBAX chains, resulting in the formation of more gra-
phene–graphene contacts and the decrease of the tunneling
distance between conductive graphene llers. Meanwhile, some
break conductive pathways occurred. The reconstruction of the
conductive network is predominant in the loading process, so
an increasing conductivity is obtained. During the unloading
process, due to superior elasticity of PEBAX, the fresh conduc-
tive networks return to their original states. In the following
cycles, a gradual increase in the maximum conductivity is
observed, which is caused by the formation of irreversible
construction of graphene networks under cyclic pressure.
Although we cannot in situ measure the EMI shielding
This journal is © The Royal Society of Chemistry 2020
properties of composite lms under the pressure stimulation
due to the device limitation, we can predict the enhanced EMI
shielding properties thanks to the increased electrical conduc-
tivity stimulated by outer pressure. Thus, these composite lms
could be a promising smart pressure-induced EMI shielding
materials.
4. Conclusion

Graphene/PEBAX composite lms were prepared using a facile
melt-mixing scheme. Herein, the concentration of graphene
llers could signicantly affect the mechanical properties,
electrical conductivity and EMI shielding properties of
composite lms. The results showed that graphene/PEBAX
composite lms with less than 4.45 vol% graphene show
clearly elastic behavior, and change to the typical brittle
behavior with higher graphene content. By elevating graphene
loading, the electrical conductivity is increased correspond-
ingly, and the percolation threshold is 1.75 vol%. With the
addition of 4.45 vol%, and 8.91 vol% graphene amounts, the
average EMI SE of composite lms could reach up to 16.6 and
30.7 dB, respectively. Moreover, the absorption rather than
reection is the main shielding mechanism. When subjected
to cyclic pressure loading, the pressure sensing behavior of
graphene/PEBAX composite lms was examined. Noticeably,
the value of electrical resistance decreases gradually with
increasing pressure amplitude, namely, negative pressure
effect. An analytical model derived from the theory of
conductive pathways was applied to describe the conductivity
response to pressure. The change in the number of conductive
pathways and tunneling distance under pressure account for
the resistance–pressure sensing behaviors. In a word, the
composite lms exhibit good sensitivity and sensing stability
and possess good recoverability and reproducibility aer
stabilization by cyclic loading, showing good discernment in
pressure sensing.
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M. Zhu, Carbon, 2012, 50, 4085–4092.

32 M. R. Barzegari, N. Hossieny, D. Jahani and C. B. Park,
Polymer, 2017, 114, 15–27.

33 E. Zhou, J. Xi, Y. Guo, Y. Liu, Z. Xu, L. Peng, W. Gao, J. Ying,
Z. Chen and C. Gao, Carbon, 2018, 133, 316–322.

34 J. Gao, J. Luo, L. Wang, X. Huang, H. Wang, X. Song, M. Hu,
L.-C. Tang and H. Xue, Chem. Eng. J., 2019, 364, 493–502.

35 Y. Yuan, W. Yin, M. Yang, F. Xu, X. Zhao, J. Li, Q. Peng, X. He,
S. Du and Y. Li, Carbon, 2018, 130, 59–68.

36 Q. Song, F. Ye, X. Yin, W. Li, H. Li, Y. Liu, K. Li, K. Xie, X. Li,
Q. Fu, L. Cheng, L. Zhang and B. Wei, Adv. Mater., 2017, 29,
1701583.

37 S. Zhu, C. Xing, F. Wu, X. Zuo, Y. Zhang, C. Yu, M. Chen,
W. Li, Q. Li and L. Liu, Carbon, 2019, 145, 259–265.

38 B. Zhao, S. Wang, C. Zhao, R. Li, S. M. Hamidinejad,
Y. Kazemi and C. B. Park, Carbon, 2018, 127, 469–478.

39 L.-C. Jia, L. Xu, F. Ren, P.-G. Ren, D.-X. Yan and Z.-M. Li,
Carbon, 2019, 144, 101–108.

40 T. K. Gupta, B. P. Singh, S. R. Dhakate, V. N. Singh and
R. B. Mathur, J. Mater. Chem. A, 2013, 1, 9138–9149.

41 H. Lv, Z. Yang, P. L. Wang, G. Ji, J. Song, L. Zheng, H. Zeng
and Z. J. Xu, Adv. Mater., 2018, 30, 1706343.

42 C. W. Nan, Y. Shen and J. Ma, Annu. Rev. Mater. Res., 2010,
40, 131–151.

43 Z.-M. Dang, M.-S. Zheng and J.-W. Zha, Small, 2016, 12,
1688–1701.

44 R. Ravindren, S. Mondal, K. Nath and N. C. Das, Composites,
Part A, 2019, 118, 75–89.

45 T.-W. Lee, S.-E. Lee and Y. G. Jeong, ACS Appl. Mater.
Interfaces, 2016, 8, 13123–13132.

46 B. Zhao, C. Zhao, R. Li, S. M. Hamidinejad and C. B. Park,
ACS Appl. Mater. Interfaces, 2017, 9, 20873–20884.

47 D. X. Yan, H. Pang, B. Li, R. Vajtai, L. Xu, P. G. Ren,
J. H. Wang and Z. M. Li, Adv. Funct. Mater., 2015, 25, 559–
566.

48 S. M. Liff, N. Kumar and G. H. McKinley, Nat. Mater., 2007, 6,
76–83.

49 V. G. Sreeja, G. Vinitha, R. Reshmi, M. K. Jayaraj and
E. I. Anila, Mater. Today: Proc., 2019, 10, 456–465.

50 J. G. Lyons, J. E. Kennedy, S. Lordan, L. M. Geever and
C. L. Higginbotham, J. Mater. Sci., 2010, 45, 3204–3214.

51 E. Guth, J. Appl. Phys., 1945, 16, 20–25.
52 A. Das, G. R. Kasaliwal, R. Jurk, R. Boldt, D. Fischer,
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