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a b s t r a c t

Due to the small size and special physical properties of nanometer materials, polymer nanocomposites,
combined nanoscale reinforcements with polymer matrix, possess outstanding mechanical properties
and functional performances, which play a key role in many fields, especially for application in fields of
industry and aerospace. However, poor dispersion and weak interfacial interactions are the critical
factors that restrict the great improvement in performance of polymer nanocomposites. Although these
issues have been solved in some extent via various methods, such as surfactant adsorption, polymer
wrapping, surface modification, it still remains a great challenge for achieving high performance polymer
nanocomposites as theoretically expected. Nacre, with 95% (volume fraction) inorganic calcium car-
bonate and 5% (volume fraction) biopolymers, is a typical binary cooperative complementary material
system with hard inorganic component and soft organic matrix. Its typical “brick-and-mortar” hierar-
chical micro/nano-scale structure provides an excellent guideline for constructing polymer nano-
composites. It skillfully overcomes the bottleneck of traditional approaches for fabricating polymer
nanocomposites, such as poor dispersion, low loading, and weak interfacial interactions. Recently, we
have successfully demonstrated the bioinspired concept is a successful approach for constructing high
performance polymer nanocomposites based on different reinforcement fillers, such as nanoclay, carbon
nanotubes, and graphene. The resultant bioinspired polymer nanocomposites (BPNs) show layered hi-
erarchical micro/nano-scale structure and outstanding mechanical properties. This feature article re-
views our group's work and other groups' research results on BPNs in recent years, and discuss the
advantages of BPNs through comparing with traditional methods, as shown in Fig. 1, including: i) Bio-
inspired assembly approaches for achieving the homogeneous dispersion and layered structure of
reinforcement fillers in polymer matrix, such as layer-by-layer, infiltration, evaporation, freeze casting.;
ii) various approaches for designing interfacial interactions; iii) the effect of synergy on the performance
of BPNs; iv) representative applications of BPNs, such as energy storage devices, filter, sensors. Finally,
this feature article also focuses on a perspective of BPNs, commenting on whether the bioinspired
concept is viable and practical for polymer nanocomposites, and onwhat has been achieved to date. Most
importantly, a roadmap of BPNs for near future will be depicted, including integrated mechanical
properties and functions, intelligent properties, etc.

© 2017 Published by Elsevier Ltd.
1. Introduction

Nanocomposites, coined by Roy, Komarneni and colleagues [1],
are novel materials where at least one of the components ranges
from 1 to less than 100 nm [2,3]. They are widely spread over the
biological systems, like plants, bone and nacre [2]. Due to the sur-
face effect, small size effect, the tunnel effect of macroscopic
quantum and the effect of quantum size of nanoscale as nanofillers,
the physical, chemical properties of nanocomposites are superior to
traditional composites [4]. With the development of nanoscience
and nanotechnology, tremendous nanocomposites have beenmade
in the past decades, for example, polymer nanocomposites are
rapidly developed as one of the most promising materials in the
21st century.
1.1. Polymer nanocomposites

Because of unique attributes of polymer such as easy production
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and processing, lightweight, it is widely used in many fields.
However, compared with metals, polymer shows low strength and
toughness [5]. In order to improve the mechanical properties and
other performances of polymer, nanofillers such as montmoril-
lonite (MMT) [6], carbon nanotubes (CNTs) [7,8], graphene [9], are
blended into the polymer matrix to fabricate polymer nano-
composites. Therefore, the polymer nanocomposites exhibit
excellent physical properties such as mechanical [10,11], flame-
retardant [6,12], barrier [13] and electrical properties [8,14]. MMT
as widely used nanofiller can remarkably increase mechanical
properties of polymer nanocomposites when blended into polymer
[15]. For example, Chen et al. [16] demonstrated that 8 wt% addition
of MMT to poly (є-caprolactone) (PCL) resulted in 50% improve-
ment in the tensile modulus of resultant nanocomposites. However,
MMT-based polymer nanocomposites can be compromised in
flexibility due to the stiff nature and poor dispersion of MMT [6].
Carbon nanomaterials such as CNTs and graphene with high me-
chanical and electrical properties [8] have been paidmore attention
to prepare integrated multifunctional polymer nanocomposites.

Since CNTs were discovered by Iijima in 1991 [17], they show
promising performance, including outstanding mechanical and
electrical properties, which have been attempted to prepare poly-
mer nanocomposites by Ajayan in 1994 [14]. CNTs-based polymer
nanocomposites are rapidly developed in recent decades. Liu et al.
[18] prepared functionalized CNTs-poly vinyl alcohol (PVA) nano-
composites and achieved a 78% improvement of the tensile
modulus via addition of 0.8 wt% of functionalized CNTs. Although
CNTs array based polymer nanocomposites have shown much
higher mechanical properties [19e22], it remains great challenges
to achieve high performance CNTs-based polymer nanocomposites.

Graphene, the strongest material ever measured and best elec-
trical property, is ideal nanofiller to fabricate polymer nano-
composites [23]. Since it was first reported in 2006 by Stankovich
[24], the studies on graphene-based nanocomposites are rapidly
grown in recent years [9]. Liang et al. [25] fabricated graphene
oxide (GO)-PVA nanocomposites via a simple water solution pro-
cessing method, achieving 76% and 62% improvement in tensile
strength and Young's modulus, respectively, with only addition of
0.7 wt% of GO nanosheets. The mechanical properties of polymer
nanocomposites were theoretically predicted to be further
improved with increasing the content of nanofillers [26]. However,
the issues are arising with adding much more nanofillers, such as
poor dispersion, low loading and weak interfacial interactions [27],
restricting the great improvement in performances of traditional
polymer nanocomposites (TPNs). Until now, it remains a great
challenge to solve these issues and reach high performance poly-
mer nanocomposites. While, natural materials, such as bone,
bamboo and nacre [28], assembled by two ormore components, are
also typical nanocomposites and show unique mechanical proper-
ties, providing novel inspiration for constructing high performance
polymer nanocomposites. Compared with TPNs, the natural
nanocomposites contain much higher loading of nanofillers, which
is a roadblock for TPNs.

1.2. Bioinspired strategy for polymer nanocomposites

Numerous investigations have revealed that the unique me-
chanical properties of natural materials are attributed to two fac-
tors: one is fine architecture and the other one is abundant
interfacial interactions [28]. For example, nacre, composed of 95 vol
% aragonite platelets and 5 vol % biopolymers, is a typical binary
cooperative complementary material system, and shows a “brick-
and-mortar” hierarchical micro/nano-scale structure [29],
providing an excellent guideline for constructing polymer nano-
composites. It skillfully overcomes the bottleneck of traditional
approaches for fabricating polymer nanocomposites, such as poor
dispersion, low loading, and weak interfacial interactions.

The purpose of investigating the structure and properties of
nacre is to construct novel high performance bioinspired polymer
nanocomposites (BPNs). Building blocks as main components are
very essential for the mechanical properties of BPNs [30,31]. The
typical two-dimensional (2D) nanosheets, such as flattened
double-walled carbon nanotubes (FDWCNTs) [32], MMT [33,34],
graphene oxide (GO) [23], layered double hydroxides (LDHs) [35],
alumina flakes [36], and CaCO3 [37], have been utilized as building
blocks to prepare high performance BPNs. In the following section,
we mainly describe CNTs, MMT and GO, as shown in Fig. 2.

CNTs show extremely high tensile strength (~100 GPa) and
Young's modulus (~1000 GPa) [14], which are suitable for con-
structing polymer nanocomposite [38]. Recently, Cheng et al. [32]
synthesized FDWCNTs, and assembled FDWCNTs into layered
nanocomposite with epoxy matrix, as shown in Fig. 2A. This bio-
inspired strategy can reach high CNTs loading in the nano-
composites, for example, the FDWCNTs content is 70 wt%, higher
than other CNTs-based nanocomposites. Meanwhile, the layered
structure is also easily achieved. However, the interface interaction
between CNTs and polymer matrix is limited to be designed due to
inertness of the CNTs.

MMT with abundant interfacial functional groups can form
strong interfacial interactions with polymer [6]. The tensile
strength and Young's modulus of MMT are 500e700 MPa and
400 GPa, respectively, which are higher than CaCO3 platelets [30].
For example, the Podsiadlo et al. [39] demonstrated ultrastrong and
stiff layered MMT reinforced PVA nanocomposites with tensile
strength of 400 MPa, and Young's modulus of 107 GPa. These
extraordinarymechanical properties are attributed to finely layered
architecture and covalent and hydrogen bonding between MMT
and PVA. Recently, Wang et al. [33] demonstrated nacre-inspired
ternary layered structure of MMT-NFC-PVA nanocomposites,
which possess integration of high strength, toughness, and fatigue
resistant properties together, as shown in Fig. 2B. Unfortunately,
when MMT content of polymer nanocomposites exceeds 70 wt%
[26], the MMT nanosheets are easily to be tactoid, leading to the
poor dispersion and random structure of the resultant
nanocomposites.

GO nanosheets with the tensile strength of 63 GPa and Young's
modulus of 500 GPa, prepared by modified Hummers' method,
contain abundant functional groups on the surface [9,30], which
are one of the best candidates for constructing BPNs different
interfacial interactions such as hydrogen bonding [40], ionic
bonding [41], p-p interaction [42] and covalent bonding [23].
Compared to CNTs and MMT, the content of GO in the BPNs can be
achieved as high as 95 wt%. Furthermore, the graphene-based BPNs
can be designed via synergistic effects from interfacial interactions
and building blocks, as shown in Fig. 2C.

2. Preparation of polymer nanocomposites

The methods of fabricating polymer nanocomposites directly
affect the properties of nanocomposites [27]. Herein, several
traditional methods for preparing TPNs and bioinspired assembly
approaches for fabricating BPNs are discussed. As shown in Fig. 1,
the bioinspired approaches demonstrated several advantages
compared with traditional methods, such as well dispersion,
alignment structure, high content and designable interfacial in-
teractions. In the following sections, the details about the



Fig. 1. Comparison of fabrication approaches for polymer nanocomposites. Bioinspired concept shows several advantages, such as well dispersion, alignment, high content of
reinforcement fillers, and designable interface with polymer matrix.

Fig. 2. Bioinspired strategy is used for preparing BPNs with different building blocks as follows: (A) Flattened double-walled carbon nanotubes (FDWCNT) based polymer nano-
composites. FDWCNT could realize layered ordered structure with high content (~70 wt %) in BPNs. Reproduced with permission [32] (B) Montmorillonite (MMT) based polymer
nanocomposites. MMT is commonly used to prepare BPNs with high content of building blocks. Reproduced with permission [33]. (C) and (D) Graphene oxide (GO) based polymer
nanocomposites. Synergy from interfacial interactions and building blocks is utilized for constructing high performance GO-based BPNs. Reproduced with permission [93,94].
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traditional methods and bioinspired approaches are discussed.

2.1. Traditional methods

In past two decades, many preparation methods are developed
for constructing polymer nanocomposites, which are mainly cate-
gorized into following as: (i) solutionmixing [43], melt mixing [44],
in-situ polymerization [45,46] and other methods [46]. The process
of these approaches is illustrated by the cartoon in Fig. 3. In the
following section, these approaches are discussed in detail.

2.1.1. Solution mixing
Solution mixing is a facile and effective method for fabricating
Fig. 3. Representative traditional methods for fabricating polymer nanocomposites. (A) Th
ration. (B) Melting mixing is a method of stirring the polymer and nanoplatelets above visco
nanoplatelets, and then polymerization forming TPNs.
polymer nanocomposites [24,27], which has been utilized for
different nanofillers. The whole process could be illustrated into
three steps, as shown in Fig. 3A. First, the nanofillers are well
dispersed in some solution, and the polymer also needs to be
dispersed into solution. Then both nanofillers and polymer solution
are mixed together through sonication or other mechanical stirring
approaches. Finally, the well dispersed mixing solution is evapo-
rated to remove the solvent, and the TPNs are obtained [27]. For
example, Geng et al. [43] fabricated nanocomposites of fluorinated
single-walled carbon nanotubes (F-SWNTs) dissolved in 2-
propanol and poly (ethylene oxide) (PEO), a semi-crystalline ther-
moplastic polymer. The resultant nanocomposites showed great
improvement in tensile strength compared to the pure PEO after
e process of solution mixing includes two stages: solution mixing and solvent evapo-
us flow temperature of polymer. (C) In-situ polymerization is mixture of monomer and
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adding 1.0 wt % of F-SWNTs. Stankovich et al. [24] demonstrated
this simple approach for preparing graphene-based nano-
composites. The phenyl isocyanate-treated GO nanosheets were
mixed with polystyrene (PS) in solvent of N, N-dimethylformamide.
After removing the solvent, the GO-PS nanocomposites were
further reduced by N, N-dimethylhylhydrazine to rGO-PS nano-
composites. This kind of rGO-PS nanocomposites exhibit a perco-
lation threshold of 0.1 vol% for room-temperature electrical
conductivity of 0.1 S/m.

However, there is a bottleneck problem in this process of solu-
tion mixing. The nanofillers could not be homogenously dispersed
in solvent when increasing its content through simple mechanical
mixing, resulting in aggregation of nanofillers. Then, the physico-
chemical properties of the resultant nanocomposites would
decrease. To make the well-dispersion of nanofillers with high
content, new ultrasound assisted solution mixing is developed for
fabricating polymer nanocomposites. For instance, Jang et al. [47]
dissolved the liquid crystalline epoxy resin (LCE), curing agent,
and CNTs in acetone, then ultrasonicated for 1 h to obtain homo-
geneous mixing solution. Then the nanocomposites of CNTs-LCE
are obtained after curing through removing acetone. With
increasing of CNTs contents, the Young's modulus of CNTs-LCE
nanocomposites was greatly enhanced at the same curing
temperature.

Although the solution mixing is demonstrated to be a simple
and effective way for fabricating TPNs in the past decades, however,
several intrinsic bottleneck problems cannot be solved, including: i)
high content of nanofillers in final nanocomposites are usually
lower than 30 wt%; ii) the alignment direction is very difficult to be
achieved in the process of solvent mixing; iii) the large quantity
solvent utilized results environment damage [48]. Thus, the
application of solution mixing is limited in scale-up production of
TPNs.
2.1.2. Melting mixing
Melt mixing as a commercially attractive process is an alterna-

tive way for solving some issues of solution mixing [49]. The
nanofillers are mechanically blended into thermoplastic matrix at a
temperature above the viscous flow by a mixer, as shown Fig. 3B.
Compared with solution mixing, the melting mixing usually is
easily improving the content of nanofillers in the thermoplastic
matrix, and there is no solvent environmental damage. For
example, Kalaitzidou et al. [44] fabricated exfoliated graphite
nanoplatelets (GN) reinforced polypropylene (PP). The resultant
GN-PP nanocomposites showed high content GN of 10 vol%, and
achieve 8% and 60% improvement in tensile strength and Young's
modulus, respectively. Although many TPNs have been successfully
fabricated by the melt mixing, it still remains several drawbacks,
such as weak interfacial interactions between nanofillers and
thermoplastic matrix, aggregation tendency due to the high surface
energy, and the high viscosity of thermoplastic matrix, which are
against the fine dispersion of nanofillers. Thus, ultrasonic approach
is also used in melt mixing for preparation of TPNs, facilitating
dispersion of nanofillers [50]. For instance, Lee et al. [51] prepared
nanoclay reinforced-PP nanocomposites by melt mixing with the
aid of ultrasonic. The exfoliation and dispersion of nanoclay arewell
achieved in the PP matrix. If nanofillers disperse in solution before
melt mixing, the agglomeration of nanofillers in thermoplastic
matrix could be reduced to some extent [52]. However, some
thermoplastic matrices can be degradation above viscous flow
temperature, which seriously affects the final performances [48]. In
addition, the content of nanofillers is also limited due to the vis-
cosity of thermoplastic and the alignment of nanofillers is very
difficult to be achieved in the process of melting process.
2.1.3. In-situ polymerization
The in-situ polymerization is developed for achieving well

dispersion of nanofillers in polymer matrix. First, the nanofillers
disperse into the monomers or pre-polymers, and then polymeri-
zation proceeds by adjusting temperature [7,49], as shown in
Fig. 3C. Besides the uniform dispersion of nanofillers in polymer
matrix, the in-situ polymerization also provides opportunity for
designing the different interfacial interactions between nanofiller
and polymer matrix and avoids the degradation of polymer matrix
[27].

For example, Trujillo et al. [53] demonstrated several kinds of
CNTs reinforced high-density polyethylene (HDPE) by in-situ
polymerization, and found an outstanding nucleating effect of
CNTs regardless of the CNTs type. Kwon et al. [54] fabricated nitric
acid treated multi-walled carbon nanotube (A-MWNTs)-water-
borne polyurethane (PU) nanocomposites via in-situ polymeriza-
tion. Results showed little content of A-MWNTs (1.5%) dramatically
enhance the Young's modulus of A-MWNTs-PU nanocomposites. In
order to further enhance the dispersion of nanofillers and interfa-
cial interactions between monomers and nanofillers, surface
modification of nanofillers is used in the process of in-situ poly-
merization. For example, Ma et al. [55] fabricated CaCO3 reinforced
poly (methyl methacrylate) (PMMA) nanocomposites. The results
suggested that the surface modification of CaCO3 by oleic acid
improved the compatibility of CaCO3 component and monomers,
which promoted encapsulation of CaCO3 in the PMMA. The
approach of in-situ polymerization is suitable for preparing poly-
mer nanocomposites whose polymer is insolubility or thermal
instability [56]. However, with adding content of nanofillers, the
viscosity is increasing, resulting in difficulty in manipulating [48].
Thus, the content of nanofillers is also relatively low in resultant
polymer nanocomposites [27], which hinder the further improve-
ment of the polymer nanocomposites performances.

2.1.4. Other methods
Besides above three procedures, there are many other methods

used to fabricate TPNs such as emulsion polymerization [27], solid-
state mechanochemical pulverization [57], high-shear mixing [46].
For example, emulsion polymerization is a common method for
preparation of TPNs, such as PMMA, PS, and poly (styrene-acryl-
onitrite) (PSA) nanocomposites. Emulsion polymerization is usually
utilized to prepare TPNs to obtain good dispersion of nanofillers
with low viscosity [27]. Solid-state mechanochemical pulverization
method is widely used to fabricate polymer nanocomposites, which
needs to increase the viscosity of polymer to solid state, rather than
avoids the high viscosity of polymer [57]. High-shear mixing could
disrupt the nanofillers aggregates and realize homogenous
dispersion in the polymer matrix [46]. However, these aforemen-
tioned methods can realize dispersion at low content of nanofiller
in TPNs, and not form ordered structure.

On the other hand, some typical approaches for fabricating
carbon fiber reinforced polymer composites are also introduced to
prepare the nanocomposites, such as prepreg, resin transfer
molding. For example, Wang et al. [58] first assembled the single-
walled carbon nanotubes (SWNTs) into buckypaper via vacuum-
assisted filtration, then infiltrated the solution of epoxy into the
SWNTs buckypaper. The high content of SWNTswas achieved about
39 wt %, resulting in the high storagemodulus with 15 GPa. Enrique
et al. [59] fabricated CNTs-epoxy nanocomposites via infiltrating
epoxy solution into aligned CNTs arrays. Although the volume
fraction of CNTs is only about 2%, the Young's modulus have been
improved to 11.8 GPa, corresponding to 220% increase compared to
pure epoxy resin. To further improve the content of CNTs in the
final nanocomposites, the mechanical densification is applied
before infiltrating the epoxy resin [60], then the CNTs content
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reaches as high as 20%. On the other hand, Ci et al. [61] synthesized
the millimeter-long aligned MWNTs arrays via CVD process, and
then infiltrated the liquid-state polydimethylsiloxane (PDMS) pre-
mixture with vacuum assistance. Finally, the continuous MWNTs-
PDMS nanocompisites with about 5% volume fractions of MWNTs
were achieved after curing. This continuous MWNTs-PDMS nano-
composite generated more than an order of magnitude enhance-
ment in the longitudinal modulus with about 3300% under
compressive loadings. Recently, the CNTs arrays are applied for
preparing buckypaper via called “domino pushing” approach [19].
Cheng et al. [62] demonstrated CNTs-epoxy nanocomposite with
vacuum-assisted resin infiltration approach. Continuous aligned
CNTs were assembled into preform, which was infiltrated by epoxy
resin. Furthermore, the content of CNTs in the resultant nano-
composites can be improved compared to aforementioned mixing
procedures, for example, the content of CNTs was 8.13 wt% in the
resultant nanocomposites. To further improve the content of
aligned CNTs in the nanocomposites, the resin transfer molding
was applied [63]. The content aligned CNTs reached as high as
16.5 wt%. The Young's modulus and tensile strength of aligned
CNTs-epoxy nanocomposites reached 20.4 GPa and 231.5 MPa,
respectively. These investigations indicated that much higher
improvement of tensile strength and Young's modulus would be
obtained with the same content of aligned CNTs than randomly
CNTs.

Recently, the CNTs non-woven fabrics were continuously syn-
thesized via floating catalytic chemical vapor deposition process
[64,65]. Cheng et al. [66] applied prepregging approach to prepare
the nanocomposites. First this random MWNTs fabric was aligned
Fig. 4. Bioinspired approaches for constructing polymer nanocomposites. (A) Layer-by-layer
(B) Evaporation is an easy operation to fabricate and scale up BPNs. However, time-consum
could form well layered structure, which is the most common method in our group. While,
casting is a new method that is more suitable for fabricating bulk composites with brick-an
economical approach for BPNs, but, it is difficult to control the layered structure. Reproduced
the resultant BPNs show relatively low mechanical performances. Reproduced with permis
via stretching, and infiltrated by the bismaleimide (BMI) matrix,
then the MWNTs-BMI nanocomposites were obtained after curing.
The MWNTs content is up to ~60 wt %, and the tensile strength and
Young's modulus reached up to 2088 MPa and 169 GPa along the
MWNTs direction, respectively. After covalently cross-linking be-
tween MWNTs and BMI matrix [67], the tensile strength and
Young's modulus of MWNTs-BMI nanocomposites are dramatically
improved to 3081 MPa and 350 GPa along the MWNTs direction,
respectively. However, these high mechanical properties are uni-
directional performance, restricting the applications of these CNTs-
based nanocomposites. Meanwhile, it is very difficult to realize the
aligned structure for other nanofillers by the aforementioned
traditional methods, such as MMT, graphene.

Therefore, the polymer nanocomposites prepared by above
traditional methods still remain these drawbacks as following: 1)
poor dispersion, 2) random structure, 3) low content of nanofillers,
4) weak interface, seriously limiting the improvement in physico-
chemical properties of TPNs. In order to preparing high perfor-
mance polymer nanocomposites, the novel concepts and
approaches needed to be developed.
2.2. Bioinspired approaches

Nacre composed of inorganic and organic components shows
extraordinary mechanical toughness, which is attributed to “brick-
and-mortar” hierarchical micro/nano-scale structure and abundant
interface interactions [68]. Thus, nacre provides a golden template
for constructing BPNs. Several representative approaches for pre-
paring BPNs are illustrated in Fig. 4, such as layer-by-layer [69],
could precisely control the structure of BPNs. However, it is difficult to scale up BPNs.
ing is the biggest issue of evaporation. Reproduced with permission [88]. (C) Filtration
it is suitable for preparing thin films only. Reproduced with permission [93]. (D) Freeze
d-mortar structure. Reproduced with permission [102]. (E) Hydrogel casting is fast and
with permission [72]. (F) Electrophoretic deposition is simple for thin films. However,

sion [108].
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evaporation [26], filtration [70], freeze casting [71], hydrogel cast-
ing [72] and electrophoretic deposition [73]. These methods can
realize a homogeneous dispersion, well-ordered alignment and
interfacial interactions in the BPNs [74]. In the next sections, these
bioinspired approaches will be discussed in details.

2.2.1. Layer-by-layer
Since 1991, Decher et al. proposed layer-by-layer (LBL) for

forming multilayer films by alternately depositing polyelectrolytes
with opposite charges at the liquid-solid interface based on elec-
trostatic attraction mechanism [75,76]. LBL shows an advantage in
fabricating layer and functional thin films with controllable size,
component and morphology, which show unique optical, electrical
and chemical properties. These thin films are widely used in mi-
croelectronic devices, wear-resistant layer and other technique
fields [77,78]. Subsequently, LBL is also developed for preparing
thin films upon varying driving forces, such as hydrogen bonding
[79], molecular recognition [80], coordination bonding [81] and
surface gelation process [82]. The process of layer-by-layer as-
sembly technology is described as following [39] in Fig. 4A: (a)
Substrate should be pretreated including wash and surface treat-
ment; (b) A layer film is absorbed onto the substrate upon driving
forces; (c) The substratewith A layer is washed before absorption of
B layer film, which avoid pollution and make the layered structure
stability; (d) The substrate is immersed into B solution and B layer
film is absorbed on the A layer film based on driving forces; (e) the
substrate with A and B layers was washed again, (f) Recycle the
process of (b) (c) (d) (e). The LBL is a versatile and prevalent
approach for preparing desired multilayer films. For example,
Kleinfeld et al. [83] firstly demonstrated multilayered structure
nanocomposites via assembling positively charged poly-
diallydimethylammonium chloride (PDDA) and anionic MMT
nanosheets through layer-by-layer technique. Then the strong
interfacial interactions are constructed in the process of LBL tech-
nique, resulting in high performance BPNs. Tang et al. [84] prepared
nanoclays-polyelectrolytes multilayers nanocomposites with ten-
sile strength comparable to nacre and Young's modulus similar to
lamellar bones. The results revealed that the outstanding me-
chanical properties were not only determined by the ordered brick-
and-mortar hierarchical structure, but also the ionic crosslinking of
tightly folds macromolecules with the saw-tooth pattern of
stretching curves. Modification surface of building blocks is an
important means for enhancing the interfacial interactions be-
tween the polymer matrix and building blocks. For instance, Bon-
derer et al. [85] prepared amine-modified alumina (Al2O3)-chitosan
(CS) films with brick-and-mortar structure by assembly at the air-
water interface and spin-coating. The work fracture of resultant
films is one order of magnitude of natural nacre. Podsiadlo et al.
[39] demonstrated ultrastrong and stiff BPNs based on nanoclay
and PVA via LBL technique. The MMT-PVA nanocomposites after
glutaraldehyde (GA) crosslinking exhibit high strength of 400 MPa,
and recorded Young's modulus of 107 GPa, respectively. Recently,
Xiong et al. [86] prepared high performance rGO-cellulose nano-
crystals nanocomposites with high tensile strength of 655 MPa and
Young's modulus of 169 GPa. To sum up, the LBL technique shows
many advantages for preparing BPNs, such as precise control of
hierarchical structure and high content of building blocks, however,
several issues including scaling up and time-consuming should be
solved before application in the industrial filed for fabricating BPNs.

2.2.2. Evaporation
Compared with LBL technique, a simple and easy operation

process of evaporation has been developed for preparing BPNs in
the lab. Evaporation could be utilized for mimicking the nano or-
dered structure of organic-inorganic hybrid materials in nature. In
the process of evaporation, the nanosheets in the solution tend to
be arranged in a low energy structure with the removal of solvent,
thus forming layered ordered structure. For example, Walther et al.
[87] fabricated nacre-like MMT-sodium carboxymethyl cellulose
(CMC) BPNs by evaporation. The resulted BPNs showed extraordi-
nary mechanical properties. The stiffness and strength are 25 GPa
and 320 MPa, respectively. Cui et al. [88] fabricated bioinspired
layered nanocomposites of GO-polydoamine (PDA) by evaporation-
induced assembly. The tensile strength and toughness of GO-PDA
exhibited 1.5 and 2 folds higher than that of nacre, which are
attributed to layered hierarchical structure and covalent bonding
between GO nanosheets and PDA molecules. The evaporation
process can also be utilized for preparing ternary BPNs. For
example, Morits et al. [89] presented the aligned bulk high-
performance MMT-PVA nanocomposites with centimeter thick-
ness. Wang et al. [33] prepared MMT-nanofibrillar (NFC)-PVAna-
nocomposites, and the mechanical properties exceed that of nacre
and conventional layered MMT-polymer binary nanocomposite.
Although the higher temperature could accelerate the evaporation,
it is not conducive to the formation of an orderly structure. In
addition, it is really difficult to achieve well layered structure of
BPNs, and usually takes long time for evaporating the solvent in the
fabrication process.

2.2.3. Filtration
Similar to evaporation, the filtration is another simple and

effective method for preparing BPNs [74,90], as shown in Fig. 4C. In
the process of filtration assisted with vacuum, nanosheets in the
suspension could be deposited on the surface of filter and arranged
to form an ordered layered structure with the flow of solvent.

For example,Walther et al. [91,92] used a colloidal self-assembly
of core-shell hard/soft polymer-coated nanoclay into a highly or-
dered layered structure of nacre-mimetics by vacuum filtration
induced self-assembly, which showed very good mechanical
properties as well as the fire barrier properties. Wang et al. [70]
prepared layered MMT-poly (N-isopropylacrylamide) (PNIPAM)
nanocomposite hydrogel (L-NC) by vacuum-assisted filtration.
Compared with randomly MMT-PNIPAM nanocomposite hydrogel
(R-NC), the strength and toughness of L-NC with high nanoclay
content are much higher than that of R-NC. Wan et al. [93]
demonstrated GO-polyacrylic acid (PAA) nanocomposites with
high tensile strength and toughness by vacuum-assisted filtration
and investigated the effect of environmental relative humidity on
the GO-PAA. Vacuum filtration was also applied to assemble the
high performances of GO-molybdenum disulfide (MoS2)-thermo-
plastic polyurethane (TPU) [94], GO-DWCNT-PCDO [95], and GO-
DWCNT-PVA [96] ternary BPNs. The limitation for filtration
approach is the size of filtration setup and filtration speed, resulting
in the difficulty in scaling up.

2.2.4. Freeze casting
In sea water, there are salt, biological organisms, etc. but ice can

form a matrix of crystals when water contains impurities and the
impurities could be expelled into the interstices of the ice [97,98].
Inspired by this phenomenon, the novel ice templating freeze
casting technique is developed, as shown in Fig. 4D. The mecha-
nism of freeze casting is the growing ice forms lamellar micro-
structures during freezing and layered, uniform ceramic scaffold, a
negative replica of ice, is formed by ceramic particles concentrating
in the gap of the ice [98]. It is a molding technique used to cast
complex structure. Since the developed in 2006, freeze casting has
been used for preparation of porous ceramic materials [98,99]. It is
a novel environmentally friendly and inexpensive techniques for
constructing bulk BPNs [100,101]. For example, Deville et al. [98]
first developed ice-templating method to assemble sophisticated
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porous and layered-hybrid materials, such as artificial bone, nacre-
like ceramic composites, and porous scaffolds for osseous tissue
regeneration. Munch et al. [71] further applied the ice-templating
to mimicking the nacre structure by combing two ordinary com-
pounds, Al2O3 and PMMA into nacre-like ceramic materials, which
shows the superior toughness over 300 times than that of con-
stituents, and high yield strength and fracture toughness. Recently,
a new bidirectional freezing technique has been demonstrated for
scaling up fabrication of layered scaffold based on ice-templated
approach [102].

Although the great progress has been achieved by using ice-
templated approach in mimicking nacre-like nanocomposites, the
precise structure of nacre is still very difficult to be replicated by the
ice-templated approach. For example, the scaffolds show relatively
low inorganic volume fractions, require high temperature sintering.
Recently, Mao et al. [103] developed a novel ice-template approach
by alternatively freezing water-soluble orgainc molecules into
scaffold, then the mineralization would process in the organic
scaffold. This modified ice-template approach demonstrates
several advantages, such as high inorganic fraction, ambient
mineralization, and assembling heat-labile materials.
2.2.5. Hydrogel casting
Hydrogel casting is also a fast, effective, economical approach

for preparing BPNs [104], especially for the GO-based BPNs [105].
GO nanosheets with hydrophilic and hydrophobic groups on its
surface can swell in water and easily assemble into 3D network
structure. If the organic crosslinking agent is introduced in the
preparation of GO hydrogel, the BPNs can be fabricated by hydrogel
casting. Moreover, GO based hydrogels show low critical gelation
concentration and excellent reversibility upon chemical stimula-
tions [104]. The interactions of GO nanosheets promoted to form
the gelation of GO including hydrogen bonding, p-p stacking,
electrostatic interaction and coordination [104,105]. The strategy
for preparing GO and rGO hydrogels is shown in Fig. 4E. Hydrogel
casting is a simple and feasible approach for preparing flexible
large-area hierarchical BPNs through different interfacial in-
teractions [72,104]. For example, the GO-poly(acrylic acid-co-(4-
acrylamidophenyl)boronic acid) (PAPBx) nanocomposites with
trace amounts of PAPBx show great improvement in mechanical
properties than pure GO film. The ultralow critical gelation con-
centrations (cgc) (<1 wt %) of PAPBx facilities the GO to form
hydrogels. The delicate hydrophobic-hydrophilic balance, modu-
lated by PAPBx for the formation of homogeneous GO-PAPBx
hydrogels, improves the mechanical properties of GO-PAPBx

nanocomposites [106]. However, it remains great challenges for
precisely controlling the laminated structures and designable
interfacial interactions.
2.2.6. Electrophoretic deposition
Electrophoretic deposition has attracted much attention
Table 1
Comparison of traditional methods for preparing TPNs and bioinspired approaches for fa

Methods Advantages

Traditional methods Solution mixing Simple
Melt mixing Without solution
In-situ polymerization Uniform dispersion

Bioinspired approaches Layer-by-layer Precise control of la
Evaporation Easy operation
Filtration Easy to operation
Freeze casting Bulk materials
Hydrogel casting Economical, large-s
Electrophoretic deposition Precisely controllab
because of its short time-consuming, low cost and controllability.
As a general technique, it has been widely used in the ceramic and
colloidal process. Nowadays, it is also suitable for fabricating thin
BPNs with well laminated structures [74,107], as shown in Fig. 4F.
For example, the typical electrophoretic deposition process in-
volves the following two steps: the charged particles are first
moved to the oppositely charged electrode under the action of an
electric field, and then form a thin film on the surface of an elec-
trode. For instance, Long et al. [73] modified MMT nanosheets by
acrylamide monomers in an aqueous suspension, and then
deposited the modified MMT nanosheets on the electrode. Under
ultraviolet-radiation, the acrylamide modified MMT nanosheets
polymerized into MMT-polyacrylamide (PAM) nacre-like nano-
composite with brick-and-mortar structure and high hardness of
0.95 GPa, and Young's modulus of 16.92 GPa. Lin et al. [107] re-
ported a facile electrodeposition method to prepare large-area
polymer nanocomposites with layered structures. Lin et al. [108]
demonstrated MMT-acrylic anodic electrophoretic resin (AAER)
nanocomposites by special hydrothermal-electrophoretic assembly
which can control the nanostructure and organic content. Similarly,
the electrophoretic deposition process is also difficult to prepare
large area and thick BPNs because of the limitations of setup [74].

The abovementioned six approaches are typical strategies for
preparing BPNs with hierarchical structures and high content of
building blocks. Compared with TPNs prepared by traditional
methods, BPNs show higher mechanical properties that attribute to
well dispersion, alignment structure and high content of building
blocks. In fact, the interfacial interactions between building blocks
and polymers also play a critical role in improving mechanical
properties of polymer nanocomposites, especially for BPNs. We
would introduce the importance of interfacial interactions design
in polymer nanocomposites in the following sections. The advan-
tages and disadvantages of traditional methods for TPNs and bio-
inspired approaches for BPNs are listed in Table 1.
3. Interfacial interactions design

Due to the fact that numerous nanofillers are inert materials,
such as CNTs, they do not improve or even decrease the mechanical
performances of TPNs. To solve the issues above, several typical
approaches have been developed for dispersing nanofillers into
polymer matrix, such as surface grafting and coupling reaction,
surfactant adsorption, polymer wrapping, as shown in Fig. 5. Sur-
face grafting is an effective way of modifying the surface of nano-
fillers, as shown in Fig. 5A. Some functional groups are introduced
into insert surface nanofillers, which facilitate the chemical cova-
lent bonding with matrix. For example, Wang et al. [109] grafted
the epoxy curing agent to the SWNTs through diazotization, and
achieved a uniform SWNTs dispersed epoxy nanocomposites. The
Young's modulus of resultant nanocomposites was improved 24.6%
with only 0.5 wt% content of functionalized SWNTs.
bricating BPNs.

Disadvantages

Environment damage
Uneven dispersion
Difficult to manipulate

yered structure Time-consuming
Difficult to precisely control alternative layered structure
Difficult to scale up
Energy-consuming

cale size Difficult to control the layered structure
ility Difficult to prepare thick film



Fig. 5. Interfacial functionalization design for TPNs, which could be divided into two classies. i) Covalent functionalization (A) Surface grafting. Reproduced with permission [109].
(B) Coupling reaction. Reproduced with permission [111]. The drawbacks of covalent functionalization could destroy the original structure of nanofillers. Non-covalent function-
alization could solve the issues above, such as(C) Surfactant adsorption. Reproduced with permission [110]. (D) Polymer wrapping. Reproduced with permission [110].
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In addition, functionalization of CNTs through coupling reaction
was also developed. Organic amine was directly coupled with car-
boxylic groups on the surface of CNTs. The amino-functionalized
CNTs showed high surface energy and wettability with epoxy
resin, which inhibited the aggregation of CNTs and improved the
mechanical properties of epoxy compared with pristine CNTs [110],
as shown in Fig. 5B. The aforementioned two types of surface
modification are covalent method [111]. The defects in building
blocks are usually introduced, which may seriously affect the per-
formance of intrinsic nanofillers such as mechanical and electrical
properties. Thus, non-covalent functionalization is an alternative
method to modify the surface of nanofillers and improve the
interfacial interactions of polymer nanocomposites compared with
covalent functionalization [38]. As shown in Fig. 5C, surfactant
adsorption has been utilized to functionalize the surface of nano-
fillers to realize well dispersion in polymer matrix [110]. Many
studies have been confirmed the effects of surfactant such as pol-
yoxyethylene 8 lauryl, poly (styrene sulfate), dodecyl tri-methyl
ammoniumbromide [27]. On the other hand, polymer wrapping
is also developed to factionalize the nanofillers by interfacial in-
teractions such as the van der Waals and p-p stacking, which could
modify and tune the interfacial properties of nanofillers [110], as
shown in Fig. 5D. For example, the CNTs arewrapped in polystyrene
(PS) to form supermolecular complexes, which contribute to realize
uniform dispersion of CNTs into the polymer matrix [110,111].

Although the physicochemical properties of TPNs have been
improved in some extent via aforementioned methods, it still re-
mains a great challenge for achieving the high performance poly-
mer nanocomposites as theoretically expected [30]. For BPNs, the
abundant interfacial interactions play a key role in improving the
mechanical properties [112]. Based on the studies of our and other
groups, various interfacial interactions in BPNs have been devel-
oped and categorized into i) non-covalent bonding, including
hydrogen bonding, ionic bonding and p-p interaction, ii) covalent
bonding, containing linear molecule and polymer, branched poly-
mer, 3D network, as shown in Fig. 6. In the following sections, we
summarize recent studies of our group and others on the interfacial
designs of BPNs in details.

3.1. Non-covalent bonding

The interfacial interactions play a critical role in the properties
of BPNs. Common non-covalent bonding, such as hydrogen
bonding, ionic bonding and p-p interactions, can enhance the
mechanical performance of BPNs. Utilizing these different non-
covalent bonding between the building blocks, researchers could
tune the strength, strain resistance, toughness and fatigue of
resultant BPNs.

3.1.1. Hydrogen bonding
Hydrogen bonding is one of the most common and most

important intermolecular or intramolecular interactions [40].
Although hydrogen bonding is a weak bond, it would have an
impact on the aggregation state of matter because of its formation
and significantly change the physical properties, shape and struc-
ture of matter [93]. Due to the abundant oxygen-containing func-
tional groups on the surface of GO, hydrogen bonding is ubiquitous
in BPNs. Walther et al. [113] has constructed the interfacial in-
teractions based on hydrogen bonding between polymer and
nanoclay and demonstrated the effects of aspect ratio of nanoclays
on structural, mechanical and functional properties. Dikin et al.
[114] first prepared GO film with ordered layered structure by
filtration. Because of the hydrogen bonding between GO and H2O,
the GO paper shows excellent mechanical properties, tensile
strength of 133 MPa and Young's modulus of 32 GPa. Besides water
molecules, polymers could also form rich hydrogen bonding with
GO nanosheets, such as PAA, PVA. For example, PAA formed
hydrogen bonding with GO nanosheets to improve the mechanical
properties of GO-PAA BPNs [93], as shown in Fig. 7A. The tensile
strength and toughness of rGO-PAA BPNs with PAA content of
4.51 wt% were 2 and 3.3 times than that of pure reduced GO film,
respectively. Meanwhile, rGO-PAA BPNs showed high electrical
conductivity of 108.9 S/cm. In addition, Wan et al. [93] also inves-
tigated the influence of environmental relative humidity on



Fig. 6. Bioinspired strategy for constructing high performances of BPNs. Inspired by the hierarchical structure and abundant interfacial interactions of nacre, high properties of BPNs
are prepared by various interfacial interactions that could be divided into two categories. Non-covalent bonding. (A) Hydrogen bonding. (B) Ionic bonding. (C) p-p bonding. And
covalent bonding. (D) Linear molecule and polymer. (E) Branched polymer and (F) 3D network.
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mechanical properties of rGO-PAA BPNs. With the increasing of
humidity, the tensile strength and Young's modulus of GO, rGO, GO-
PAA and rGO-PAA decrease. While the toughness of rGO-PAA
showed no obvious decreasing because water served as lubricant
rather than bridge between rGO nanosheets. PVA, a common
polymer matrix with abundant hydroxyl, is also an ideal candidate
for preparing GO-based BPNs. For instance, Li et al. [40] prepared
GO-PVA BPNs with bricks-and-mortar structure like nacre, result-
ing in high mechanical performances that attributed to the for-
mation of hydrogen bonding between GO and PVAwhen its loading
was 20 wt%. The tensile strength and Young's modulus of GO-PVA
were increased of 75.9% and 178%, respectively, compared with
that of pure GO. Thus, the results above reveal that the formation of
hydrogen bonding between GO and polymer could dramatically
enhance the mechanical properties of BPNs, creating a guidance for
constructing other layered BPNs.
3.1.2. Ionic bonding
The study of protein structure of biomaterials found that trace

amount of metal ions can greatly improve mechanical perfor-
mances [74]. The GO nanosheets with abundant oxygen-containing
functional groups are favorable for the coordination of metal ions.
Since 2008, Park et al. [41] first fabricated GO-Mg2þ and GO-Ca2þ

films with less than 1 wt% of Mg2þ and Ca2þ. The results showed
that Mg2þ and Ca2þ could significantly improve the mechanical
performances of GO film by formation of ionic bonding between
adjacent GO nanosheets. In addition, it was also found that the
tensile strength and Young's modulus of GO-Mg2þ were 87.9 MPa
and 24.6 GPa, respectively, which were higher than those of GO-
Ca2þ (the tensile strength of 75.4 MPa, the Young's modulus of
21.5 GPa), because the fact ionic radius of Mg2þ is lower than Ca2þ

(Fig. 7B). Yeh et al. [115] discovered that GO films could be stable in
water by filtration using anodized aluminum oxide (AAO) filter
discs, which was contradictory with the electrostatic repulsion of
GO nanosheets. Instead, the GO films would disperse when fabri-
cated by infiltration using a Teflon filter membrane. The reasonwas
that GO films prepared by AAO filter discs can be cross-linked by
introducing trace amounts of Al3þ obtained from corroding of AAO.
Furthermore, The tensile strength and Young's modulus of GO films
(AAO) reached up to 100.5 MPa and 26.2 GPa, respectively, which
weremuch higher than that of GO films (Teflon) (tensile strength of
86.9 MPa and Young's modulus of 7.6 ± 1.1 GPa). Walther et al. [116]
studied the effects of divalent Cu2þ ionic supramolecular interac-
tion on mechanical properties of MMT-CMC at different humidity.
Such ionic crosslinking can preserve the mechanical properties at
high humidity [117]. Recently, Chen et al. [118] demonstrated ionic
bonding between 2D nanosheets, such as MMT, GO, can signifi-
cantly improve mechanical properties of the resultant composites.



Fig. 7. Non-covalent bonding. (A) Hydrogen bonding between PAA and GO nanosheets could dramatically improve the mechanical properties of BPNs. Reproduced with permission
[93]. (B) Ionic bonding between the adjacent GO nanosheets could enhance the external resistance. Reproduced with permission [41]. (C) GO-NPC by p-p interactions super-
molecular method could be stable and utilized as photoelectric conversion devices. Reproduced with permission [119].
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In contrast to the abovementioned single ion enhancement, this
article presented metal ion synergic cross-linking strategy by using
eight types of metal ions, such as Mg2þ, Zr2þ, Ni2þ, Al3þ. The results
presented synergic metal ions can dramatically enhance the me-
chanical properties of resultant nanocomposites.
3.1.3. p-p interaction
It is well known that there is strong p-p interaction in graphite,

resulting in its stability. With similar principle, graphene with SP2

hybrid structure could be utilized for constructing BPNs with
conjugated molecules or polymer via p-p interaction. For example,
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Zhang et al. [106] fabricated PAPBx through introducing phenyl-
boronic acid moieties into PAA. A small amount of PAPBx (less than
1 wt %) could lead to the formation of hydrogels with GO,
enhencing p-p interactions with GO nanosheets. The tensile
strength and toughness of rGO-PAPBx reached up to 382 MPa and
7.5 MJ m�3 with 4 wt % of PAPBx, respectively. Meanwhile, the
wrinkles of GO nanosheets increased interfacial area and thus
enhanced the mechanical properties of rGO-PAPBx. The strong p-p
interaction between GO and polymer is not only utilized for rein-
forcing mechanical performance, but employed in optoelectronic
fields. For instance, Zhang et al. [119] prepared the layered GO-NPC
(naphthalocyanine) BPNs by the p-p interactions supermolecular
method. The p-p interactions were confirmed between GO and
NPC through adsorption and fluorescence spectra analysis, result-
ing in GO-NPC stability under ambient condition. The GO-NPC BPNs
can be used as efficient photoelectric conversion devices.
3.2. Covalent bonding

Although non-covalent bonding above dramatically improve the
mechanical performance of BPNs, they can be destroyed easily in
solution, salts and pH value [68]. In order to make BPNs work in
harsh conditions, covalent bonding exhibiting greater robustness is
employed to fabricate highly cooperative BPNs. Linear molecule
and polymer, branched polymer and 3D network resin are utilized
to construct covalent bonding in the BPNs, which would be
described in details in the following sections.
3.2.1. Linear molecule and polymer
Linear molecule and polymer with reactive functional groups
Fig. 8. Covalent bonding. (A) Linear molecule and polymer such as PCDO could enhance the
(B) Branched polymer with multiple sites could be employed for cross-linking with building b
could react with GO nanosheets and form 3D network by self-polymerization, resulting in
could react with GO nanosheets to form covalent bonding net-
works, which significantly improve the mechanical properties of
BPNs. Recently, borate and GA, common linear molecules, are used
for improving the mechanical properties of GO film by crosslinking
GO nanosheets. For example, An et al. [120] constructed stiff
layered GO-borate BPNs through borate crosslinking. The results
showed that the tensile strength and storage modulus of GO film
with only 0.94 wt % borate ions were improved 25% and 266%,
respectively. Gao et al. [42] demonstrated GO-GA BPNs by cross-
linking adjacent GO nanosheets with GA. The Young's modulus
was ~30.4 GPa and the tensile strength was 101 MPa, which were
much higher than GO film. However, short GA chains led to low
toughness with only 0.3 MJ m�3.

Besides linear molecules, long chains polymer such as 10,12-
pentacosadiyn-1-ol (PCDO) was employed for preparing GO-
PCDO BPNs, which overcome the issue of low toughness caused
by short linear molecules. Cheng et al. [121] fabricated high inte-
grated performances of GO-PCDO BPNs. The process of preparing
GO-PCDO was divided into three steps: i) PCDO monomers reacted
with GO nanosheets by esterification reaction; ii) PCDO monomers
polymerized and partly cross-linked by UV irradiation crosslinking;
iii) the resultant GO-PCDO BPNs was reduced by HI solution,
removing the residual chemical groups of GO nanosheets, as shown
in Fig. 8A. The tensile strength of rGO-PCDO reached up to
156.8 MPa, and the toughness was 3.91 MJ m�3, which were much
higher than that of pure rGO film. In addition, the electrical con-
ductivity of rGO-PCDO showed as high as 232.29 S cm�1.
3.2.2. Branched polymer
Branched polymer has been considered as cross-linker owing to
performances of GO by forming covalent bonding. Reproduced with permission [121].
locks. Reproduced with permission [122] (C) Thermosetting matrix such as epoxy resin
high mechanical performances BPNs. Reproduced with permission [32].
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its multiple reactive functional group sites for improving the me-
chanical properties of BPNs. The hydperbranched polyglycerol
(HPG) as representative branched polymerwas selected to fabricate
the BPNs. For example, Hu et al. [122] constructed GO-HPG fibers by
forming covalent bonding between GO nanosheets and HPG, as
shown in Fig. 8B. The tensile strength of GO-HPG fibers was
improved to 642 MPa from 555 MPa for pure GO fiber. Until now,
there are a few studies on the branched polymer cross-linked BPNs,
which might be difficult to synthesize suitable branched polymers.

3.2.3. 3D network
Thermosetting polymer with reactive functional groups, such as

epoxy, can graft on the surface of building blocks and cross-link
adjacent building blocks via three dimensional (3D) network
structure. For example, Cheng et al. [32] fabricated high perfor-
mance FDWCNT-epoxy BPNs with high content of FDWCNT (70 wt
%) and layered hierarchical nacre-like structure, as shown in Fig. 8C.
The epoxy precursor reacted the epoxide groups on the surface of
FDWCNTs and formed 3D network between adjacent FDWCNTs.
The results showed that the highest Young's modulus of resultant
FDWCNT-epoxy composites reaches 123 GPa, which was 6 times
higher than pure epoxy. Graphene as one best of ideal candidates
for preparing BPNs has been employed to fabricate cooperative
Fig. 9. BPNs are fabricated with different synergistic effects, including synergistic effects fr
interfacial interactions includes hydrogen bonding and p-p interaction, hydrogen and ioni
building blocks consists of 1D and 2D building blocks.
graphene foam (GF)-epoxy BPNs byMing et al. [123]. The GF-epoxy
BPNs was prepared as follows: i) GF was obtained through GO films
were reduced through N2H4$H2O vapor, ii) the GF was immersed
the epoxy resin solution and iii) the GF-epoxy was prepared by the
hot-pressure, realizing cross-linking. The tensile strength, Young's
modulus and electrical conductivity of resultant BPNs were 23, 136
and 8 times of pure GF, respectively.

The aforementioned interfacial interactions could dramatically
improve the mechanical properties and electrical conductivity of
resultant BPNs. However, how to precisely control the interfacial
interactions to prepare high performance BPNs is still great
challenges.

4. Synergistic effects

Over billions of years, the extraordinary mechanical perfor-
mances of natural materials are not only determined by the
building block, biopolymers and interfacial interactions [124], but
also partly attributed to the synergistic effects of interfacial in-
teractions [125] or building blocks [23]. Thus, various BPNs were
constructed with synergistic effects. The synergistic effects of BPNs
can be divided into synergistic interfacial interactions and syner-
gistic building blocks, as shown in Fig. 9. In the next sections, we
om interfacial interactions and synergistic effects from building blocks. Synergy from
c bonding, hydrogen and covalent bonding, ionic and covalent bonding. Synergy from
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would focus on these BPNs from our and other groups.
4.1. Synergistic effects from interfacial interactions

Hydrogen bonding, ionic bonding, p-p interaction and covalent
bonding have been utilized to construct high performances GO-
based BPNs by combing different interfacial interactions. Until
now, four kinds of synergistic interfacial interactions have been
demonstrated, which would be discussed in the next sections.
4.1.1. From hydrogen bonding and p-p interaction
Song et al. [126] has demonstrated the synergistic effects from

hydrogen bonding and p-p interaction through triblock copolymer,
and fabrication process is shown in Fig. 10A. Water-soluble sulfo-
nated polystyrene-block-poly (ethylene-co-butylene)-block-poly-
styrene (SSEBS) triblock copolymers with sulfonic groups could
form hydrogen bonding with oxygen-containing groups on the
surface of GO nanosheets. The digital photograph of this GO-SSEBS
BPNs is shown in Fig. 10B. Strong p-p interactions were formed
between SSEBS and GO nanosheets due to the benzene groups of
SSEBS. The resultant GO-SSEBS exhibited super-tough and further
revealed that SSEBS can significantly improve the tensile strength
and toughness of GO film via synergistic effects from hydrogen
bonding and p-p interactions. The tensile strength and toughness
of GO-SSEBS were 158 MPa and 15.3 MJ m�3, respectively, which
were 76% and 900% improvement than pure GO film and the
Fig. 10. Combination of hydrogen bonding and p-p interaction. (A) Schematic representatio
photograph of GO-SSEBS-10. (C) Stress-strain curves of pure GO film (curve 1), GO-SSEBS-5
curves of pure SSEBS film and GO-S-10 polymer nanocomposites. Reproduced with permis
toughness was 8 times than nacre when the content of SSEBS was
about 10 wt%. The content of SSEBS played a critical role in the
mechanical performances of GO-SSEBS, resulting in the tensile
strength and toughness decreasing when the content of that lower
or higher than 10 wt%, as shown in Fig. 10C. The fracture mecha-
nismwas proposed as follows. When gradual loading of GO-SSEBS,
it firstly exhibited plastic deformation with soft long chains of
SSEBS deformation and extending, dissipating much energy. Sec-
ond, EB chains in SSEBS further extend to uncoil until rupture, as
shown in Fig. 10D. Finally, GO nanosheets were pulled out and the
GO-SSEBS fractured, as shown in Fig. 10D. Finally, GO nanosheets
were pulled out and the GO-SSEBS fractured.
4.1.2. From hydrogen bonding and ionic bonding
Recently, synergy from hydrogen and ionic bonding is investi-

gated by preparing GO- hydroxypropyl cellulose (HPC)-Cu2þ BPNs
by Zhang et al. [127]. HPC could form hydrogen bonding with GO
nanosheets. The Cu2þ was introduced in GO-HPC to work as ionic
bonding and homogeneously dispersed by analysis of corre-
sponding energy dispersive X-ray spectroscopy (EDS) image, as
shown in Fig. 11A. Furthermore, the rational proportions of
hydrogen and ionic bonding could be optimized through changing
the contents of HPC and Cu2þ to achieve maximum synergistic
effect.

Compared with the pure GO and rGO film, the mechanical
performances of rGO-HPC-Cu2þ reduced by HI solution was
n of the fabrication process of GO-SSEBS BPNs via vaccum-assisted filtration. (B) Digital
(curve 2), GO-SSEBS-10 (curve 3), and GO-SSEBS-15 (curve 4). (D) Typical stress-strain
sion [126].



Fig. 11. Combination of hydrogen bonding and ionic bonding. (A) The digital photograph, the cross-section and Cu mapping of rGO-HPC-Cu bioinspired polymer nanocomposites.
(B) The stress-strain curves of GO film (curve 1), rGO film (curve 2), rGO-HPC (curve 3), rGO-Cu (curve 4) and rGO-HPC-Cu (curve 5). (C) The maximum tensile stress versus the
number of cycle-times to failure the pure rGO film, rGO-HPC, rGO-Cu and rGO-HPC-Cu. (D) The proposed fracture mechanism of rGO-HPC-Cu bioinspired polymer nanocomposites.
Reproduced with permission [127].

C. Huang, Q. Cheng / Composites Science and Technology 150 (2017) 141e166 155
dramatically improved, which were attributed to the synergistic
effects from hydrogen and ionic bonding. The tensile strength and
toughness of rGO-HPC-Cu2þ reached up to 274.3 MPa and
6.7 MJ m�3, as shown in Fig. 11B. The synergistic effects of rGO-
HPC-Cu2þ are evaluated by synergistic percentage (S) as follows
[128]:

S ¼ 2shyb � ðsHPC þ srGOÞ
sHPC þ srGO

� 100%

where shyb, sHPC and srGO represent the tensile strength of rGO-
HPC-Cu2þ, rGO-HPC and rGO films. The synergy percentage of rGO-
HPC-Cu2þ reached maximum value of 331% and the fatigue prop-
erties of rGO-HPC-Cu2þ were much higher than rGO-HPC and rGO-
Cu2þ at the same stress level by synergistic effects, as shown in
Fig. 11C. The process of fracture could be divided into three stages:
i) when loading, the hydrogen bonding of rGO-HPC-Cu2þ firstly
ruptured and the coiled chains of HPC were stretched; ii) when
further stretching, the ionic bonding of sample gradually fractured
and parts of hydrogen bonding reformed. Moreover, humidity plays
an important role during binding and rebinding of hydrogen as well
as ionic crosslinks. Ionic crosslinks can also rebind at high humidity
[116]; and iii) finally, the sample was totally destroyed. Therefore,
the synergy from hydrogen and ionic bonding strategy could
effectively fabricate excellent mechanical properties of BPNs, as
shown in Fig. 11D. Moreover, because of the relatively low content
of HPC (~3 wt %), the conductivity of BPNs was slightly lower than
that of pure rGO film.
4.1.3. From hydrogen bonding and covalent bonding
The aforementioned strategies are synergy from non-covalent

bonding. However, covalent bonding shows high strength and
stability. In fact, the strong interfacial interactions can effectively
transfer load, maintaining the integrity of structure. While, weak
interfacial interactions can be constantly destroyed, causing the
crack deflection, plastic deformation and other toughening mech-
anism. Therefore, synergy from non-covalent and covalent bonding
is more suitable for constructing high integrated performance
BPNs. For example, Cui et al. [88] successfully adopted DA, a mimic
of mussel adhesive protein for constructing GO-PDA BPNs, as
shown in Fig. 12A. The synergistic effect from covalent bonding and
hydrogen bonding were formed between GO and PDA, and the
tensile strength of rGO-PDA was improved to 204.9 MPa and the
toughness reached up to 4.0 MJ m�3 with only about 4.6 wt % of
PDA, which were much higher than that of nacre (80e135 MPa and
1.8 MJ m�3), as shown in Fig. 12B. But, the electrical conductivity of
rGO-PDAwas 18.5 S cm�1, which was much lower than that of pure
rGO (44.8 S cm�1).

Wan et al. demonstrated chitosan (CS) with many hydroxyl and
amine functional groups could react with GO nanosheets to achieve
high performance BPNs [129], as shown in Fig. 12C. The synergistic
interfacial interactions were formed from hydrogen and covalent
bonding with low CS content. Instead, “electrostatic stabilization”
resulted in only hydrogen bonding with high CS content in GO-CS
nanocomposites, as shown in Fig. 12D. The tensile strength of
rGO-CS nanocomposites reached up to 526.7 MPa, which was
higher than that of rGO-PDA nanocomposite with tensile strength
of 204.9 MPa and was 4.9 times higher than GO and CS films, as



Fig. 12. Combination of hydrogen bonding and covalent bonding. (A) Illustration of the preparation process of the GO-PDA polymer nanocomposites. (B) Tensile stress curves of GO
film (curve 1), rGO film (curve 2), GO-PDA-VI (curve 3), and GO-PDA-VI (curve 4). Reproduced with permission [88]. (C) A digital photograph and a cross-section SEM image of rGO-
CS-V polymer nanocomposites. (D) Proposed mechanism of interfacial interactions between CS and GO nanosheets. (E) Stress-strain curves of GO films (curve 1), rGO film (curve 2),
GO-CS-V (curve 3), rGO-CS-V (curve 4) and CS film (curve 5). (F) The proposed fracture mode of GO-CS-V polymer nanocomposites under loading. Reproduced with permission
[129].
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shown in Fig. 12E. In addition, the toughness of rGO-CS with
17.7 MJ m�3 was about 10 times higher than nacre. The high
strength and toughness of rGO-CS nanocomposites were attributed
to the synergy from hydrogen and covalent bonding. The proposed
fracture process of rGO-CS nanocomposites is shown in Fig. 12F.
With increased loading, the GO nanosheets slip, resulting in broken
of hydrogen bonding, then the CS chains were stretched. Further
stretching would lead to broken of the covalent bonding between
CS and GO nanosheets, which resulted in the curling of edges of GO
nanosheets. The excellent electrical conductivity of rGO-CS BPNs
reached up to 155.3 S/cm. However, since the insulating CS mole-
cules were embedded between rGO nanosheets, the electrical
conductivity of BPNs was slightly lower than the pure rGO film.

The above results show that the tensile strength and toughness
of rGO-CS nanocomposite [129] with synergy from hydrogen and
covalent bonding are higher than that of rGO-HPC-Cu2þ nano-
composite [127] by synergy from hydrogen and ionic bonding. The
synergy from ionic and covalent bonding was investigated in the
next section.
4.1.4. From ionic bonding and covalent bonding
The mechanical performance of spider silk can be dramatically

improved by introducing little of zinc ions [130]. Recently, Gong
et al. [131] demonstrated great improvement in mechanical prop-
erties of GO-Zn2þ-PCDO BPNs. Zn2þ could form ionic bonding be-
tween GO nanosheets, and the covalent bonding was provided by
PCDO molecules in rGO-Zn2þ-PCDO. Thus, the tensile strength and
toughness were dramatically enhanced to 439.1 MPa and
7.5 MJ m�3, as shown in Fig. 13A. In addition, the mechanical
properties of rGO-Zn2þ with only ionic bonding and rGO-PCDO
with only covalent bonding were lower than that of rGO-Zn2þ-
PCDO. The main reason is the synergistic effect from ionic and
covalent bonding. Meanwhile, the synergistic effect significantly
improved the fatigue life of rGO-Zn2þ-PCDO, as shown in Fig. 13B.
The energy dispersive spectroscopy (EDS) showed the element Zn
was homogenous dispersion in the BPNs, as shown in Fig. 13C. The
proposed fracture mechanism model of rGO-Zn2þ-PCDO BPNs was
illustrated in Fig. 13D, which demonstrated the synergy from ionic
and covalent bonding. When loading the sample, the ionic bonding



Fig. 13. Combination of ionic bonding and covalent bonding. (A) Strain-stress curves of GO film (curve 1), rGO film (curve 2), rGO-PCDO film (curve 3), rGO-Zn2þ-I film (curve 4),
rGO-Zn2þ-I (curve 4), GO-Zn2þ-PCDO (curve 5) and rGO-Zn2þ-PCDO (curve 6). (B) Tensile fatigue testing of the rGO film, rGO-PCDO, rGO-Zn2þ-I, and rGO-Zn2þ-PCDO-I. (C) The
fracture morphology of the rGO-Zn2þ-PCDO-I polymer nanocomposites. (D) The proposed fracture mechanism of the rGO-Zn2þ-PCDO polymer nanocomposites. Reproduced with
permission [131]. (E) Schematic illustration of the preparation of the GO-Ca2þ-PCDO GBFs. (F) Stress-strain curves of GO-Ca2þ-II fiber (curve 1), rGO-Ca2þ-II fiber (curve 2), GO-Ca2þ-
PCDO-II fiber (curve 3) and rGO-Ca2þ-PCDO-II fiber (curve 4). Reproduced with permission [132].
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between Zn2þ and rGO nanosheets was firstly broken, and the long
chains PCDO would extend along the slipping direction of rGO
nanosheets. Further loading, the PCDO molecules were further
stretched and the covalent and ionic bonding ruptured, dissipating
much energy.

Wan et al. [132] demonstrated Chelate architecture in
enhancing the fatigue life of BPNs through Ni2þ and polydopamine
(PDA). The resultant of rGO-PDA-Ni2þ BPNs show the ultimate
tensile strength of 417.2 MPa and toughness of 19.5 MJ m�3, which
were 2.1 and 7.5 folds of natural nacre, respectively. In addition, the
electrical conductivity of rGO-PDA-Ni was kept very well as high as
144.5 S cm�1 after fatigue testing.

Synergistic effects from interfacial interactions are not only
suitable for enhancing mechanical performance of BPNs, but also
for graphene-based fibers (GBFs). Recently, Zhang et al. [133] con-
structed ultrastrong GBFs via synergistic effect from ionic and co-
valent bonding. In the wet spinning process, ionic bonding was
formed between GO nanosheets by introducing Ca2þ, and PCDO
was grafted on the surface of GO-Ca2þ fibers with annealing at
different temperature. Then UV irradiation, the covalent bonding
between PCDO molecules was formed, obtaining GO-Ca2þ-PCDO
GBFs. After reduction by HI, the ultrastrong rGO-Ca2þ-PCDO GBFs
were obtained, as shown in Fig. 13E. The resultant rGO-Ca2þ-PCDO
GBFs showed the tensile strength as high as 842.6 MPa and the
toughness of 15.8 MJ m�3, as shown in Fig. 13F.

The aforementioned results reveal that the synergistic effects
from interfacial interactions could dramatically improve the me-
chanical properties and electrical conductivity of BPNs. Neverthe-
less, precisely tuning the synergy from interfacial interactions of
BPNs remains a great challenge. Except for the synergistic effects
from interfacial interactions, synergy from building blocks are also
important for enhancing the performance of BPNs.
4.2. Synergistic effects from building blocks

1D nanofibrillar chitin and 2D aragonite calcium platelets play a
key role in the mechanical properties of nacre [28]. Inspired by the
unique structure of nacre, ternary BPNs were constructed and the
synergistic effects from building blocks were also demonstrated for
improving mechanical performance. In our group, 1D building
blocks DWNTs and nanofibrillar cellulose (NFC) are used to prepare
GO based and MMT based BPNs. 2D molybdenum disulfide (MoS2)
and MMT are utilized for fabricating GO based BPNs by synergy
from building blocks. In the following sections, these ternary BPNs
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were discussed in detail.
4.2.1. From 1D building blocks
Gong et al. [95] prepared integrated ternary rGO-DWNTs-PCDO

BPNs, as shown in Fig. 14A. DWNTs played a critical role in
improving the tensile strength and toughness of resultant BPNs.
The tensile strength and toughness of rGO-DWNTs-PCDO were
235.3 MPa, and 6.9 MJ m�3, respectively, as shown in Fig. 14B. The
fatigue life of rGO-DWNTs-PCDO was almost 5 orders of magnitude
than GO-DWNTs at the same stress level, as shown in Fig. 14C. The
main reason should be attributed to the synergistic effects from
building blocks and covalent bonding. The crack propagation were
synergistically restrained by deflection of rGO nanosheets and
bridging of DWNTs. This kind of synergistic crack suppression
mechanisms could increase the energy dissipation and improve
fatigue life.

On the other hand, Gong et al. [96] also designed rGO-DWNTs-
PVA ternary BPNs through constructing synergistic effect from
building blocks and hydrogen bonding. The tensile strength
reached 323.0 MPa and the toughness was 11.3 MJ m�3 as shown in
Fig. 14D. The rGO-DWNTs-PVA also showed excellent fatigue
resistance performance as shown in Fig. 14E. The possible fracture
mechanism was proposed in Fig. 14F. When stretching, rGO nano-
sheets started to slip, and then, DWNTs and PVA bridged the crack
and prevented the further sliding of rGO nanosheets. Further
loading, the hydrogen bondingwas broken and DWNTswere pulled
out, resulting in fracture and much more energy dissipation.

NFC derived fromwood shows high elastic modulus of ~150 GPa
with abundant hydroxyl groups, which is chosen as 1D building
blocks for constructing ternary BPNs with GO and PCDO. Duan et al.
[134] fabricated rGO-NFC-PCDO ternary BPNs with synergistic ef-
fects from building blocks, hydrogen and covalent bonding, as
shown in Fig. 15A. The tensile strength and toughness of rGO-NFC-
PCDO were 314.6 MPa, and 9.8 MJ m�3, respectively, as shown in
Fig. 15B. The rGO-NFC-PCDO with high electrical conductivity, can
be utilized as conductive wire in a circuit, as shown in Fig. 15C. The
Fig. 14. (A) Schematic illustration of process for preparing GO-DWNT-PCDO polymer nanoco
DWNT-V (curves 3), GO-DWNT-PCDO-V (curves 4) and rGO-DWNT-PCDO-V (curves 5). (C) T
permission [95]. (D) Tensile stress-strain curves of pure GO film (curves 1), rGO film (curv
DWNT-PVA-II (curves 6). (E) S-N curves in pure tension pattern for pure GO film, rGO-PVA
PVA-II and the fracture mechanism for rGO-DWNTs-PVA-II polymer nanocomposites. Repro
proposed fracture mechanism was shown in Fig. 15D. When
stretching, the hydrogen bonding was firstly broken between rGO
and NFC. The NFC was pulled out after further loading, dissipating
much more energy. Finally, covalent bonding of PCDO and rGO
nanosheets was broken.

On the other hand, the synergistic effect also be demonstrated in
other ternary BPNs, for example, Wang et al. [33] demonstrated
transparent ternary MMT-NFC-PVA film as shown in Fig. 16A. The
hierarchical structure is proposed as Fig. 16B. This kind of ternary
MMT-NFC-PVA film showed excellent mechanical properties
compared with other binary BPNs. The tensile strength, Young's
modulus and toughness of MMT-NFC-PVA reach 302 MPa, 22.8 GPa
and 3.72 MJ m�3, respectively, as shown in Fig. 16C. The fatigue life
of ternary MMT-NFC-PVA was 2 and 4 orders of magnitude higher
than that of binary NFC-PVA andMMT-PVA at the same stress level,
as shown in Fig. 16D. A crack mechanism of MMT-NFC-PVA was
illustrated in Fig. 16E. i) MMT nanoplatelets resisted the crack
propagation by deflection and ii) the NFC fibril bridged the crack to
suppress crack propagation; iii) when further loading, the MMT
nanoplatelets and NFC were pulled out and the sample fractured.
4.2.2. From 2D building blocks
The 2D MoS2 nanosheets have outstanding catalytic, lubricant

and mechanical physical properties [135]. Wan et al. [94] con-
structed integrated strength and toughness ternary rGO-MoS2-
thermoplastic urethane (TPU). The ternary layered structure of
rGO-MoS2-TPU was prepared by vacuum assisted-filtration, as
shown in Fig. 17A. When the content of MoS2 was about 4 wt %, the
maximummechanical properties of rGO-MoS2-TPU were achieved.
The tensile strength and toughness of rGO-MoS2-TPU were
235.3MPa, and 6.9MJm�3, respectively, as shown in Fig.17B, which
were 40% and 100% higher than rGOeTPU binary composites and
1.7 and 3.8 of natural nacre. The proposed crack propagation model
is illustrated in Fig. 17C. The hydrogen bonding between rGO
nanosheets and TPU was firstly broken when stretching. Then,
crack propagation would be deflected by MoS2 nanosheets, due to
mposites. (B) Typical strain-stress curves of GO film (curves 1), rGO films (curves 2), GO-
ensile fatigue testing of GO film, GO-DWNT and rGO-DWNT-PCDO-V. Reproduced with
es 2), GO-PVA (curves 3), rGO-PVA (curves 4), GO-DWNT-PVA-II (curves 5) and rGO-
and rGO-DWNT-PVA-II. (F) The fracture morphologies of rGO-PVA and rGO-DWNTs-
duced with permission [96].



Fig. 15. (A) Schematic illustration of process for preparing GO-NFC-PCDO polymer nanocomposites. (B) Typical stress-strain curves of GO film (curve 1), NFC film (curve 2), rGO film
(curve 3), GO-NFC-IV (curve 4), GO-NFC-PCDO-IV (curve 5), rGO-NFC-IV (curve 6) and rGO-NFC-PCDO-IV (curve 7). (C) The digital photo of circuit. (D) The proposed fracture
mechanism of rGO-NFC-PCDO-IV. Reproduced with permission [134].
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the lubrication of 2H MoS2, absorbing much energy. When further
loading, the crack propagation was continually deflected until the
rGO-MoS2-TPU fractured. The optimized content of MoS2 is about
4.0 wt%. When below than 4.0 wt%, MoS2 could not effectively
deflect crack, leading to less improvement in mechanical proper-
ties.When higher than 4.0wt %, excessive stacking ofMoS2 resulted
in low efficiency of stress transfer and energy dissipation.

In addition to the excellent mechanical properties, synergy from
building blocks could also provide other properties such as fire
retardant. For example, Ming et al. [136] have demonstrated fire
retardant rGO-MMT-PVA ternary BPNs by vacuum-assisted filtra-
tion. MMT was well dispersion in rGO-MMT-PVA, which is
confirmed by EDS of Si element, as shown in Fig. 18A. The tensile
strength and toughness reached up to 356.0 MPa, and 7.5 MJ m�3,
as shown in Fig. 18B. Meanwhile, the excellent fatigue resistant
properties comparable to binary rGO-MMT is shown in Fig.18C. The
rGO-MMT-PVA could protect silk cocoon from burning, as shown in
Fig. 18D and E. The rGO-MMT-PVA burnt and generated gas due to
the PVA and residual oxygen groups of rGO when the film was
exposed to the flame. After that, the film form inorganic interlocked
framework and did not burn any more.
5. Representative applications

BPNs with integrated mechanical and electrical properties show
great potential of application in many fields, such as filter [137],
sensors [138], energy storage [139], actuators [140], organic
photovoltaic devices [141] and electromagnetic interference (EMI)
shielding [142] etc. For example, Hu et al. [137] reported a new
water separation film that water could flow through and unwanted
solutes were rejected. The film was made of GO nanosheets via
layer-by-layer deposition and then cross-linked through 1, 3, 5-
benzenetricarbonyl trichloride. The GO film was supported on the
polydopamine coated polysulfone and showed a high rejection of
Rhodamine-WT. The results of flux were 4e10 times higher than
that of most commercial nanofiltration films, as shown in Fig. 19A.
Guo et al. [143] prepared MMT-hydroxyethyl cellulose (HEC) BPNs
by mimicking columnar nacre. The BPNs with columnar structure
on its surface showed high mechanical performance and under-
water low oil adhesion, which can be used as underwater oil-
repellent materials.

BPNs based electrochemical sensors and biosensors [144,145]
are illustrated in Fig. 19B. Huang et al. [138] indicated graphene



Fig. 16. (A) Digital photo of MMT-NFC-PVA polymer nanocomposites. (B) Propsosed structural model of MMT-NFC-PVA. (C) Stress-strain curves of MMT-PVA (black curve), NFC-PVA
(red curve) and MMT-NFC-PVA (blue curve). (D) Maximum stress vs number of cycles to failure in pure tension mode for MMT-PVA, NFC-PVA and MMT-NFC-PVA (blue curve). (E)
Proposed synergistic mechanism of 2D MMT platelets and 1D NFC fibrils. Reproduced with permission [33]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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as a candidate for nanoelectronic biosensors to detect the glucose
or glutamate molecules. Large-sized CVD grown graphene films
were prepared as field-effect transistors and specific redox en-
zymes were functionalized onto the graphene films. Because
glucose or glutamate molecules could produce H2O2 by the cata-
lytic reactions of enzymes, which can increase the conductivity of
graphene, they could be detected the change of conductance of
graphene transistor. Besides detecting the glucose or glutamate,
graphene also are utilized for dopamine (DA) sensor. For instance,
Xie et al. [146] prepared rGO-Polyaniline (PANI)-nafion (NF)
nanocomposites to detect DA by applying differential pulse vol-
tammetry. The rGO-PANI-NF with good catalytic activity showed
excellent selectivity toward DA even if there were ascorbic acid and
uric acid.

Good mechanical flexibility, high conductivity and excellent
cycle capability of energy storage devices are urgently needed in
electronic devices. Owing to the stability and high conductivity of
grahene under ambient conditions, it is the ideal candidate for
constructing energy storage materials. Lu et al. [139] demonstrated
flexible graphene-polypyrrole (PPy)-CNTs ternary BPNs as super-
capacitors, as shown in Fig. 19C. The flexible GN and rigid CNTs
could significantly improve the electronic conductivity and excel-
lent cycling stability of the nanocomposites. The Cm and Cv of GN-
PPy-CNTs were 211Fg-1 and 122 Fcm�3, respectively, which were
much higher than those of GN and PPy-CNTs.

BPNs as actuator systems are urgently needed for applications
such as robots, sensors and memory chips. For instance, one side of
the graphene film was treated with hexane plasma [140],
enhancing the surface hydrophobicity, and the other side was
exposed to O2 plasma, becoming hydrophilic, as shown in Fig. 19D.
Because of the asymmetric surface performance of graphene film, it
would induce the distinction of electrochemical response and
produce the driving force of the actuation behavior [142].

Organic photovoltaic (OPV) devices as the solar energy



Fig. 17. Illustration of preparation process of GO-MoS2-TPU polymer nanocomposites. (B) Tensile stress-strain curves of GO film (curve 1), GO-TPU (90:10) (curve 2), rGO-TPU (curve
3), GO-MoS2-TPU-II (curve 4) and rGO-MoS2-TPU-II (curve 5). (C) Proposed synergistic mechanism and fracture morphology of rGO-MoS2-TPU. Reproduced with permission [94].
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harvesting platforms have many unique characteristics, as shown
in Fig. 19E, which attract widely attentions of researchers. For
example, Yin et al. [133] prepared flexible and laminated structure
of graphene films (rGO-PET), which was used as a transparent
electrode of OPV devices. The preparation of rGO-PET was reduc-
tion GO film and transferred onto the PET. When the optical
transmittance of rGO >65%, OPV device property depended on the
resistance of rGO film, i.e. the charge transport efficiency. While, if
the optical transmittance of rGO was lower than 65%, the light
transmission efficiency determined the device performance. The
rGO-PET could sustain a thousand cycles of bending owing to the
flexibility of rGO.

BPNs could also work as electromagnetic interference (EMI)
shielding to meet working requirements of electronic communi-
cation devices, such as computers, phones etc. as shown in Fig. 19F.
For instance, Song et al. [142] fabricated multilayer graphene
(MLG)-ethylene-vinyl acetate copolymers (EVA) film with me-
chanical flexibility and investigated the mechanism of adsorption
and reflection. In order to evaluate EMI shielding, theMLG-EVA film
was casted onto the paraffin-PVA substrates, forming sandwich
structures. The results suggested that reflection dominated
shielding mechanism and the thickness, skin depth and electrical
conductivity of MLG-EVA were also important factors to improve
the EMI shielding. The optimized shielding effectiveness of MLG-
EVA is 27 dB that could effectively shield the interference.
6. Summary and outlook

MMT with high mechanical properties and fire resistant is used
to prepare MMT-based polymer nanocomposites that have poten-
tial applications in the automotive, aerospace. Because of CNTs'
excellent mechanical, electrical and thermal properties, CNTs-
based polymer nanocomposites can be applied in stealth, electro-
magnetic shielding and absorbing materials. GO-based polymer
nanocomposites show high mechanical, electrical and thermal
properties after reduction, attributing to the unique physico-
chemical performance of graphene nanosheets. In the field of
supercapacitors and flexible electrode materials, GO-based poly-
mer nanocomposites are one of the best candidates.

The feature article summaries the methods and surface modi-
fication of traditional polymer nanocomposites (TPNs) briefly and
points out the issues of poor dispersion, random structure, low
nonofillers content and weak interfacial interactions between
polymer and nonofillers in TPNs. To efficiently solve the problem,
bioinspried strategy has been proposed inspiring by the hierar-
chical structure of nacre. We fabricated FDWCNT-based, MMT-
based and GO-based bioinspired polymer nanocomposites via
different assembly approaches. Compared with traditional
methods, the advantages of bioinspired assembly approaches for
constructing polymer nanocomposites are as follows: i) well-
dispersion of building blocks and polymer; ii) well-ordered



Fig. 18. (A) Digital image, SEM image of the cross-section, Si mapping and the high resolution TEM image of the cross-section of GO-MMT-PVA polymer nanocomposites. (B) Tensile
stress-strain curves of the GO film (curve 1), GO-MMT-VI (90:10) (curve 2), rGO-MMT-VI (curve 3), GO-MMT-PVA-IV (curve 4) and rGO-MMT-PVA-IV (curve 5). (C) Maximum stress-
number of cycles to failure in tension mode for the rGO-MMT and rGO-MMT-PVA. (D) (E) Ternary rGO-MMT-PVA polymer nanocomposites act as a fire shield to protect a silk
cocoon. Reproduced with permission [136].
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hierarchical structure; iii) high content of building blocks; and iv)
designable interfacial interactions and building blocks. Meanwhile,
we discussed interfacial interactions including non-covalent
bonding (hydrogen bonding, ionic bonding and p-p interaction)
and covalent bonding (linear molecule and polymer, branched
polymer and 3D network) in details. Theworks of our groupmainly
design the synergy from interfacial interactions and building blocks
for further improvement of the mechanical properties. These



Fig. 19. BPNs could be utilized in many fields such as (A) Filter for separating water and unwanted solutes. Reproduced with permission [137]. (B) Sensors for detecting glucose or
glutamate molecules. Reproduced with permission [145]. (C) Energy storages are urgently needed in electronic devices. Reproduced with permission [139]. (D) BPNs as actuators
produce a driving force. Reproduced with permission [140]. (E) Organic photovoltaic devices for harvesting solar energy. Reproduced with permission [141]. (F) Electromagnetic
interference (EMI) shielding for shielding the interference. Reproduced with permission [142].
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synergistic effects also produce additional performances such as
high fatigue and fire resistant properties, which means bioinspired
strategy for polymer nanocomposites is viable and practical. Finally,
the representative applications of bioinspired polymer nano-
composites (BPNs) are introduced simply in this paper, such as
filter, sensors, energy storage and actuators.

At present, the BPNs cannot achieve the perfect performances
like natural materials, and various synthetic effects and multiscale
mechanisms in biological materials cannot be exactly reproduced
by BPNs. However, the ultimate goal of BPNs is not a simple
mimicking the structure of natural materials. The key is to intro-
duce the strength and toughness mechanism of natural materials
into the BPNs, and employ the principle to fabricate lightweight,
high strength and super tough BPNs. In other words, our goal is to
prepare the high mechanical properties and functional even intel-
ligent materials by adjusting the structure and interfacial in-
teractions. In the near future, the BPNs maybe to realize
applications in aerospace as structural materials, in wearable
electric devices as functional materials and in intelligent devices.
Meanwhile, novel hybrid structures of BPNs with urgently needed
properties would be achieved and simple, low-cost and effective
method could be developed to fabricate high performances,
multifunctional and larger-scale BPNs. Although there are many
challenges and issues of fabricating BPNs, it could be anticipated
that BPNs are the development direction of polymer
nanocomposites.
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