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Bioinspired Graphene-Based Nanocomposites and Their
Application in Flexible Energy Devices

Sijie Wan, Jingsong Peng, Lei Jiang, and Qunfeng Cheng*

Graphene is the strongest and stiffest material ever identified and the

best electrical conductor known to date, making it an ideal candidate for
constructing nanocomposites used in flexible energy devices. However, it
remains a great challenge to assemble graphene nanosheets into macro-
sized high-performance nanocomposites in practical applications of flexible
energy devices using traditional approaches. Nacre, the gold standard for
biomimicry, provides an excellent example and guideline for assembling two-
dimensional nanosheets into high-performance nanocomposites. This review
summarizes recent research on the bioinspired graphene-based nanocom-
posites (BGBNs), and discusses different bioinspired assembly strategies for
constructing integrated high-strength and -toughness graphene-based nano-
composites through various synergistic effects. Fundamental properties of
graphene-based nanocomposites, such as strength, toughness, and electrical
conductivities, are highlighted. Applications of the BGBNSs in flexible energy
devices, as well as potential challenges, are addressed. Inspired from the past
work done by the community a roadmap for the future of the BGBNs in flex-

ible energy device applications is depicted.

1. Introduction

Recently, miniaturized portable, and wearable energy devices,
have revolutionized our daily life, including electronic papers,
touch screens, roll-up displays, and wearable sensors. In order
to sustain their use under repetitive loads, flexible configura-
tion is a prerequisite that should be able to convert and/or store
energy on repetitive bending, folding or stretching without
sacrificing their performance.l!!' Graphene, with extraordinary
properties, is the strongest and stiffest material ever identified
and the best electrical conductor known to date, which totally
satisfies these requirements.?l Without a doubt, graphene-
based nanocomposites are an ideal candidate. There have
been several attempts to use graphene-based nanocomposites
in flexible energy devices.I'3] However, their assembly using
traditional approaches, exhibit rather poor mechanical and
electrical properties, largely limiting the efficiency of these

Dr. S. Wan, Dr. ). Peng, Prof. L. Jiang, Prof. Q. Cheng
Key Laboratory of Bio-Inspired Smart Interfacial Science
and Technology of Ministry of Education

School of Chemistry and Environment

Beihang University

Beijing 100191, P. R. China

E-mail: cheng@buaa.edu.cn

DOI: 10.1002/adma.201601934

Adv. Mater. 2016,
DOI: 10.1002/adma.201601934

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

devices. It thus remains a great chal-
lenge to assemble micro-scale graphene
nanosheets into macro-sized high-perfor-
mance nanocomposites.

Since 2010, many reviews were pub-
lished on the graphene-based nanocom-
posites and their application in energy
devices. Wang et al.l!l focused on applica-
tions of flexible graphene energy devices,
such as photovoltaic devices, fuel cells,
supercapacitors, and Dbatteries. Mao
et al.Pl also reviewed various graphene-
based materials for flexible electrochem-
ical energy storage devices. Zhou et al.’]
reviewed recent flexible lithium-ion bat-
teries based on graphene, with special
emphasis on the selection of electrode
materials and configuration design. Xu
et al.l¥ summarized the recent progress
in graphene-based electrodes for electro-
chemical energy storage. Zhu et al.”l and
Huang et al.l®! reviewed the graphene and
graphene-based materials as alternative
electrode materials for electrochemical energy storage systems,
i.e., batteries and supercapacitors. Luo et al.’l reviewed the
recent progress on preparing the well-defined graphene-based
nanomaterials through chemical and thermal approaches and
their applications in energy-related areas. Weiss et al.l'% sum-
marized the fabrication of graphene, their physical properties
and applications in electronic devices. Sahoo et al.l'!l summa-
rized and compared the advancement of graphene-based mate-
rials for energy conversion devices in fuel cells and solar cells
applications. Wan et al.'2l summarized graphene applications
in organic photovoltaic (OPV) cells, containing transparent elec-
trodes, active layers and interfaces layer in OPV. Pang et al.l!3]
gave a brief summary on the synthesis of graphene and applica-
tions in organic electronics. Eda et al.'* reviewed the funda-
mental structure and properties of chemically derived graphene
oxide and discussed their potential applications in electronics
and optoelectronics. Shao et al.'® reviewed the recent progress
in interfacial self-assembly techniques for graphene oxide films,
including liquid-air, liquid-liquid and liquid—solid interfaces.

The above mentioned reviews are focused on the applica-
tions of graphene-based nanocomposites in flexible energy
devices. The performance of nanocomposites is usually dictated
by their unique structure and architecture. How to achieve the
high-performance flexible energy device through designing and
constructing optimal structures of graphene-based nanocom-
posites is not obvious. It is critical to develop new fabrication
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techniques that are able to make these materials in bulk form.
Living organisms are one place to seek inspiration for making
something new and original. Nacre, the ‘gold standard’ for
biomimicry having both high strength and toughness, has
been the source of inspiration for designing many synthetic
hybrid materials and nanocomposites.'®2% Nacre achieves
this through a precise architecture that resembles that of a
brick wall, and clever design of the interfaces. Compared to
other approaches for constructing graphene-based nanocom-
posites,*2! this bioinspired concept results in good disper-
sion, high loading and excellent interfacial interaction design.
The resultant bioinspired graphene-based nanocomposites
(BGBNs) demonstrate significant enhancement in mechanical
and electrical properties.l??!

In this review, we summarize recent achievements on
BGBNs, for example, discussing the assembly approaches,
comparing the different interfacial interactions, and revealing
the synergistic effects therein. We highlight the fundamental
properties of BGBNs, such as strength, toughness, and elec-
trical conductivity. Then, we also summarize applications of the
BGBNs in flexible energy devices, and discuss their challenges.
Finally, we offer a perspective on how to construct integrated
strong and tough BGBNs through the synergistic effects from
interfacial interactions and building blocks, providing some
inspiration to the community and a clear vision for the future
in the application of flexible energy devices.

1.1. Inspiration from Nature

Nacre shows an ordered layered structure,['%23-] as shown
in Figure 1A. It is a typical brick-and-mortar structure, with
bricks composed of inorganic CaCO; mineral platelets (arag-
onite) and mortar of organic layer. The mineral platelets
are comprised of millions of nanograins (=30 nm), and the
organic layer contain acidic proteins and a chitin network.
This hierarchical micro-/nanoscale inorganic-organic struc-
ture results in the nacre’s outstanding mechanical proper-
ties, especially its fracture toughness, which is almost three
orders of magnitude higher than that of monolithic calcium
carbonate. Nacre’s properties are far in excess of those of their
constituents, by violating the “law of mixtures” as shown in
Figure 1B. When the crack propagates in nacre, as shown in
Figure 1C, the path is deflected around the orderly layered
structure, leading to much more effective energy dissipa-
tion than a straight crack path. In this process, the abundant
interfaces play a key role in deflecting crack propagation. Sev-
eral types of toughening mechanisms between alternatively
ordered CaCO; platelets have been categorized as follows:
mineral bridges between CaCOj; platelets; nano-asperities for
shearing resistance; organic glue; and tablet interlocking, as
shown in Figure 1D.

The inspiration from nacre is that the orderly hierarchical
micro-/nanoscale structure and effective interfacial interactions
between inorganic and organic components play a key role in
promoting exceptional mechanical properties. Several inorganic
building blocks have been used to successfully mimic nacre-
like composites, such as man-made calcium carbonate (CaCO3)
platelet,?%?’ aluminum oxide (Al,0;) flake,*®! montmorillonite

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Meki

www.MaterialsViews.com

Lei Jiang is currently a

full Professor at TIPCCAS
and Dean of the School of
Chemistry and Environment,
Beihang University. He
received his PhD degree
from Jilin University of China
in 1994. He then worked

as a postdoctoral fellow in
Professor Akira Fujishima’s
group in Tokyo University.

In 1996, he became a

senior researcher at Kanagawa Academy of Sciences and
Technology under Professor Kazuhito Hashimoto. He
joined ICCAS as part of the Hundred Talents Program in
1999. In 2009, he was elected academician of the Chinese
Academy of Sciences. In 2016, he was elected foreign
member of the American Academy of Engineering. His
scientific interests are focused on bio-inspired surfaces and
interfacial materials.

Qunfeng Cheng is currently
a full Professor at Beihang
University. He received his
PhD degree from Zhejiang
University under super-
vision of Prof. Zhengping
Fang, and Prof. Xiao-su Yi in
2008. From 2008 to 2009, he
worked with Prof. Shoushan
Fan in Tsinghua University
and Prof. Zhiyong Liang in
Florida State University as

a Postdoctoral Research Fellow. In 2010, he joined the
School of Chemistry and Environment, Beihang University.
In 2015, he was awarded the Prize of the Excellent Young
Scientist Foundation of NSFC. His research interest
focuses on bioinspired functional nanocomposites. His
group homepage is: http://chengresearch.net/en/home/

(MTM),[19:29-36] hydroxyapatite (HA),?738] acrylonitrile butadiene
styrene (ABS),?”) and carbon nanotubes (CNTs).*! Employing
these building blocks, the fabricated bioinspired composites
showed excellent mechanical properties. Readers can refer to
previous reviews for the comparison between these bioinspired
composites.[17-20.25]

Recently, two dimensional (2D) graphene or graphene oxide
(GO) have attracted much research interest owing to their out-
standing mechanical and electrical properties.?*1#2 Because
GO nanosheets have many functional oxygen-containing
groups on their surface, different interfacial interactions can be
constructed with the second component in the BGBNs. Thus
GO nanosheets are one of the best candidates for fabricating
bioinspired nacre-mimetic nanocomposites.
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Figure 1. Hierarchical structure and interfacial interactions in natural nacre. (A) The ordered layered structure of nacre with inorganic CaCOj; platelets
and organic layer, containing biopolymer and fibrous chitin network. (B) Nacre display a toughness that is orders of magnitude higher than either the

aragonite or biopolymer layer, clearly violating the “rule of mixtures”.

(C) Cracks in natural nacre are deflected around the ordered layered structure,

thus dissipating more energy (yellow arrows show the direction of tension). (D) The micro-scale aragonite platelets promote four kinds of interfacial
interactions: (i) mineral bridges between CaCOj platelets; (ii) nano-asperities for shearing resistance; (iii) organic glue; and (iv) tablet interlocking.

Reproduced with permission.['®l Copyright 2014, Nature Publishing Group.

1.2. Extraordinary Properties of Graphene

Since the experimental successful exfoliation of high-quality
single layer graphene in 2004, this novel two-dimensional
(2D) carbon nanomaterial has attracted a great deal of atten-
tion from both academia and industry. The pure sp? hybridiza-
tion network of graphene results in its extraordinary physical
properties. Lee et al.** demonstrated the elastic properties and
intrinsic breaking strength of free-standing graphene mono-
layer through nano-indentation with an atomic force micro-
scope (AFM). As shown in Figure 2A, the graphene monolayer
flakes were first mechanically deposited onto the substrate
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with many circular wells. The graphene membranes were
stretched tautly across the well openings through the van der
Waals attraction to the substrate, as shown in Figure 2B. Then
the mechanical properties of the graphene monolayer were
probed through indenting the center of each monolayer gra-
phene with an AFM, as shown in Figure 2C. In the process of
mechanical testing, a constant displacement rate was applied
to repeat the cycle several times until hysteresis was no longer
observed, indicating that the monolayer graphene film did not
slip around the periphery of the well. Once the data for the
elastic properties were recorded, the graphene film was once
again indented at the same rate, demonstrating the failure of

wileyonlinelibrary.com 3
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Figure 2. Mechanical properties of monolayer graphene. (A) SEM image of the monolayer graphene spanningan array of circularholes. Area | shows
a hole partially coveredby the graphene, area Il is fully covered, and area 11l was fractured during indentation (scale bar, 3 mm). (B) Noncontact mode
AFM image of one monolayer, 1.5 mm in diameter. (C) Schematic of the nanoindentation on suspended monolayer graphene. (D) AFM image of
the fractured graphene monolayer. (E) Comparison of the stress—strain curves of graphene monolayer: red dashed line represents the experimental
results, and the blue curve shows the simulation results. Reproduced with permission.l*l Copyright 2008, American Association for the Advancement

of Science.

the graphene film, as shown in Figure 2D. The mechanical
properties including elastic modulus and breaking stress of
the graphene monolayer were calculated through processing
force-displacement data, as shown in Figure 2E. The Young’s
modulus and the strength of the monolayer are about 1.0 £ 0.1
TPa, and 130 £ 10 GPa, respectively, with high strain of 25%,
consistent with the simulation prediction.”] These mechan-
ical properties of graphene are higher than those reported for
carbon nanotubes (CNTs).[4647]

Graphene also shows high electrical conductivity, as high as
6 x 10* S cm™,*8 resulting in its numerous promising applica-
tions in many fields, such as aerospace, flexible supercapacitor
electrodes, smart and intelligent devices. Generally, there are
two ways to obtain graphene materials.l! One is the bottom-up
approach of chemical vapor deposition. The resultant graphene
film shows high intrinsic physical properties. However, this
technique is time consuming and difficult to produce a large
amount of graphene film. The other is the top-down approach
of mechanical exfoliation that is equally difficult to obtain a
large amount of graphene film for practical applications. Chem-
ical exfoliation of graphite flakes is the usual method (Hum-
mers method), in which the graphite flakes are heavily oxy-
genated into graphene oxide (GO) nanosheets. GO nanosheets
possess abundant functional groups such as hydroxyl, epoxide
functional groups on their basal planes, and carboxyl groups
located at their edges, which facilitates the interface design for
constructing BGBNs.

2. Bioinspired Graphene-Based Nanocomposites

Inspired by the orderly hierarchical micro-/nanoscale struc-
ture and abundant interfacial interactions of nacre, a series of
BGBNs have been demonstrated.l'”-?? The bioinspired concept
successfully solves the major problems of the graphene-based
nanocomposites: poor dispersion, low loading of graphene
and weak interface between graphene and polymer matrix.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The bioinspired strategy for graphene-based nanocompos-
ites is illustrated in Figure 3. First, the unique structure of
nacre is described and characterized. Then, based on the GO
nanosheets, the bioinspired strategies are developed to fabri-
cate graphene-based nanocomposites. In binary BGBNS, inter-
facial interactions play a key role in enhancing the mechanical
and electrical properties, mainly including hydrogen bonding,
ionic bonding, m—m interactions, and covalent bonding. Fur-
thermore, synergistic effects can be built based on these
interfacial interactions to adjust the mechanical properties of
resultant BGBNs. As an example, an attempt has been made
to combine two kinds of interfacial interactions together in
recent reports. In this way, the integrated high strength and
toughness of BGBNs have been successfully achieved. In
addition, the new ternary BGBNs were created, and the new
functions were achieved through introducing the second func-
tional building blocks, such as fatigue property, fire retardant
property, etc. Based on this research approach, multifunc-
tional integrated graphene-based nanocomposites will be
achieved soon.

2.1. Assembly Approaches

Typical traditional methods for preparing graphene-based
nanocomposites,!! including liquid mixing, melt mixing,
mechanical blending and in-situ polymerization, usually result
in low loading, and poor dispersion of graphene in the matrix.
Thus, the resultant graphene-based nanocomposites show low
mechanical and electrical properties. For example, Stankovich
et al®! demonstrated graphene-polystyrene nanocomposites
through the addition of polystyrene to the phenyl isocyanate-
treated GO dispersion with assisted stirring. Although the
obtained graphene-based nanocomposites show electrical
conductivity of 0.1 S cm™ at only 1 vol.% of graphene with
good dispersion, the maximum volume fraction of graphene
only reaches 2.4 vol.% by this method. Thus, the intrinsic

Adv. Mater. 2016,
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One cyclical process contains three steps:
first, a charged component is adsorbed onto
a substrate; second, the substrate needs to be
washed before absorbing the second com-
ponent; third, an oppositely charged com-
ponent is adsorbed on top of the first layer.
This one cyclical process results in a single
bilayer with nanometer-scale thickness,
and then the deposition process is further
repeated until the desired thickness of multi-
layer film is achieved. Based on processing
techniques, the LBL assembly technology
can be categorized into: immersive, spin,
spray, electromagnetic, and fluidic assem-
blies. Compared to aforementioned assembly
approaches, the LBL assembly allows for
precise control of thickness of one compo-
nent layer in the composites. The simplicity,
versatility, and nanoscale control of LBL
assembly makes it one of the most widely
used techniques for coating both planar and
particulate substrates in many fields, such
as optics, energy, separation, and for fabrica-
tion of nanocomposites. For example, Podsi-
adlo et al.?* demonstrated the fabrication of
bioinspired nanoclay-PVA layered nanocom-
posites with Young’s modulus of 107 GPa
through immersive LBL approach. Studart

nanocomposites through synergistic toughening

o L 4 L w0 000 A
Graphene Hydrogen lonic Conjugated Branched Linear molecule 3D 2D Nanofiber
bond bond molecule polymer and polymer network nanosheets

Figure 3. Bioinspired strategy for creation, assembly fabrication of graphene-based nanocom-
posites. Nacre shows extraordinary toughness, attributed to its hierarchical micro-/nanoscale
structure and abundant interfacial interactions. Nacre provides an inspiration for constructing
graphene-based nanocomposites through interfacial interactions, including hydrogen, ionic,
and covalent bonding plus - interactions. The 1D bioinspired ultra strong graphene-based
fiber and 2D bioinspired ultratough nanocomposites have been fabricated through interfacial
interactions. The ternary bioinspired graphene-based nanocomposites were also fabricated
through synergistic toughening using 1D nanofibrils, and 2D nanoplatetes with graphene
nanosheets. In addition to excellent static mechanical properties, other functions have been
also developed, such as excellent fatigue, fire-retardant, and many others.

et al.?® fabricated the highest toughness
bioinspired Al;0;-PMMA with toughness of
75 MJ m™3 via spin LBL technique. BGBNs
have been prepared using LBL technique,
while molecular interfacial interactions,
such as hydrogen bonding, covalent bonding
and 77 interactions are easily introduced
into the LBL process, resulting in high per-
formance of products.’?>3 For example,
Kotov et al.’¥ prepared an ultrathin self-
assembled graphite oxide/polyelectrolytes
conductive film via sequential LBL assembly
followed by subsequent in situ reduction,
which shows a unique chemical stability

mechanical strength and electrical conductivity of graphene
nanosheets are very difficult to be realized in this approach.

Until now, several representative approaches for preparing
BGBNs have been developed, as shown in Figure 4, including
layer-by-layer (LBL), filtration, evaporation, electrophoretic dep-
osition, hydrogel casting, and freeze casting. These assembly
approaches have their own characteristics for constructing
the BGBNs, and will be presented and discussed in detail as
following.

2.1.1. Layer-by-Layer
Layer-by-layer (LBL) assembly,”®>! a prevalent approach for

coating functional thin films on the substrates, is a cyclical pro-
cess for fabricating nanocomposites, as shown in Figure 4A.
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to concentrated acid or basic solutions and
resistance to photodegradation. Fendler et al.”® assembled
poly(diallyldimethyl-ammonium) chloride, graphite oxide
nanoplatelets, polyethylene oxide into cationic working elec-
trodes via LBL assembly with high specific capacities. Xiong
et al.P® constructed graphene/diazonium nanocomposite
via LBL assembly followed by covalent photo-cross-linking,
which shows excellent electrochemical stability in aqueous
and organic solutions. Yu et al.’”l demonstrated graphene/
carbon nanotube bioinspired nanocomposite prepared via
LBL assembly with well-defined nanopores structure, which
exhibits a nearly rectangular cyclic voltammogram to be prom-
ising candidate for supercapacitor electrodes.

For example, Hu et al.’?l demonstrated high-performance
bioinspired nanocomposites based on GO and silk fibroin (SL)
through LBL technique. SL molecule chains with numerous
functional groups can easily form interfacial interactions

wileyonlinelibrary.com
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Figure 4. Representative approaches for constructing bioinspired graphene-based nanocomposites. (A) layer-by-layer (LBL). Reproduced with per-
mission.”% Copyright 2015, American Association for the Advancement of Science. (B) Filtration. Reproduced with permission.’® Copyright 2013,
American Chemical Society. (C) Evaporation. Reproduced with permission.[%2 Copyright 2014, American Chemical Society. (D) Electrophoretic deposi-
tion. Reproduced with permission.l®3l Copyright 2013, American Chemical Society. (E) Hydrogel casting. Reproduced with permission.l® Copyright
2015, Wiley-VCH. (F) Freeze casting. Reproduced with permission.l'®! Copyright 2014, Nature Publishing Group.

with GO sheets, such as hydrogen bonding, polar-polar, and
hydrophobic-hydrophobic interactions. The resultant GO-SL
nanocomposites exhibit outstanding mechanical properties:
tensile strength of more than 300 MPa, Young's modulus of
145 GPa, and a toughness above 2.2 M] m™. On the other
hand, the molecular interphase zones are formed, which are
facilitated through dense network of synergistic interfacial
interactions between GO sheets and SL domains with intimate
contact of 5 nm-thick bilayer. Thus, a much more efficient rein-
forcing effect is achieved, resulting in record high mechanical
properties. Recently, Xiong et al.’3] successfully demonstrated
the ultrastiff BGBNs through assembling GO nanosheets and
cellulose nanocrystals via LBL technique, and the elastic mod-
ulus reaches a record of 169 GPa, which will be discussed in
the following section.

Zhu, et al.’¥! systematically investigated the relative advan-
tages and disadvantages of LBL versus vacuum-assisted filtra-
tion (VAF) for assembling bioinspired rGO-PVA nanocom-
posites. Structures, mechanical and electrical properties were
evaluated side by side. The experimental results show clear dif-
ferences at atomic and nanoscale structural levels, but similari-
ties in micrometer and submicrometer organization for both
LBL and VAF techniques. For example, the mechanical proper-
ties of bioinspired rGO-PVA nanocomposites with high rGO
contents are virtually identical for both techniques. As elec-
trical properties are largely determined by the tunneling bar-
rier between rGO nanosheets and are strongly dependent on
atomic/nanoscale organization, LBL technique will be superior

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to VAF in terms of improving the electrical conductivity of
BGBNSs.

2.1.2. Filtration

Filtration is a straightforward, easily operable yet effective
method for assembling nanoscale size materials into micro-
sized materials.'”! As for 2D graphene and GO nanosheets,
the orderly layered structure with good alignment is easily
obtained through filtration. For example, Dikin, et al.l’% pre-
pared GO paper through vacuum-assisted filtration. The
maximum tensile strength and modulus of resultant GO paper
reach up to 133 MPa, and 32 GPa, respectively. In this pro-
cess, some content of water was also introduced into the inter-
laminar of GO paper, forming hydrogen bonds with adjacent
GO nanosheets and enhancing the mechanical properties of
the resultant materials. Lately, many water-solvent, and oleo-
solvent molecules and polymers such as dopamine (DA), poly
(vinyl alcohol) (PVA), chitosan (CS), and poly (methyl meth-
acrylate) (PMMA) were used to construct the BGBNs through
filtration method, as shown in Figure 4B. In addition, Qiu
et al.l constructed electrochemical reduced GO/CNTs hybrid
films by vacuum filtration, which shows more excellent electro-
chemical properties compared with pure chemically converted
graphene (CCG) films. In principle, the filtration method
is a facile way for preparing the graphene-based nanocom-
posites,’® however, the sample size is always limited by the

Adv. Mater. 2016,
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diameter of filtration flasks, resulting in difficulty of scaling up
fabrication of BGBNs.

2.1.3. Evaporation

Compared with filtration, evaporation benefits from being free
of the size limit for preparing BGBNs, with additional advan-
tage of being a simple operation,[®1%2 as shown in Figure 4C. In
the process of evaporation, the suspension of GO nanosheets
and molecules or polymers is required to remain in homoge-
neous liquid for long time, because the evaporation process
usually takes a long time, from tens of hours to several days.
Sometimes, the temperature is raised to accelerate evaporation,
however, higher temperature may lead to poorly ordered nano-
structures. Although the aforementioned two simple assembly
methods are easy in terms of operation, GO nanosheets and
organic phase orderly structure of resultant BGBNs cannot be
precisely controlled. Thus, other assembly approaches need to
be explored for preparing the controllable orderly BGBNs.

2.1.4. Electrophoretic Deposition

Electrophoretic deposition (EPD),l®¥ a materials processing
technique, entails a two-step process: charged particles in sus-
pension are driven toward an electrode of opposite charge due
to influence of an electric field, and then deposit to form a com-
pact film, as demonstrated in Figure 4D. EPD is a versatile tech-
nique, widely applied in ceramics and colloidal processing and
now increasingly for manipulation of graphene. The dispersion
of graphene and graphene oxide in organic solvents, and water
can be operated through EPD technique. The morphology of
the resultant BGBNs can be tuned through deposition time
under constant voltage conditions. In addition, graphene-
based nanocomposites can be deposited on three-dimensional,
porous and flexible substrates besides simple smooth and flat
substrates. Electrophoretically deposited BGBNs show excellent
properties, such as high electrical conductivity, good thermal
stability, and outstanding mechanical properties. Although EPD
is a simple, versatile, easily operable processing technique, the
size of the nanocomposites prepared in this way is again lim-
ited by the electrophoretic instrument.

2.1.5. Hydrogel Casting

GO nanosheets are considered to be 2D amphiphilic polymer
with edge-to-center arrangement of hydrophobic and hydro-
philic segments, which can be swelled in water and easily
self-assembled into network structure.® The relatively lower
critical gelation concentration of GO hydrogel can be obtained
due to van der Waals interaction or hydrogen bonding via
subtly adjusting the hydrophilic/hydrophobic balance. The
resultant GO hydrogel shows higher viscosity at low shear
rate, and rheological shear-thinning behavior, which afforded
the GO hydrogel an excellent processing ability. The other sev-
eral preparing methods of GO hydrogel are discussed in detail
in the previous review.®! The viscous GO hydrogel is cast on
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flat substrate with a blade into the thin GO film, and dried at
ambient temperature into compact GO film. After chemical
reduction, the reduced GO film can be easily peeled off from
the substrate. The whole process of GO hydrogel casting is
shown in Figure 4E. With assistance of various polymers, GO
nanosheets can readily self-assemble into composite hydrogel
in water,[l and then the composite hydrogel was compressed
into BGBNs.7°] The size, shape, and thickness of resultant
BGBNs depends on the amount of GO hydrogel and the sur-
face area of substrate.

The hydrogel casting technique, has been developed as a
general route for fabricating high-performance BGBNs.”’l
The polymer matrix has been extended to commonly used
polymers, including PVA, hydroxypropylcellulose (HPC), poly-
ethylenimine (PEI), polyvinylpyrrolidone (PVP), poly(ethylene
oxide) (PEO), polydimethyldiallylammonium chloride (PDDA),
chitosan (CS), spermine, and sodium carboxymethylcellulose
(CMC), respectively. The resultant BGBNs fabricated through
this technique demonstrated higher mechanical properties
than the filtration and evaporation process.

For example, Zhang et al.”% demonstrated high-performance
graphene-based nanocomposites through hydrogel casting. In
the fabrication process, the synthesized poly(acrylic acid-co-
(4-acrylamidophenyl) boronic acid) (PAPB) was introduced
to construct n—7 interfacial interactions between adjacent GO
nanosheets besides hydrogen bonding. The resultant nanocom-
posites (rGO-PAPB) show extraordinary mechanical properties
with tensile strength of 382 MPa, and toughness of 7.5 M] m~3,
as well as high electrical conductivity of 337 S cm™.

2.1.6. Freeze Casting

Freeze casting, known as ice-templating,?7387677] is a new
method for mimicking natural nacre over several length scales.
It is first used to freeze ceramic-based suspension under condi-
tions shown in Figure 4F. The lamellar ice crystals are formed,
expelling ceramic particles as they grow. Then the sublimation
of the water results in a layered homogeneous ceramic scaffold.
The brick-and-mortar nacre-mimetic structure can be achieved
through compressing the layered ceramic scaffolds, and filling
with a second soft phase. In addition, the hierarchical micro/
nanoscale structure can also be obtained via controlling the
freezing kinetics and the composition of the suspension.
Furthermore, the thickness of lamellae can be manipulated
by adjusting the freezing speed to as thin as 1 pm, and the
roughness of the lamellae can be achieved at micrometer level
via adding sucrose, salts, or ethanol. Moreover, the inorganic
bridges between lamellae can also be constructed through
adjusting the growth of ice crystals. These factors control the
sliding of ceramic bricks relative to each other, which is the
dominant mechanism to obtain toughness of resultant nacre-
mimetic composites. Many bioinspired layered composites
have been fabricated via freeze casting, such as poly (methyl
methacrylate) (PMMA)/alumina (Al,0;), PMMA/silicon nitride
(SiN) hybrid layered composites. Recently, the graphene-based
nanocomposites were also demonstrated via freeze casting,
showing the excellent mechanical properties.’3#2 For example,
Vickery, et al.®” demonstrated bioinspired nanocomposites
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based on GO nanosheets and matrix of PVA. The resultant
nanocomposites show higher-order 3D architectures such as
sponge-like macroporous scaffolds, and are easily scaled up by
freeze casting approach.

The aforementioned six types of strategies have been suc-
cessfully developed to prepare the BGBNs. The comparison of
these approaches is listed in Table 1, including, advantages and
disadvantages for each approach.

2.2. Interface Design

Nacre with micro-/nanoscale hierarchical structure shows
large interface between inorganic CaCOj; platelets and protein
matrix. Ample interfacial interactions (Figure 1D), such as,
mineral bridges between CaCOj; platelets, nano-asperities for
shearing resistance, organic glue, and tablet interlocking, play
a key role in the extraordinary mechanical properties of nacre.
It should be stressed that the intricate architectures, resulting
from the size, shape and arrangement of the building blocks
over several length scales, namely so-called multiscale effects,
are also highly responsible for the unique integration of high
strength and toughness of nacre. In this review, much more
attentions are yet payed to the effect of interfacial interactions
on the mechanical properties. Nacre inspiration provides the
possibility of interface design in the BGBNS, especially for GO
nanosheets due to their abundant functional groups on the sur-
face and edge. Two typical categories of the interfacial interac-
tions are non-covalent and covalent bonding. The non-covalent

Table 1. Comparison of six strategies for fabricating BGBNSs.

Strategies Advantages Disadvantages

Layer-by-layer e Precise control of alternative e Time-consuming

layered structure

e High loading of graphene « Difficult to scale up

phase

Infiltration « Simple, easy operation « Difficult to scale up

o Well layered structure e Thickness of film (<10 pm)

Evaporation  Easy operation e GO nanosheets/organic
phase orderly structure is dif-

ficult to be precisely controlled

« Easy to scale up e Time-consuming

Electrophoretic e Simple for thin film « Difficult to prepare thick film

deposition

o Suitable for many kinds of  Low mechanical properties of

substrates, such as planar, 3D,  resultant layered composites

porous, flexible

Hydrogel casting e Fast, economical, large-scale e Difficult to control the layered

preparation structure

e Film layered materials « Difficult to design interfacial

interactions
« Easy operation
Freeze casting

« Bulk composites « Energy-consuming during

freezing and sintering
« Inexpensive procedure « Difficult for preparing thin film

e Brick-and-mortar structure

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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bonding contains hydrogen bonding, ionic bonding, and 7—r
interaction, which are relatively weaker than that of covalent
bonding because of chemical reactions in the processing. In
addition, more than one type of interfacial interactions operate
together in the natural materials providing contribution to the
mechanical properties. Thus, the combination of interfacial
interactions is also effective strategy for preparing the BGBNS,
resulting in the synergistic effect. The synergistic effect can be
optimized through combining different interfacial interactions.
In the following sections, several representative interfacial
interactions will be discussed in detail, and the synergistic effect
from interfacial interactions is also discussed and compared to
evaluate the optimal synergistic effect for constructing high-
performance BGBNs. To make a comparison, the toughness of
materials is calculated by area under the tensile stress—strain
curves in this review. Apart from the mechanical properties, the
electrical conductivity, closely associated with the performances
of flexible energy devices, will be also analyzed and compared
to provide a comprehensive insight about nacre-inspired inter-
facial design when fabricating integrated high-performance
BGBNs.

2.2.1. Hydrogen Bonding

Hydrogen bonding is easily constructed in the process of pre-
paring the BGBNs. For example, Dikin et al.> first assembled
GO paper through abundant hydrogen bonding between adja-
cent GO nanosheets with water molecules via vacuum-assisted
filtration, as shown in Figure 5A. The orderly GO nanosheets
structure is clearly observed in the cross-section morphology, as
shown in Figure 5B. This kind of GO paper with cross-linking
of hydrogen bonding shows high mechanical properties with
tensile strength of 133 MPa and Young’'s modulus of 32 GPa.
The bending experiments of GO paper demonstrate more defor-
mation than uniaxial tensile testing. That is because the uni-
axial tension leads to an equal distribution of stresses through
the shear deformation of the interlamellar hydrogen bonding
with water molecules, whereas the bending process introduce
highly localized stresses at the surfaces. At the outer surface,
the stress results in delamination of layers along the defects in
the stacked structure. On the other hand, the stress at the inner
surface leads to a local shear and buckling of the GO layers.
These experimental results suggest that the GO paper with
hydrogen bonding is a stiff in plane but compliant out of plane
macroscopic material with tightly interlocked GO nanosheets.
In addition, the GO paper is well known to be insulated due to
the abundant defects and functional groups on GO surface. Pei
et al.®3 directly reduced the GO film into the highly conductive
and flexible reduced GO (rGO) film by hydroiodic (HI) acid,
which could effectively remove the defects and partially recover
the sp? conjugated structure of graphitic lattice. Compared with
GO film, the rGO film not only shows more excellent electrical
conductivity of 298 S cm™, but also possesses much higher ten-
sile strength of 170 MPa and toughness of 2.98 M] m~ due to
the increased m—r stacking interaction and decreased d-spacing
of adjacent rGO nanosheets, which allows this material to be
applied in application of flexible energy devices. Besides of the
2D pure graphene films, the 1D GO or graphene fibers!®+-#
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Figure 5. Utilization of hydrogen bonding for construction of bioinspired graphene-based nanocomposites. (A) Assembled GO paper. Reproduced
with permission.) Copyright 2007, Nature Publishing Group. (B) SEM image of the cross-section morphology of GO paper. Reproduced with permis-
sion.’% Copyright 2007, Nature Publishing Group. (C) Illustration of hydrogen bonding formed between GO nanosheets with PVA and PMMA chains.
Reproduced with permission.l% Copyright 2010, Wiley-VCH. (D) The digital photograph of 1D bioinspired graphene-based fiber nanocomposite of
GO-HPG. Reproduced with permission.®l Copyright 2012, Nature Publishing Group. (E) The proposed hierarchical structure of GO-HPG via wet-
spinning. Reproduced with permission.l®”) Copyright 2012, Nature Publishing Group. (F) Illustration of the network of hydrogen bonding between
adjacent HPG attached to the GO building blocks. Reproduced with permission.®® Copyright 2012, Nature Publishing Group.

also show excellent mechanical properties due to the hydrogen
bonding.

Polymers with hydroxyl groups or oxygen groups, such as
PVA,0911 €S, 92931 HPC,[%] poly(acrylic acid),* polydopamine
(PDA),I®?l  poly(N-isopropyl acrylamide) (PNIPAM),* and
poly(methyl methacrylate)(PMMA),P% are good choices for
forming hydrogen bonding with adjacent GO nanosheets in
the BGBNs. For example, Putz et al.’® compared the effect
of hydrogen bonding on the mechanical properties of BGBNs
with polymers of PVA and PMMA (designated as GO-PVA,
and GO-PMMA). Figure 5C illustrates the formed hydrogen
bonding networks between pendant hydroxyl groups of PVA
chains with GO nanosheets in GO-PVA nanocomposites, and
the ester functional groups on the side chain of PMMA with
GO nanosheets in GO-PMMA nanocomposites. The hydroxyl
groups on the PVA chain act as both hydrogen bonding accep-
tors and donors, moreover, the covalent C-C bonds of PVA fur-
ther link hydrogen bonding into a bridge. Thus the hydrogen
bonding network is easily formed in GO-PVA nanocomposites,
resulting in much stronger interfacial interactions than water
molecules in GO paper. The ample strong hydrogen bonding
network and the orderly layered structure of bioinspired
GO-PVA nanocomposites achieve higher mechanical proper-
ties than that of a simple rule-of-mixtures calculation only with
GO and PVA compounds. The storage modulus of bioinspired
GO-PVA nanocomposites with 77.4 wt.% GO is two times
higher than that of the calculated value from the rule-of-mix-
tures. Different from PVA, PMMA can only act as a hydrogen
bonding acceptor through the ester functional groups on the
side chain. The resulted hydrogen bonding in GO-PMMA
nanocomposites is limited by the hydrophobicity and steric hin-
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drance of the methyl groups of the methacrylate side chains.
Thus, the moduli of GO-PMMA nanocomposites are lower, and
only minimally affected by the PMMA content. The resultant
moduli of GO-PMMA nanocomposites are close to the value
calculated from the rule-of-mixtures.

The reduced GO-PVA (rGO-PVA) nanocomposites with
80 wt% GO demonstrate high tensile strength of 188.9 MPa and
toughness of 2.52 M] m™.°!I] The oxygen-containing groups on
the GO nanosheets are mostly removed by hydroiodic acid (HI),
and thus the interlayer spacing of rGO-PVA nanocomposites
will dramatically decrease, resulting in much stronger interac-
tions of m—7 stacking between adjacent GO nanosheets. Other
oxygen-containing groups at the edge of GO nanosheets cannot
be removed in the process of chemical reduction.’®®l Thus, the
hydrogen bonding network still works very well for improving
the mechanical properties of resultant bioinspired rGO-PVA
nanocomposites. This is the underlying reason why high
tensile strength is obtained after chemical reduction. Moreover,
while the electrical conductivity (52.65 S cm™) of the rGO-PVA
nanocomposite is four orders of magnitude higher than the
corresponding GO-PVA nanocomposite, it is still a little lower
compared with the above pure rGO film, which is attributed to
the insertion of insulated PVA into rGO. Thus, the hydrogen
bonding provided by the insulated polymer is beneficial to the
mechanical properties but detrimental to the electrical conduc-
tivity of BGBNs.

In order to quantitatively investigate the effect of hydrogen
bonding network on the mechanical properties of graphene-
based nanocomposites, the molecular dynamic simulations
is applied.” In the hydrated GO paper, hydrogen bonding
is formed not only between the functional groups on the GO
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nanosheets, but also between GO and water molecules. The
simulation results indicate that the hydrogen bonding net-
works, including oxygen-containing groups on GO nanosheets,
as well as water molecules in the interlayer cavities of GO paper,
control the mechanical properties of hydrated GO paper. Thus,
it is possible to tune the mechanical properties of hydrated GO
paper through altering the number of hydrogen bonding net-
works between GO nanosheets and interlayer water molecules.
In addition, the joint experimental-theoretical and computa-
tional simulation is introduced to reveal a delicate relationship
between the stiffness of GO-PVA nanocomposites and water
content.”’l The synergistic effect of hydrogen bonding network
in gallery of GO-PVA nanocomposites can be further enhanced
by PVA chain. The stiffness of the GO-PVA nanocomposites is
also greatly improved, in a similar fashion found in natural bio-
composites, such as spider silk and collagen.®® These findings
provide guidance for tuning mechanical properties of BGBNs
through constructing the hydrogen boning networks.

Xu et al.”! demonstrated the multifunctional 1D bioinspired
graphene-based fiber nanocomposites, as shown in Figure 5D.
The supramolecular hyperbranched polyglycerol (HPG) is uti-
lized as organic phase for gluing the GO nanosheets via wet-
spinning technology. The achieved 1D bioinspired graphene-
based fiber nanocomposites show the nacre-like architecture, as
shown in Figure 5E. The hydrogen bonding networks between
adjacent GO nanosheets and HPG is formed, as shown
in Figure 5F, leading to the enhancement in load transfer
efficiency. The tensile strength of GO-HPG fiber reaches
125 £ 10 MPa, corresponding to about 20% improvement
comparable to that of neat GO fiber with tensile strength of
102 MPa.l'% However, the electrical conductivity of rtGO-HPG
(=0.24 S m™) is inferior to graphene fiber (=250 S cm™).[10%]

Other natural macromolecules such as silk fibroin (SL)
are also ideal polymer matrix for constructing the hydrogen
bonding network with GO nanosheets. Hu et al.'%l further
demonstrated integrated rGO-SL nanocomposites with elec-
trical conductivity by a spatially localized electrochemical reduc-
tion. The ultimate tensile strength reaches 300 MPa and the
toughness is as high as 2.8 MJ m=, which may be caused by
additional cross-linking of silk fibroin backbones in addition
to the synergistic interactions of hydrogen bonding, polar, and
hydrophobic interactions. Similar to aforementioned rGO-PVA
nanocomposite, the rGO-SL also shows relatively lower elec-
trical conductivity of 13.5 S cm™ compared with pure rGO film
due to the interruption of the transfer path of electrons by the
insulated SL macromolecules.

2.2.2. lonic Bonding

Trace amounts of metal ions, incorporated in the protein struc-
tures of natural biomaterials, might result in extraordinary
mechanical properties, particularly stiffness and hardness. For
example, copper (Cu?*) and zinc (Zn**) ions are found in an
inner protein matrix of marine polychaete worm Nereis, and
play a role in mechanical hardening of the jaws of Nereis.[102103]
Other metal ions, such as manganese, calcium, titanium, alu-
minum, and iron, are also found in the insect cuticles and
other organisms, enhancing their mechanical properties. For
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the BGBNSs, the divalent metal ions of calcium (Ca®") and mag-
nesium (Mg?") were first introduced into the gallery of GO
nanosheets to cross-link the adjacent GO nanosheets.!% First,
the carboxylic acid coordinates the divalent metal ions, leading
to cross-linking of adjacent GO nanosheets and bridging edges
of GO nanosheets together. Then, the reactive epoxy groups
on the surface of GO nanosheets initiate the ring-opening of
the epoxide groups under exposure to Lewis acidic divalent
metal ions of Ca?*, and Mg?". The coordination forms between
active groups from ring opening of the epoxide groups on
the GO nanosheets and divalent metal ions in the intercala-
tion between adjacent GO nanosheets. This proposed ionic
bonding reaction mechanism is verified by Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), and Raman spectra. Two ionic bonding modes between
GO nanosheets and alkaline earth metal ions are proposed:
(i) bridging the edges of the GO nanosheets with carboxylate
chelates to the metal ions, and (ii) intercalating between the
basal planes with alkoxide or dative bonds from carbonyl and
hydroxyl groups. The experimental results reveal that the ionic
bonding of coordination to bridge the edges of GO nanosheets
is stronger than the intercalating basal planes of GO nanosheets.
Obviously, the mechanical properties of graphene-based nano-
composites with only intercalating of metal ions would decrease,
due to the increase of d-spacing and cross-section area of tensile
sample with entering of metal ions. Thus, the size of the inter-
calated metal ions plays a key role in enhancing the mechanical
properties of resultant graphene-based nanocomposites. The
experimental results show that the mechanical properties of
GO-Ca? nanocomposites are lower than that of GO-Mg?* nano-
composites, because the ionic radius of Ca?" is 1.06 A, is larger
than that of Mg?* with radius of 0.78 A.

On the other hand, Park, et al.l'% found that the mechanical
properties of GO paper with cross-linking of ionic bonding can
be improved under repeated cyclic loading with small force
and slow rate. The possible reason may be that the galleries
in metal ion cross-linked GO paper were chemically annealed
to obtain the best structure, in other words, the edge-bound
metal ions adopted more favorable chemical interactions with
the oxygen-containing groups on the surface GO nanosheets
under small mechanical perturbations. For example, the ten-
sile strength and modulus were enhanced by about 10-80%,
and 10-40%, respectively, for metal ion cross-linked GO paper
under four cycles of loading/unloading process. However, there
is no significant change for the pure GO paper under the same
processing.

Besides Ca%*, Mg?', other divalent ions such as Ni?', or
Co?* have been used to cross-link the GO nanosheets into the
3D architecture.'® For example, hydrothermally treated GO
nanosheets can be self-assembled into 3D scaffold with adding
enough Ca?, Ni?*, or Co?", as shown in Figure 6A. The PVA
was introduced to strengthen the rGO scaffold which prevented
the collapse of the structure after freeze-drying, as shown
in Figure 6B. The gel-like rGO cylinder with ionic bonding
is illustrated in Figure 6C. The hydrogen bonding, and ionic
bonding were formed between water molecules, divalent
metal ions, and the oxygen-containing groups on the surface
of rGO nanosheets, as shown in Figure 6D. Compared to ionic
bonding, it is easy to break weak hydrogen bonding to form

Adv. Mater. 2016,
DOI: 10.1002/adma.201601934



ADVANCED

’A\
M“h\\liié

www.MaterialsViews.com

MATERIALS

www.advmat.de

8
E 0
1204
§ N
[}
< g /
: 80 | o
a2 40 . o /Zn
C A — ~Zn0_ ?
0 . . /c_ |
0 0.2 0.4 0.6 0.8 0/ 0ozZn
Strain (%)

OZn
e /0 | '//O
: S : 1 XA
i j \\~. OZn (I,\ l/ 0\ OZn—
2N Zn W /' o
/ \/ \/._’. / J
o, Covalent bonds o o, g :>
Zn Zn Zn \Z
O/ ’ \O %
! ) .-//o 3 /o\\c—#:o
- Sy 5\
Q o Ozn
Zn

Figure 6. lonic bonding in bioinspired graphene-based nanocomposites. (A) Digital photos of the GO before and after hydrothermal treatment. No.1
is GO, No.2 is rGO, and No.3 to 7 are rGO cross-linked with different content of Ca?". Reproduced with permission.l'%! Copyright 2010, American
Chemical Society. (B) Photos of gel-like rGO cylinders cross-linked with Ni?* (No.8) and Co?* (No.9). Reproduced with permission.l'%! Copyright 2010,
American Chemical Society. (C) Photos of the Ca?" cross-linked rGO nanocomposites dried by evaporation (No.10), and after freeze drying (No.11)
without (No.12) and with PVA. Reproduced with permission.['%] Copyright 2010, American Chemical Society. (D) Schematic illustration of divalent ion
linkage with GO nanosheets. Reproduced with permission.['%l Copyright 2010, American Chemical Society. (E) Typical stress—strain curves of various
ionically bonded and cross-linked GO nanocomposites. Reproduced with permission.l1%! Copyright 2014, Royal Society of Chemistry. (F) Proposed
molecular structure changes for Zn?* cross-linked GO nanosheets under stretching. Reproduced with permission.['%l Copyright 2014, Royal Society

of Chemistry.

channels for transferring guest molecules into the rGO cylinder
scaffold. The ionic bonding cross-linking strategy provides a
facile and practical route of preparing the rGO scaffold.
Different from the aforementioned filtration approaches
for constructing ionically cross-linked graphene-based nano-
composites, atomic layer deposition (ALD) can be also applied
to impregnate a small amount of zinc on the surface of GO
nanosheets.['%l The resultant graphene-based nanocomposites
(GO-Zinc) show high mechanical properties and electrical con-
ductivity. The tensile strength, toughness and Young’s modulus
of GO-Zinc reach =142.2 MPa, =0.32 M] m~> and =35.4 GPa,
which are =27%, ~39% and ~20% improvement compared with
pure GO papers with a tensile strength of =112 MPa, toughness
of 0.23 MJ m™ and Young’s modulus of =29.5 GPa, as shown
in Figure 6E. The reason for this improvement is attributed to
the ionic bonding between zinc ions with GO nanosheets. The
zinc metal is infiltrated into GO paper through ALD process,
in which the H,O is utilized to be an oxygen source. Hydroxyl
groups are formed by H,O vapor absorbed on the surface of
GO nanosheets, and react with zinc metal into the cross-linking
bond between adjacent GO nanosheets, as shown in Figure 6F.
In addition, the electrical conductivity of GO-Zinc is as high as
=1 S cm™, corresponding to three orders of magnitude higher
than that of pure GO papers. This is because the thin conduc-
tive ZnO layer deposited on the GO surface and the impreg-
nated Zn atoms cross-linked with GO nanosheets. This high-
performance GO-Zinc nanocomposites can also be used for
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separation and purification technology, for example, this GO-
Zinc nanocomposites can selectively separate diverse organic
vapors with unimpededly permeating water.

In the aforementioned divalent ions cross-linking GO
nanosheets process, the metal ions are usually added as an
additional step after preparing the GO film. Recently, Yeh
et al.l'% found that the AI*" can be released during vacuum-
assisted filtration assembling acidic GO dispersion into GO
paper using porous anodized aluminum oxide (AAO) filter
discs. The GO nanosheets are further cross-linked by Al** into
stronger GO paper in the filtration process, which is designated
as GO (AAO). To make a comparison, the control GO paper is
filtrated with polymer membrane, such as Teflon, and denoted
as GO (Teflon). As shown in Figure 7A,B, the resultant GO
(AAO) paper is much smoother than GO (Teflon) due to that
AAO discs having smoother surface than the Teflon membrane.
But there is almost no difference in the cross-sectional surface
morphology from scanning electron microscopy (SEM) image
(inserted images in Figure 7A,B) and d-spacing from X-ray dif-
fraction (XRD) (Figure 7C). However, the mechanical proper-
ties of GO (AAO) are much higher than that of GO (Teflon),
and the tensile stress—strain curves are shown in Figure 7D.
The tensile strength of GO (AAO) reaches 100.5 MPa, higher
than GO (Teflon) paper with tensile strength of 86.9 MPa. Espe-
cially for the Young’s modulus of GO (AAO), the improvement
of 340% is achieved, compared to the GO (Teflon). In addition,
the GO (AAO) paper remains intact in water (Figure 7E), while
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Figure 7. Bioinspired GO paper filtrated through AAO and Teflon filters. A,B) Digital photos of GO (AAO) and GO (Teflon) paper (inserts showing the
cross-sectional SEM images with scale bar of 2 pm). C,D) Comparison of XRD patterns and stress—strain curves of GO (AAO) and GO (Teflon) paper.
E,F) GO (AAO) and GO (Teflon) paper is placed in water to check their stability. GO (Teflon) readily disintegrates in water (E), whereas GO (AAO)
remains intact (F). Reproduced with permission.['”] Copyright 2015, Nature Publishing Group.

the GO (Teflon) film disintegrates immediately without any
mechanical agitation in water, and completely disperses after
one day (Figure 7F).

In a previous report,'% the enhancement of Young’s mod-
ulus with divalent ions (Ca?*, Mg?") cross-linked GO paper is
only 10%, which is far lower than GO (AAO) paper cross-linked
with Al**. The underlying reason is that the control GO papers
used were probably already cross-linked with ionic bonding of
A" due to the obtained control GO papers from filtration with
an AAO filter. Thus, the aforementioned cross-linked GO paper
with A1** should involve two kinds of metal ions, however, two
more additions of metal ions in the GO paper cannot further
increase the mechanical properties.

2.2.3. n—r Interaction

Based on the intrinsic sp? structure of graphene, conjugated
molecules, such as pyrene derivatives, have been used to con-
struct high-performance BGBNs through cross-linking adjacent
graphene nanosheets with 77— interaction. For example, a water
soluble pyrene derivative (1-pyrenebutyrate) (PB) cross-linked
reduced GO nanosheets into nanocomposites (rGO-PB),[1%!] as
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shown in Figure 8A. The mechanical properties and electrical
conductivity of rGO-PB are dramatically enhanced, resulting
in the tensile strength of 8.4 MPa, toughness of 0.01 M] m=,
Young’s modulus of 4.2 GPa, and electrical conductivity of
2 S cm™}, which is seven orders of magnitude higher than the
pure GO paper (6 x 107 S cm™). Moreover, Liu et al.'%®! has
also demonstrated that the insertion of 1-pyrenebutyric acid
N-hydroxysuccinimide ester into graphene interlayer by n—r
stacking interaction could result in six orders of magnitude
increase in plane-to-plane conductivity of LBL-stacked chemical
vapor deposition (CVD) graphene films. However, the other
small pyrene derivatives with pendant groups are capable of
undergoing intermolecular bonding, such as 1-pyrene butyric
acid, 1-pyrene butanol, 1-pyrene acetic acid, 1-pyrene carboxylic
acid, and pyrene-1-boronic acid, are prone to aggregation in the
process of constructing the graphene-based nanocomposites
through 7-r interaction, resulting in deleterious effects on the
electrical conductivity of graphene-based nanocomposites.[1%’]
In addition to pyrene derivatives, both purine and pyrimidine
bases from the DNA have also been utilized to cross-link gra-
phene nanosheets through 7-7 interaction.'!” Figure 8B illus-
trates how to achieve BGBNs through n-r cross-linking with
DNA molecules or mixtures of DNA and the positively charged
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Figure 8. 77 interactions in bioinspired graphene-based nanocomposites. (A) Digital photograph image and cross-section morphology of rGO-PB
nanocomposites with 77 interaction. Reproduced with permission.['% Copyright 2008, American Chemical Society. (B) Schematic illustration of syn-
thesis of DNA-stabilized graphene aqueous suspensions and fabrication of bioinspired graphene-based nanocomposites. First, the graphite flake is
oxidized, and the brown GO nanosheets are obtained. Then, GO sols are chemically reduced with hydrazine in the presence of freshly single-stranded
DNA (ssDNA), resulting in stable aqueous suspension of ssDNA with functionalized graphene nanosheets (ssDNA-G). Finally, the ssDNA-G disper-
sion is assembled into bioinspired nanocomposites via evaporation. Reproduced with permission.['"% Copyright 2009, Wiley-VCH. (C) AFM image of
ssDNA-G sheets shows rough surface profile and thickness of about 2 nm. Reproduced with permission.['"% Copyright 2009, Wiley-VCH.

redox protein, cytochrome c. First, graphite is chemically treated
to obtain the graphene oxide nanosheets with nanometer thick-
ness. Then, the GO sols are reduced with hydrazine into rGO
nanosheets. The single-stranded DNA (ssDNA) molecules

are absorbing on the surface rGO nanosheets through 7-rn

interaction and the stable aqueous suspension of DNA-func-
tionalized rGO nanosheets (DNA-rGO) is obtained. After self-
assembly through evaporation or filtration, the ordered BGBNs
are fabricated. Co-assembling of DNA-rGO nanosheets with
positively charged cytochrome ¢ can produce multifunctional
graphene-based nanocomposites. In this process, the DNA- TGO
sheets are the key step. Tapping mode atom force microscopy
(AFM) indicates the thickness of GO nanosheets is 1-1.8 nm,
as shown in Figure 8C. After functionalization with DNA mol-
ecules, the thickness of DNA-rGO sheets increases to 2-2.5 nm,
significantly higher than a single graphene layer with 0.34 nm.
Based on the AFM image of DNA-rGO nanosheets, the calcu-
lated thickness of DNA molecules on DNA-rGO nanosheets is
about a monolayer of globular DNA molecules with thickness
of 1 nm.

The above researches discuss n—m interaction with gra-
phene nanosheets through only one end of pyrene derivative
molecules. In fact, the interface strength of graphene-based
nanocomposites would be dramatically enhanced through two
ends of w7 interaction between adjacent graphene nanosheets.
Recently, the new long molecules with two functional pyrene
groups at both ends, is synthesized to cross-link graphene
nanosheets through 77 interaction,!!'!! as shown in Figure 9A.
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Polyethylene glycol (PEG) is grafted at both ends with pyrene
groups, which is denoted as FPEG, and the length of FPEG
can be tuned through adjusting the molecular weight of PEG.
The adjacent graphene nanosheets in the nanocomposites
are bridged by FPEG through n—r interaction, resulting in
improvement in mechanical properties. The tensile strength
of resultant nanocomposites (rGO-FPEG) increases to 45 MPa
from 15 MPa for pure rGO film. The proposed fracture mecha-
nism is as follows: in the process of stretching, the coiled FPEG
chains are first stretched along the tensile direction, which
absorbs a large amount of energy until the FPEG molecules
are straighten up. Then, the 77 interaction between FPEG and
graphene nanosheets will be broken under continuous loading
resulting in further dissipation of energy. The investigation
reveals that the long molecular FPEG is better for enhancing
the mechanical properties of resultant rGO-FPEG nanocom-
posites. Because the long molecular FPEG can cross-link adja-
cent graphene nanosheets into a network, however, the short
molecular FPEG usually only absorb on the same graphene
nanosheet. On the other hand, although the - stacking inter-
action with graphene nanosheets does not disrupt the sp? con-
jugated network, it could change the doping density, increase
the electron-hole puddles and form the scattering sites for the
long molecular FPEG, resulting in the decrease of electrical
conductivity of rGO-FPEG nanocomposites.

The combination of 7w interaction and covalent bonding can
synergistically strengthen the graphene-based nanocomposites.
For example, a new pyrene molecules with a functional
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Figure 9. 77 interactions in bioinspired graphene-based nanocomposites. (A) Schematic illustration of graphene nanosheets cross-linked with
long molecules of FPEGs by -7 interaction. Reproduced with permission.""] Copyright 2015, Elsevier. (B) Graphene nanosheets are bonded with
poly(glycidyl methacrylate) containing localized pyrene groups (Py-PGMA) through 77 interaction. Reproduced with permission.l'' Copyright 2011,

Elsevier.

segmented poly(glycidyl methacrylate) (Py-PGMA) are syn-
thesized via an atom transfer radical polymerization.'?l One
end of Py-PGMA adhere strongly to the graphene nanosheets
through 7—r interaction, and the other end is reactive epoxide
group, which can react with epoxy matrix to form a covalent
cross-linking structure, as shown in Figure 9B. The resultant
graphene-based nanocomposites show improvement of thermal
conductivity.

2.2.4. Covalent Bonding

The linear polymer of polyallylamine (PAA) is first attempted
to cross-link GO nanosheets with covalent bonding in the
BGBNs (PAA-GO).'3I The reactive amine groups on the long
alky chain of PAA are hypothesized to react with epoxide and
carboxylic acid groups on the GO nanosheets surface, which
are suggested by chemical analysis of XPS and FTIR charac-
terization. Although, the chemical structure of cross-linked GO
nanosheets with PAA and the reaction mechanism of cross-
linking have not been fully revealed yet, the mechanical prop-
erties of PAA-GO nanocomposites are indeed enhanced, for
example, the tensile strength, toughness and Young’'s modulus
are improved to 91.9 MPa, 0.21 MJ m™ and 11.3 GPa from
81.9 MPa, 0.18 M] m™ and 5.8 GPa for pure GO paper, respec-
tively. This investigation indicates that the approach of cova-
lent bonding is extremely useful for improving the mechanical

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

properties of BGBNs. In addition, the free and reactive amine
groups on the PAA chain also are good precursors for fur-
ther chemical modification to enhance the density of covalent
bonding networks.

Different from the linear polymer chain of PAA, small mole-
cules, such as glutaraldehyde (GA), can be introduced into
the gallery regions to cross-link adjacent GO nanosheets into
BGBNs (GO-GA).''*l The mechanical properties of GO-GA
nanocomposites are significantly enhanced, for example, the
tensile strength and Young's modulus are improved to 101
MPa and 30.4 GPa from 63.6 MPa and 10.5 GPa for pure GO
paper. The load-bearing capability of GO nanosheets before
and after GA cross-linked is efficiently monitored by the in situ
Raman spectroscopy, further confirming that the improvement
of interlayer strength via covalent bonding of GA plays a key
role in enhancing mechanical properties of resultant BGBNs
of GO-GA. Furthermore, Kim et al.'’® fabricated strong GO/
diamine fibers through covalent cross-linking GO nanosheets
with different lengths of diamine molecules, whose tensile
strengths ranges from 275.1 to 384.3 MPa. It has been dem-
onstrated that the tensile strength and Young’s modulus are
decreased with the length of diamine molecules, while the
elongation at break is increased with the length of diamine
molecules.

The above investigations on covalent bonding in the BGBNS,
have not yet fully realized the key role of covalent bonding
on enhancing mechanical properties possibly because of the

Adv. Mater. 2016,
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Figure 10. Covalent bonding between borate orthoester and GO nanosheets results in very stiff bioinspired graphene-based nanocomposites.
(A) Schematic illustration of the formation of the borate cross-linked network across two adjacent GO nanosheets (GO-Borate). (B) Comparison of
the typical stress—strain curves of the unmodified and borate-modified nanocomposites demonstrate significant improvement in stiffness and decrease
in strain to failure resulting from the formation of covalent bonding between adjacent GO nanosheets. (C) Corresponding plot of stiffness as a func-
tion of borate ion concentration in bioinspired GO-Borate nanocomposites before and after thermal annealing, demonstrating significant mechanical

enhancement afforded by the thermal treatment after borate cross-linking.

low covalent cross-linking density. Borate ions (in very small
quantities) are found to be able to significantly enhance the
mechanical properties of plant tissue, especially their stiffness
and strength.'' This is because borate ions can form cova-
lent bonding with oxygen-containing functional groups in a
variety of pH and counter ion environments in plants. Inspired
by this, borate ions are utilized to covalently cross-link adja-
cent GO nanosheets into nanocomposites (GO-Borate).[''7118]
The formation process of covalent bonding between adjacent
GO nanosheets is illustrated in Figure 10A. In the fabrica-
tion process of vacuum-assisted filtration, the water molecules
in the gallery region of GO paper form hydrogen bonding
with epoxide and hydroxyl groups to bridge the adjacent GO
nanosheets. When the borate anions are introduced by adding
sodium borate solution into GO suspension, the borate orthoe-
ster bonds are formed as well as hydrogen bonding. Then,
more covalent bonding within the intersheet gallery of GO
paper are formed through thermal annealing. The mechanical
properties of GO-Borate nanocomposites are greatly improved,
for example, the tensile strength and stiffness are enhanced to
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Reproduced with permission.l''”l Copyright 2011, Wiley-VCH.

160 MPa and 110 GPa from 130 MPa and 30 GPa for unmodi-
fied GO papers, as shown in Figure 10B. With further thermal
annealing, the amount of borate ortherester oligomers for-
mation is promoted. Subsequently the tensile strength and
Young's modulus of GO-Borate nanocomposites are further
improved to 185 MPa, and 127 GPa, respectively. In addition,
the mechanical properties of GO-Borate nanocomposite can be
tuned with respect to borate concentration, as shown in
Figure 10C. Thus, this kind of bioinspired strategy is antici-
pated to provide an improvement in the mechanical properties
of other layered nanocomposites based on other 2D nanosheets,
such as, Al,O; platelets, and nanoclay, etc.

Furthermore, the toughness of BGBNs can be dramatically
improved by constructing covalent bonding with linear molecules
between adjacent GO nanosheets. For example, a long chain
molecule of 10,12-pentacosadiyn-1-ol (PCDO) can be grafted on
the surface of GO nanosheets via covalent bonding between the
alcohol groups at the end of the PCDO and the carboxylic acids
on the surface of GO nanosheets.''% In addition, a network of
long chain molecules of PCDO is formed through cross-linking
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Figure 11. Covalent bonding between GO nanosheets and long molecules of PCDO results in ultratough bioinspired graphene-based nanocomposites.
(A) Typical stress—strain curves of GO film and GO-PCDO nanocomposites. Comparison of the fracture morphology of GO (B), rGO (C), GO-PCDO (D)
and rGO-PCDO (E). The edge curving of graphene nanosheets after breaking of chemical bonds during the fracture process of nanosheets with PCDO.
(F) Proposed fracture mechanism of bioinspired graphene-based nanocomposites. Reproduced with permission.l''®l Copyright 2013, Wiley-VCH.

of PCDO molecules under UV irradiation through 1,4-addition
polymerization of PCDO’s diacetylenic units. After chemical
reduction by HI, the residual groups on the GO nanosheets
are then removed. Such an approach resulted in improvement
in mechanical properties of PCDO cross-linked graphene-based
nanocomposites (rGO-PCDO), as shown in Figure 11A. The ten-
sile strength of bioinspired rGO-PCDO nanocomposites reaches
up 129.6 MPa, corresponding to 36% improvement. The tough-
ness, calculated from area under stress—strain curves, is as high
as 3.9 MJ m~, which is 117% enhancement compared to pure
GO film. The unique fracture morphologies of bioinspired rGO-
PCDO nanocomposites reveal the toughening mechanism of
covalent bonding via PCDO molecules. GO and rGO films dis-
play smooth fracture morphology, as shown in Figure 11B,C,
while GO nanosheets are pulled out with the curled edges in the
GO-PCDO and rGO-PCDO nanocomposite, as shown in Figure
11D,E, indicating that much more energy have dissipated in the
fracture of covalent bonding networks of PCDO between adja-
cent GO nanosheets. The corresponding fracture process and
toughening mechanism are illustrated in Figure 11F. When
the bioinspired rGO-PCDO nanocomposites are loaded, the
coiled network of cross-linked PCDO molecules network is first
stretched, absorbing much more energy and simultaneously
leading to high tensile strain. With increased loading, the ene-
yne backbones of cross-linked PCDO network are broken and
the covalent bonding between PCDO and GO nanosheets are
destroyed, further dissipating more energy. The tensile strength
of rGO-PCDO nanocomposites is further enhanced, and tough-
ness reaches maximum after covalent bonding between PCDO
network and GO nanosheets are broken. On the other hand,
the electron-transfer pathway among the Z direction of GO
nanosheets is also improved by the network of cross-linked
PCDO molecules between adjacent GO nanosheets, resulting in
high electrical conductivity of 232.29 S cm™.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Due to the low density of covalent bonding between PCDO
molecules and GO nanosheets, the improvement in tensile
strength of bioinspired rGO-PCDO nanocomposites is not as
high as the toughness.'*”l Thus, high density covalent bonding
between adjacent GO nanosheets should be much better for
improving the tensile strength of BGBNs. This has been dem-
onstrated via constructing 3D network of covalent bonding
between adjacent GO nanosheets,'2% as shown in Figure 12A.
The GO nanosheets are first coated by PDA, and the polyether-
imide (PEI) is introduced into the gallery of PDA modified GO
nanosheets (PGA). Under a weak alkaline environment with a
pH of 8.5, the catechol groups on PDA are oxidized into qui-
none, which would cross-link with the amine groups on PEI
via covalent bonding. Thus, the cross-linking density in the
bioinspired nanocomposites (PGA-PEI) can be tuned by intro-
ducing different content of PEI and the maximum mechanical
properties can be achieved. For example, the mechanical prop-
erties of PGA-PEI nanocomposites increase with additions
of PEI, and reach maximum value with tensile strength of
178.9 MPa and Young’'s modulus of 84.8 GPa at the PEI con-
tent of about 14.7 wt.%. With adding pressure in the process
of vacuume-assisted filtration, the orientation of GO nanosheets
in the PGA-PEI nanocomposites is further improved, resulting
in high mechanical properties with tensile strength up to
209.9 MPa and Young’s modulus up to 103.4 GPa, respectively,
as shown in Figure 12B. However, the toughness is decreasing
due to strong limitation of slippage by high density covalent
bonding between adjacent GO nanosheets.

The aforementioned investigations were focused on tuning
density of covalent bonding to adjust the gallery interactions
between adjacent GO nanosheets in the BGBNs. Recently, an
investigation on the tuning the intersheet spacing of GO nano-
compoties via covalent bonding was reported.'?!] The dicarbo-
xylic acids, diols or polyols with different length chain, were
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Figure 12. Ultrahigh modulus and strength are realized through covalent cross-linking of GO nanosheets with mussel-inspired polymers. (A) Sche-
matic illustration of PEI cross-linking two adjacent PGOs into bioinspired nanocomposites (PGO-PEI). SEM images of the fracture morphology before
and after the cross-linking process. (B) Tensile strength and Young's modulus of bicinspired PGO-PEI nanocomposites obtained either by immersion
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fabricated by vacuum-assisted filtration strip (5 pm thick and 8 mm wide) to completely support the mass of about 220 g (weights, clamp, and string).

Reproduced with permission.2% Copyright 2013, Wiley-VCH.

utilized to covalently cross-link the GO nanosheets through
esterification reactions. The experimental results show that the
intersheet spacing, Young's modulus and permeation fluxes of
resultant graphene-based nanocomposites generally increase
with increasing the length of the molecular chain of dicarbo-
xylic acid, from oxalic acid, propandioic acid, succinic acid,
hexanedioic acid, to octanedioic acid. However, due to hydro-
philic substituent of hydroxyl group favoring the penetration
of hydrated ions in the diols or polyols, the intersheet spacing
is enlarged with increasing length of hydrophobic substituents
of alkane chain, such as ethylene glycol, 1,2-propylene glycol,
butylene glycol, 1,6-hexylene glycol, neopentyl glycol, glycerol
and pentaerythrithol, but the Young's modulus, permeation
fluxes are lower than that of nanocomposites cross-linked with
dicarboxylic acids. Although the precise separation of ions and
molecules were demonstrated by adjusting the different chain
lengths of dicarboxylic acids, dios or polyols, the mechanical
properties of resultant nanocomposites were not fully char-
acterized, making the comparison between them and other
BGBNs quite difficult.

2.3. Synergistic Toughening

Natural materials, such as bone and nacre, show extraordinary
mechanical properties, due to the synergy from hierarchical
micro-/nanoscale structure and interfacial interactions.!'l Bone
is composed of ordered network assembled from collagen
fibrils and hydroxyapatite nanocrystals through synergistic
toughening, forming tough, lightweight, adaptive, and self-
healing structure. These two nanophases make up about 95%
of the dry weight of bone. Nacre, also shows the high damage
tolerance, due to the synergistic effect from hierarchical struc-
ture and abundant interfacial interactions. These biological
materials provide an excellent inspiration of synergistic tough-
ening for constructing high-performance graphene-based
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nanocomposites. A series of BGBNs with different synergistic
toughening approaches have been demonstrated recently,
as shown in Figure 13. For example, synergistic interfacial
interactions of hydrogen and covalent bonding resulted in
high toughness of rGO-CS nanocomposites with 17.7 MJ m~
(Figure 13A).21 The synergistic building blocks of 1D
nanofibers and 2D GO nanosheets lead to ultrahigh strength
of rGO-CNC nanocomposites with 655 MPa.’3! And the high
fatigue-resistant rGO-DWNT-PCDO nanocomposites were
also demonstrated with synergistic effects of interfacial inter-
actions and building blocks together (Figure 13E).?2 In the
following sections, the synergistic toughening approaches for
constructing BGBNs are categorized into: i) synergy from inter-
facial interactions, ii) synergy from building blocks, and iii) syn-
ergy from combination of interfacial interactions and building
blocks, which is discussed in detail below. Furthermore, based
on the relative strength of different interfacial interactions, the
corresponding synergistic toughening mechanism is proposed
that the sequential breakage of strong and weak interactions
during continual stressing process results in synergy effect. In
addition, the electrical conductivity is also discussed and com-
pared to provide a complementary reference for constructing
integrated high-performance multifunctional BGBNs with
applications in the fileds of flexible energy devices.

2.3.1. Synergy from Interfacial Interactions

In fact, there are more than one kind of force involved in
BGBNs, which means interfacial interactions are interde-
pendent on each other. Such nonadditive behavior of interfacial
interactions is the essence of synergistic effect, which could be
illustrated by a proposed cartoon, as shown in Figure 14. For
example, 1 and 2 represents different interfacial interactions.
Because of different intrinsic properties, 1 and 2 cannot inde-
pendently roll on the smooth substrate. However, if 1 and 2
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Figure 13. Bioinspired graphene-based nanocomposites fabricated with different synergistic toughening approaches: (A) Hydrogen bonding and
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denum disulfide; (F) With 2D montmorillonite; and (G) With carbon nanotubes and covalent bonding. The synergistic toughening results in dramatic
enhancement of tensile strength, Young’s modulus, and toughness. Furthermore, other properties such as fatigue, fire retardancy can be obtained by
incorporating second building blocks including 1D nanofibrils and 2D nanoplatelets.

matched very well, the combination of 1 and 2 can easily roll on
the smooth substrate. That means that if the 1 and 2 maximally
play their functions together, much higher performance or new
functions will be created. And this is the essence of synergistic
effect. In terms of BGBNs, the high integrated performance
can be realized by properly combining different interfacial
interactions, which will be discussed in detail in the following
sections.

Figure 14. lIllustration of synergy through a proposed cartoon: The struc-
tures 1 and 2 represent different interfacial interactions. 1 and 2 cannot
independently roll on the smooth substrate due to their different intrinsic
properties. However, when 1 and 2 match each other very well, the com-
bination of T and 2 can easily roll on the smooth substrate, meaning
that 1 and 2 maximally play their functions together and much higher
performance or new functions will be created. This is the essence of syn-
ergistic effect.

wileyonlinelibrary.com
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Hydrogen Bonding and Covalent Bonding: To achieve synergy
between hydrogen and covalent bonding, biomolecules are
a good choice due to their abundant functional groups, such
as chitosan (CS),’?l and dopamine (DA).®” For example, CS
with many functional groups of hydroxyl and amine, can be
cross-linked to adjacent GO nanosheets to form bioinspired
nanocomposites (rGO-CS),? as shown in Figure 13A. The
synergistic effect from hydrogen and covalent bonding can be
achieved through tuning the CS content in the fabrication pro-
cess. As shown in Figure 15A, the flow force can easily spread
the CS molecular chains on the surface of GO nanosheets at
the low CS content, resulting in an exposure of buried reaction
sites (amine) on CS molecular chain. These active sites groups
on CS can further react with carboxyl groups on the surface of
GO sheets. When the CS content is too high, the strong repul-
sion resulting from “electrosteric stabilization” during assembly
process, leads to coiled CS with intramolecular hydrogen
bonding. Thus, the distribution of CS molecular chains on
the GO sheets cannot be obtained, and the chemical reaction
between CS molecular chains and GO sheets cannot occur.

The synergistic effect from hydrogen and covalent bonding
results in high mechanical properties of rGO-CS nanocom-
posites. For example, the tensile strength of rGO-CS reaches
up to 526.7 MPa, and toughness is as high as 17.7 M] m3,
corresponding to 1.6 and 3.9 times higher than that of rGO
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ites (Curve 4). Lateral view profiles of fracture surface morphology of rGO film (C) and rGO-CS nanocomposites (D). Reproduced with permission.|

Copyright 2015, American Chemical Society.

and CS film, respectively, as shown in Figure 15B. The lateral
view images of fracture morphology of rGO-CS nanocomo-
sites are shown in Figure 15C. Compared to fracture surface of
rGO film, the rGO-CS nanocomposites show that the graphene
nanosheets are raggedly pull-out and dramatically curled their
edges in the fracture process. In the first stage of the fracture
process, the graphene nanosheets begin to slip, resulting in
breaking of the weak hydrogen bonding between CS molecule
chains and graphene nanosheets. With additional loading, the
coiled CS molecule chains are continuously stretched until
the covalent bonding between CS and graphene nanosheets
is broken. On the other hand, the bioinspired strategy with a
high content of graphene (=94.4 wt%) also endows the rGO-CS
nanocomposites with a high electrical conductivity of 155.3 +
4.0 S cm™, a little lower than pure rGO film due to the inser-
tion of insulated CS molecules into adjacent rGO nanosheets.
DA is a mimic of mussel adhesive protein, and contains
both the functional catechol and amine groups, which is good
choice for constructing BGBNs with synergistic interactions of
hydrogen bonding and covalent bonding. Cui et al.®?l demon-
strated an integrated BGBNs (rGO-PDA) through cross-linking
of GO nanosheets with DA. The DA molecules not only react
with GO sheets but also self-polymerize into PDA. The cova-
lent bonding network is formed between PDA and adjacent
GO nanosheets, and at the same time, the hydrogen bonding
between PDA chains and GO nanosheets is also formed. The
tensile strength of rGO-PDA nanocomposites is dramatically
improved by covalent bonding network to 204.9 MPa, higher
than that of rGO-PCDO nanocomposites (129.6 MPa) with
covalent bonding of linear molecules of PCDO.I!'! In addi-
tion, the toughness of rGO-PDA nanocomposites is as high as
4.0 MJ m3, slightly higher than rGO-PCDO nanocompoistes
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92]

with 3.92 MJ m~, because of the abundant hydrogen bonding
network between PDA and adjacent GO nanosheets. How-
ever, the electrical conductivity of rGO-PDA nanocomposites
(18.5 S cm™) is much lower than that of rGO-PCDO nanocom-
posites with the m-conjugated backbones, even inferior to pure
rGO film (44.8 S cm™).

Compared to the 2D film BGBNs, the 1D fiber BGBNs show
much higher mechanical properties.**12>-13 Hu et al.l'Z}]
demonstrated high mechanical performance 1D fiber BGBNs
through constructing the synergistic hydrogen and covalent
bonding. The assembly process of the 1D fiber BGBNs is illus-
trated in Figure 16A-C. The giant GO nanosheets with average
diameter of 13 pm can form lyotropic liquid crystals (LCs) at a
very low concentration. After addition of organic compound of
HPG, the GO/HPG composite LCs were formed with the HPG
molecules inserting themselves into the interlayer channels
of GO nanosheets. Then, this composite LCs were assembled
into nacre-like 1D fiber BGBNs (GO-HPG) via wet-spinning
approach. The cross-section of GO-HPG fiber shows layered
structure of alternative GO nanosheets and HPG molecules
without phase separation due to extremely high fraction of
GO nanosheets, as shown in Figure 16D,E. The surface mor-
phology of GO-HPG fiber indicates the spreading ridges along
axial direction, as shown in Figure 16F,G.

The well-defined layered hierarchical structure and hydrogen
bonding networks of GO-HPG result in high tensile strength
with 555 MPa, and ultrahigh toughness with 18 M] m™, much
higher than the aforementioned 2D BGBNs. The covalent
acetal bridges between -OH groups of HPG molecules and GO
nanosheets were constructed with GA. The tensile strength and
Young’s modulus of GO-HPG-GA were dramatically enhanced
to 652 MPa, and 20.9 GPa, respectively, superior to other 2D
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Figure 16. 1D bioinspired graphene-based fiber nanocomposites (GO-HPG) obtained via synergistic effect from hydrogen and covalent bonding. (A-C)
LCST protocol for fabricating 1D bioinspired graphene-based fiber nanocomposites: (A) formation of GO LCs with uniform nanochannels, (B) incorpo-
ration of guest compounds (e.g., polymers, biomacromolecules, and nanoparticles) into the host nanochannels to give host-guest complex LCs,
and (C) wet-spinning assembly of complex LCs into 1D bioinspired graphene-based fiber nanocomposites. D,E), and (F,G) SEM images of cross-section
morphology and surface morphology of dried GO-HPG fiber nanocomposites with different magnification. Scale bars, 3 pm (D,G), 500 nm (E) and 5 pm
(F). H) Comparison of 1D bioinspired GO-HPG fiber nanocomposite with nacre, bone, and reported other layer-structured nanocomposites in terms
of strength and toughness. Reproduced with permission.'?3l Copyright 2013, Nature Publishing Group.

film BGBNS, as shown in Figure 16H. After reduced by hydroi-
odic acid-acetic acid (HI-AcOH), the electrical conductivity of
rGO-HPG is only 52.61 S cm™, which is much lower than that
of graphene fiber (=250 S cm™)1% due to the high content of
insulated HPG molecules (23.2 wt%).

Hydrogen Bonding and Ionic Bonding: Xu et al.}2 assem-
bled giant GO nanosheets with high aspect ratios (Figure 17A)
into 1D fiber BGBNs with highly ordered alignment of GO
nanosheets. To further improve the mechanical properties
of resulted 1D fiber BGBNs, the divalent ionic cross-linking
was introduced with different divalent ions, containing Ca*
and Cu?*". The synergistic interactions of hydrogen and ionic
bonding were formed, resulting in significant improvement of
mechanical properties, as shown in Figure 17B. For example,
the 1D fiber BGBNs of GO-Cu?*, and GO-Ca?', achieve the ten-
sile strength of 274.3 MPa, and 364.4 MPa, from 184.6 MPa for
control sample, respectively. After chemical reduction of HI,
the tensile strength of rGO-Cu?*, and rGO-Ca?* fiber nanocom-
posites reach as high as 408.6 MPa, and 501.5 MPa.

The fracture morphology of 1D fiber BGBNs displays the char-
acteristic pull-out of GO nanosheets, as shown in Figure 17C.
In the divalent cross-linked 1D fiber BGBNS, the ionic bonding
is formed through bridging oxygen-containing groups on the
GO surface and boundaries with divalent ions, resulting in
the synergistic interactions with hydrogen bonding between
residual oxygen functional groups of rGO nanosheets. Thus,
the constituent of graphene nanosheets endure a pulling
force to slide from the stacked graphene blocks along tensile
stretching in the fiber axial direction. Compared with 2D film
BGBNs, wrinkles on the layered graphene nanosheets in 1D

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fiber BGBNs can contribute to much higher mechanical perfor-
mance. When loading is increased, the hydrogen bonds break
first, followed by breaking of the ionic bonds as illustrated in
the tension-shear model shown in Figure 17D.

In addition to excellent mechanical properties, the giant GO
nanosheets (average lateral size of =18.5 pm) also render the
pure rGO fiber with high electrical conductivity of 390 S cm™,
which is much higher than that of previous graphene fiber
(=250 S cm™)!1% composed of small size of GO nanosheets
(average lateral size of =0.81 um). Moreover, after introducing
divalent ionic bonding, the electrical conductivity of rGO-Cu?*
(380 S cm™) and rGO-Ca?* (410 S cm™) fiber nanocomposites
is comparable and even superior to pure rGO fiber, indicating
little effect of ionic bonding on the electrical conductivity of
resultant BGBNS.

Ionic Bonding and Covalent Bonding: Zhang et al.'*! dem-
onstrated the synergistic interactions of ionic and covalent
bonding in the 1D fiber BGBNs. The ionic bonding between
adjacent GO nanosheets is constructed through the introduc-
tion of diavalent ion of Ca?* in the spinning process of gra-
phene-based fiber and then the covalent bonding is formed
with GO sheets by 10,12-pentacosadiyn-1-ol (PCDO), as shown
in Figure 18A. The content of Ca?" is difficult to be optimized
due to its introduction in the spinning process. However, the
amount of PCDO molecules grafted onto GO nanosheets can
be tuned through annealing GO nanosheets at different tem-
peratures. With the annealing temperature increasing, the
specific oxygen-containing functional groups are gradually
removed. The PCDO content in the final 1D fiber BGBNs also
decreases. Thus the synergistic effects from ionic and covalent
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Figure 17. 1D bioinspired graphene-based fiber nanocomposites via synergistic effect from hydrogen and ionic bonding. (A) SEM image of GGO
nanosheets with lateral size of about 18.5 pm. (B) Representative tensile stress—strain curves of the GGO fibers and RGG fibers. (C) SEM images of
fracture surfaces of RGG-Ca?* fibers. (D) Proposed deformation mechanism model of bioinspired graphene-based fiber nanocomposites under tensile
stress. The dashed lines indicate the hydrogen bonding and coordinative ionic bonding bridging adjacent GO sheets. Reproduced with permission.[12¢l

Copyright 2013, Wiley-VCH.

bonding are achieved, leading to the better mechanical prop-
erties of 1D fiber BGBNs. The corresponding tensile stress—
strain curves are shown in Figure 18B. The rGO-Ca?*-PCDO-II
fiber nanocomposite reaches the maximum tensile strength of
842.6 MPa and toughness of 15.8 M] m™ at the PCDO content
of 3.61 wt.%. The changes in the mechanical properties of the
rGO-Ca*-PCDO fiber nanocomposites having different con-
tent of PCDO molecules are shown in Figure 18C,D. Besides
the synergistic interactions of ionic and covalent bonding, the
large size of GO nanosheets may be another reason for higher
mechanical properties. Recently, Hu et al.'3¥ fabricated strong
1D fiber BGBNs. The average diameter of GO nanosheets
is about 20 pm. The 1D fiber BGBNs were assembled with
sodium alginate (SA) via wet-spinning technique. The resultant
GO-SA fiber nanocomposite shows the tensile strength of
784.9 MPa. In the GO-Ca?*-PCDO fiber nanocomposites,!*]
the average size of GO nanosheets reaches about 30.5 pm,
which may be better for improving the mechanical properties
of 1D fiber BGBNSs.

The proposed fracture mechanism of rGO-Ca?*-PCDO fiber
nanocomposites for illustrating the synergistic toughening of
ionic and covalent bonding is shown in the Figure 18E. In the
fracture process of the rGO-Ca?"-PCDO fiber nanocomposites,
the coiled PCDO molecules are first stretched along the direc-
tion of loading, triggering slippage of adjacent rGO nanosheets,
and resulting in energy dissipation. With increased loading, the
bridge of Ca?* ionic bonding starts to break. Finally, the covalent
bonding between PCDO molecules and adjacent rGO sheets
begins to fracture. The tensile strength of rGO-Ca?*-PCDO fiber

Adv. Mater. 2016,
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nanocomposites is further improved. As shown in Figure 18G,
the rGO nanosheets in the rGO-Ca?*-PCDO fiber nanocompos-
ites are pulled out with curled-edge morphology different from
the fracture morphology of rGO-Ca?" fiber (Figure 18F).

It is thus clear that synergistic interfacial interactions not only
enhance the ultimate strength but also improve the toughness
of BGBNs. Meanwhile, the electrical conductivity of the rGO-
Ca’*-PCDO fiber nanocomposites also reach up to 292.4 S cm™!
due to the m-conjugated backbones of polymerized PCDO
similar to previous rGO-PCDO film nanocomposites, which
could be useful for fabricating flexible electrodes, wearable
supercapacitors, and intelligent devices. Yet, the great challenge
remains to optimize this synergistic effect by carefully control-
ling the ratios of different interactions. Much more work need
to be done for precisely tuning the synergistic effect to obtain
the integrated high tensile strength and toughness of BGBNs.

2.3.2. Synergy from Building Blocks

As discovered in the natural nacre, the 1D nanofibrillar chitin
and 2D aragonite calcium carbonate platelets also play a key
role in extraordinary mechanical properties of nacre. This
typical combination of 1D and 2D building blocks in nacre
provides an inspiration for constructing the ternary nanocom-
posites. Zhang, et al.l3% demonstrated the synergistic effect
from 1D CNTs and 2D nanoclay in the ternary nanocompos-
ites of nylon-6(PAG)/CNT-nanoclay. The unique ternary nano-
structure was achieved, resulting in notable improvement in
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Figure 18. Ultrastrong 1D bioinspired graphene-based fiber nanocomposites via synergistic effect from ionic and covalent bonding. (A) Schematic

illustration of the preparation process for the bioinspired rGO-CaZ*

-PCDO fiber nanocomposites. (B) Typical stress—strain curves of GO-Ca?*-Il fiber

(Curve 1), rGO-Ca?*-Il fiber (Curve 2), GO-Ca?*-PCDO-I| fiber (Curve 3), and rGO-Ca?*-PCDO-I| fiber (Curve 4). (C,D) The strength and toughness of
bioinspired rGO-Ca?*-PCDO fiber nanocomposites with different PCDO content. (E) The proposed fracture mode of bioinspired rGO-Ca?*-PCDO fiber
nanocomposites under stretching. (F) The fracture morphology of rGO-Ca?*-I| fiber shows smooth surface of rGO nanosheets. (G) rGO-Ca?*-PCDO-II
fiber nanocomposites shows the pullout of rtGO nanosheets with curled-edge morphology. Reproduced with permission.l'3% Copyright 2016, Wiley-VCH.

mechanical properties by incorporation of only 1 wt.% CNT-
nanoclay hybrid filler in the matrix of PA6. Prasad et al.'3”! fur-
ther investigated the synergistic effect from 1D CNTs and 2D
graphene in the ternary nanocomposites based on the matrix of
PVA. These aforementioned studies further confirmed that the
unique synergistic effect from building blocks plays a key role
in enhancing the mechanical properties of nanocomposites.
Recent studies revealed that the synergistic effect from building
blocks are very effective for improving the mechanical proper-
ties of BGBNs. The ternary BGBNs can be achieved through
incorporating 1D nanofibers, including CNTs, nanofibrillar, and
2D platelets, such as molybdenum disulfide (MoS,), nanoclay,

22  wileyonlinelibrary.com
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and many others. Not only the integrated mechanical proper-
ties can be obtained through synergistic effect from building
blocks with graphene sheets, but also new functional properties
are achieved. Several typical samples on the synergistic effect
from 1D and 2D building blocks with graphene sheets are dis-
cussed in detail in the following section.

Synergistic Effect with 1D Nanofibrils: Shin et al.l138l fabricated
supertough fiber nanocomposite through constructing the ter-
nary hierarchical structure based on single-walled carbon nano-
tubes (SWNTs) and reduced graphene oxide flakes (RGOF).The
strong interactions between SWNTs and RGOFs can establish
an interconnected network under correct proportions of SWNTs

Adv. Mater. 2016,
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Figure 19. Ultrarobust bioinspired graphene-based nanocomposites via synergistic effect from 1D CNCs and 2D GO nanosheets. (A) Schematic
illustration of the fabrication of bioinspired GO-CNCs nanocomposites via LBL technique. (B,C) Comparison of the mechanical properties between
GO-CNCs nanocomposites with other bioinspired graphene-based nanocomposites in different coordinates. Reproduced with permission.33 Copyright

2016, Wiley-VCH.

and RGOFs with ratio of 1:1. The oxygen-containing groups
and aromatic regions with unoxidized benzene rings in RGOFs
can form strong m-r interactions with SWNTs. The hydrogen
bonding occurs between sodium dodecyl benzene sulfonate
that is associated with SWNTs and carboxyl groups on RGOFs.
Thus, synergistic effect from SWNTs and RGOFs, and interfa-
cial interactions of hydrogen bonding and 7 interactions lead
to excellent mechanical properties with the tensile strength
of 570 MPa and super gravimetric toughness of 1000 ] g,
far exceeding spider dragline silk (165 J g!) and Kevlar fiber
(78 J g™h). Jalili et al.™* found that the polarity of the solvents
is conducive to self-assembly of liquid crystal GO dispersions,
and also instrumental in the formation of extensive hydrogen
bonding. The steric hindrance between the highly charged GO
nanosheets can overcome the unfavorable loss of rotational
entropy associated with ordering. Thus, the self-oriented bioin-
spired GO/SWNTs nanocomposites with superior mechanical
properties can be tailor-made in the process of self-assembly.
Recently, Xiong et al.l°? fabricated ultra stiff ternary bioin-
spired nanocomposites through assembling the 2D GO
nanosheets with high aspect ratio of 1D cellulose nanocrystals
(CNCs) via LBL technique, as shown in Figure 19A. Due to
anionic properties of CNCs component and GO nanosheets,
the CNCs were modified with a cationic PEI to incorporate
positively charged surface functionalities in LBL processing.
The positively charged PEI sheath on CNCs component
facilitates strong ionic interactions with GO nanosheets. The
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GO nanosheets then form conformal shells on the cross-
junctions of the dense CNCs network through synergistic
ionic interactions and hydrogen bonding. Thus, the local
torques of the GO-jointed CNCs mediate the global defor-
mation of ternary nanocomposites. The excessive mechan-
ical energy is dissipating by reorientation and displacement
of the confined CNCs during deformation, leading to high
tensile strength of 655 MPa and record elastic modulus
of 169 GPa. Figure 19B,C show comparison of toughness
versus modulus and ultimate stress versus modulus between
the GO-CNC ternary nanocomposite with other BGBNs. The
“boomerang” like envelop reflects the traded-off between
strength and toughness of materials, which is caused by con-
flicting mechanisms for increasing strength on one hand,
and compliance on the other hand. The tensile strength and
elastic modulus of ternary rGO-CNCs nanocomposites reach
a record value, far superior than other BGBNs. This design
principle of ternary nanocomposites combines two different
classical components of 1D CNCs, and 2D GO nanosheets
into bioinspired nanocomposites with very low polymer con-
tent, thus eliminating the overwhelming presence of the soft
and weak polymer matrix. The synergistic interactions ema-
nating from 1D rigid CNCs and 2D flexible GO nanosheets
result in high strength and excellent modulus. However, the
electrical conductivity of the ternary rGO-CNCs nanocom-
posites is only 50 S cm™, which is far inferior to pure rGO
film (120 S cm™).
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Figure 20. Synergistic effect from building blocks of ID DWNTs and 2D GO nanosheets, and covalent bonding with PCDO molecules. (A) Typical
strain-stress curves of GO film (curve 1), rGO film (curve 2), GO-DWNT-V hybrid materials (curve 3),GO-DWNT-PCDO-V nanocomposites (curve 4),
and rGO-DWNT-PCDO-V nanocomposites (curve 5). (B) The front and side view fracture morphology ofrGO-DWNT-PCDO-V nanocomposites after
tensile testing. (C) The proposed fracture mechanism of rGO-DWNT-PCDO-V nanocomposites. (D) Tensile fatigue testing of GO film, GO-DWNT
hybrid layered materials, and rGO-DWNT-PCDO-V nanocomposites. (E) The fracture morphology rGO-DWNT-PCDO-V nanocomposite after fatigue
testing. Reproduced with permission.l'?Zl Copyright 2015, American Chemical Society.

On the other hand, the integrated high-performance ter-
nary BGBNs are achieved through constructing the syn-
ergistic effects from 1D double-walled carbon nanotubes
(DWNTs) and covalent bonding of PCDO molecules.??l The
typical tensile stress—strain curves of ternary rGO-DWNT-
PCDO nanocomposites are shown in Figure 20A. The tensile
strength and toughness reach 374.1 MPa, and 9.2 M] m™,
respectively. Figure 20B shows the front and side view frac-
ture morphology of ternary rGO-DWNTs-PCDO nanocompos-
ites. The DWNTs are pulled out along the direction of tensile
stretching, and the pulled-out rGO nanosheets are curled due to
the breaking of covalent bonds within PCDO molecules. The
hydrogen bonding, w7 interactions, and covalent bonding are
gradually broken in the stretching process. The proposed frac-
ture mechanism is shown in Figure 20C. First, the slippage
between adjacent rGO nanosheets happens under stretching,
and the randomly dispersed DWNTs bridge rGO nanosheets,
and resist the sliding, resulting in stress uniformly dispersed
along the surface of rGO nanosheets. When increased loading,
the randomly DWNTs and coiled PCDO molecule chains are
gradually stretched, leading to additional energy dissipation.
Before breaking of the m—m interaction between DWNTs and

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rGO nanosheets, the DWNT5 are pulled out, resulting in large
plastic deformation. Finally, the covalent bonds are broken, and
the external force induces the curling of edge of the rGO sheets
covalently grafted with PCDO molecules.

In this ternary rGO-DWNT-PCDO nanocomposites, the syn-
ergistic effect occurs from the building blocks of 1D DWNTs
and 2D rGO nanosheets, and also from 77 interaction and
covalent bonding. This kind of compounded synergistic effect
not only results in integrated high tensile strength and tough-
ness, but also in extraordinary fatigue properties, as shown
in Figure 20D. The fatigue life of ternary rGO-DWNT-PCDO
nanocomposites is almost five orders of magnitude higher than
that of binary GO-DWNT nanocomposites under same stress
level. The crack propagation was deflected by 1D DWNTs via
crack bridging and pull-out, and concurrently, the crack propa-
gation was also suppressed by 2D rGO nanosheets. As shown
in Figure 20E, the 1D DWNT5 are heavily curled as compared
with DWNTs during static tensile testing, further revealing
the crack-bridging abilities of 1D DWNTs for suppressing
crack propagation. Different from the rGO-CNCs nanocom-
posites with relatively low electrical conductivity, the ternary
rGO-DWNTs-PCDO nanocomposites possess high electrical
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Figure 21. Synergistic effect with 2D MoS, platelets. (A) Schematic illustration of the preparation process of ternary bioinspired GO-MoS,-TPU nano-
composites. (B) Typical stress—strain curves of GO films (curve 1), GO-TPU (curve 2), rGO-TPU (curve 3) binary and GO-MoS,-TPU (curve 4), ternary
rGO-MoS,-TPU (curve 5) nanocomposites. (C) Proposed synergistic fracture mechanism and (D) corresponding fracture morphology of rGO-MoS,-
TPU ternary nanocomposites. Reproduced with permission.[*2 Copyright 2015, American Chemical Society.

conductivity of 394.0 + 6.8 S cm™, which should be attributed
to the synergistic transfer path of electron from1D DWNTs and
m-conjugated backbones of cross-linked PCDO molecules.
Synergistic Effect with 2D Platelets: 2D platelets usually dem-
onstrate unique intrinsic properties. For example, molybdenum
disulfide (MoS,) nanosheets exhibit excellent lubricant and
mechanical properties,}*%*] and montmorillonite (MMT)
nanosheets work well as fire-retardant components used in
the nanocomposites.[?>31:32] Recently, the ternary BGBNs have
been reported through synergistic effect frombuilding blocks
of GO nanosheets with MoS,,l'*2l and MMT platelets.[143144]
Wan et al.l'*?l assembled GO nanosheets, MoS, nanosheets,
thermoplastic polyurethane (TPU) into the ternary nanocom-
posites of rGO-MoS,-TPU via vacuum-assisted filtration, as
shown in Figure 21A. To achieve the maximum lubrication of
MoS, in the rGO-MoS,-TPU nanocomposites, it was found
that the optimum content of MoS, was about 4 wt.%, and the
corresponding typical tensile stress—strain curves are shown
in Figure 21B. If the content of MoS, nanosheets is higher
than 4 wt.%, the MoS, nanosheets form excessive restacking,
resulting in the defects of the ternary nanocomposites. On the
other hand, crack propagation of ternary rGO-MoS,-TPU nano-
composites cannot be effectively deflected at low content of
MoS, nanosheets, resulting in low efficiency of stress transfer.
The proposed crack propagation model is shown in
Figure 21C. The hydrogen bonding between rGO nanosheets
and TPU was first broken under loading. With increased
loading, the friction between rGO and MoS, nanosheets trig-
gers the slippage of rGO nanosheets and subsequent cracking,
which is deflected by MoS, nanosheets. The lubrication
effect comes from the interface of molybdenum and sulfur
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nanolayers of MoS, nanosheets, leading to large strain. The
cycling of crack initiation-propagation-deflection dissipate
more energy until the ternary rGO-MoS,-TPU nanocomposites
are broken. The damaged MoS, nanosheets are absorbed on
the surface of pulled-out rGO sheets, as shown in Figure 21D,
further verifying the proposed fracture model. This kind of syn-
ergistic effect from 2D MoS, nanosheets and flexible 2D GO
nanosheets results in an integrated tensile strength of 235 MPa,
and toughness of 6.9 MJ m™.

In addition to excellent mechanical properties, further func-
tions can be also introduced through synergistic effect from
building blocks in ternary BGBNs. Ming et al.'*4 demonstrated
fire-retardant ternary BGBNs by constructing the synergistic
effect from building blocks 2D GO nanosheets with 2D MMT
platelets in a polymer matrix of PVA. The image of the ternary
rGO-MMT-PVA nanocomposites is shown in Figure 22A. The
cross-section shows the typical layered structure (Figure 22B),
and the EDS of Si element originated from MMT (Figure 22C)
reveals that the MMT platelets are homogenously distributed
in the ternary rtGO-MMT-PVA nanocomposites. TEM image of
the cross-section of ternary rGO-MMT-PVA nanocomposites
clearly confirm well-ordered layered structure (Figure 22D), and
the amplified layered structure analysis is also demonstrated
in Figure 22E. Complete element distribution of MMT is pre-
sented in Figure 22F, indicating uniform dispersion of MMT in
ternary rGO-MMT-PVA nanocomposites. The optimized ratio
of GO:MMT is 90:10, and then 10 wt.% PVA is introduced to
achieve an integrated ternary rGO-MMT-PVA nanocomposite.

There are strong interfacial interactions between PVA, GO
nanosheets and MMT platelets, including hydrogen bonding
between GO nanosheets and PVA chain, and covalent bonding of
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Figure 22. Synergistic effect with 2D MMT platelets. (A) Digital photograph image of rtGO-MMT-PVA ternary nanocomposites. (B) SEM image of
the cross-section of rtGO-MMT-PVA. (C) Corresponding EDS of the Si element originating from MMT in rtGO-MMT-PVA. (D) High-resolution TEM
image of the cross-section of —tGO-MMT-PVA shows well-ordered layered structure, which is further amplified in the blue scale section analysis in (E).
(F) The complete element distribution of MMT is depicted in the EDS spectrum. (G) Tensile stress—strain curves of the GO film (Curve 1), GO-MMT-VI
binary layered materials (Curve 2), rtGO-MMT-VI layered materials (Curve 3), GO-MMT-PVA-IV nanocomposites (Curve 4), and rGO-MMT-PVA-IV
ternary bioinspired nanocomposites (Curve 5). (H,l) The tensile strength and toughness of ternary bioinspired nanocomposites with different PVA
content. (J) It took only 5 seconds to burn the silkcocoon. (K) The silk cocoon did not burn when exposed for 5 minutes with rGO-MMT-PVA ternary
nanocomposites. Reproduced with permission.'"*l Copyright 2015, Royal Society of Chemistry.

Al-O-C between MMT and PVA, resulting in synergistic effect and
integrated mechanical properties of ternary rGO-MMT-PVA nano-
composites with tensile strength of 356.0 MPa and toughness of
7.5 MJ m™3, as shown in Figure 22G-1. Furthermore, the good fire
retardant properties of MMT platelets are introduced into the ter-
nary rGO-MMT-PVA nanocomposites, as shown in Figure 22],K.
The silk cocoon placed behind ternary rGO-MMT-PVA nanocom-
posites did not catch fire even upon prolonged exposure to flame
for 5 minutes, while the same silk cocoon was immediately burned
without protection of ternary rGO-MMT-PVA nanocomposites.
Although some multifunctional performances are introduced for
these ternary nanocomposites, the electrical conductivity of rGO-
MMT-PVA and rGO-MoS,-TPU nanocomposites is still lower than
that of pure rGO film due to adding insulated components.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Applications

There are many reviews describing the application of graphene-
based nanocomposites in energy devices.3>79- 15141 Gra-
phene-based nanocomposites inspired from nacre including
1D fiber and 2D film show unique hierarchical structure and
physical performance including mechanical and electrical
properties, which are suitable for constructing many flex-
ible energy devices, for example, organic photovoltaic devices
(OPVs), organic field-effect transistors (OFETs), actuators,
nanogenerators, and supercapacitors, etc. These devices are
lightweight, and have good flexibility and high performance.
However, it should be emphasized that the bioinspired strate-
gies for integrated mechanical properties may be at the cost of
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other essential performance of specific flexible energy devices.
Thus, it is of great significance to balance these performances
when fabricating high-performance flexible energy devices. The
recent process and challenges related to these energy conver-
sion devices will be discussed in detail below.

3.1. Organic Photovoltaic Devices (OPVs)

The OPVs devices, consisting of transparent electrodes and
active layers, can produce electricity by converting solar energy.
Under illumination of light, excimers are generated from active
layers, and then the charge separation occurs at the conjugated
polymer-based p-n junctions. The transparent conductive elec-
trodes of OPVs devices are usually build from the graphene
materials, such as rGO film.*! For example, the 16 nm
thick rGO film demonstrates a transmittance of 65%, and the
resultant OPVs devices also show good flexibility, sustaining
thousands of cycles of bending at a tensile strain of 2.9%.[1*7]
Kymakis et al.'*8! applied laser reduction technique to reduce
the GO film. Although the transmittance of 20 nm thick rGO
film is only 44%, the resultant OPVs devices exhibit high power
efficiency of 1.1%, which is an order of magnitude higher than
that of OPVs devices based on chemically reduced GO film.

Compared to the OPVs devices with ITO electrodes, the
OPVs devices based on rGO show lower power efficiency, due
to the low conductivity of rGO electrodes. Chemical vapor
deposition (CVD) is an optimal approach for obtaining high
quality graphene film with high optical transparencies and low
sheet resistances. De Arco, et al.*% reported the flexible high-
performance CVD-graphene based OPVs devices with power
efficiency of 1.18%, which can work very well at bending
angles up to 138°. After introducing the metal grids,">*151
such as Au, Ag, Ti, the sheet resistance of CVD-graphene can
be further reduced, resulting in high power efficiency. The
other alternative way to improve the conductance of graphene
films is by incorporation of the conducting polymer, such
as  poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT:PSS),I1°2153] where the resultant OPVs devices show
high power efficiency. Yu et al.'>¥l designed an OPVs assem-
bled by GO nanosheets chemically grafted with CH,OH-
terminated poly(3-hexylthiophene) (P3HT). The P3HT-grafted
GO nanosheets (G-P3HT) facilitated the structure/property
characterization and device fabrication due to G-P3HT’s
organic soluble property. The covalent linkage and the strong
electronic interactions between the P3HT and GO nanosheets
resulted in high power conversion efficiency, as high as 200%
compared to the P3HT/Cgy, counterpart under AM 1.5 illumi-
nation (100 mW cm™). The resultant power conversion effi-
ciency is about 0.61%, indicating the G-P3HT/Cg bilayer pho-
tovoltaic devices are also more efficient.

3.2. Organic Field-Effect Transistors

The BGBNs could also be used as highly efficient active
electronic materials or as electrodes in various nanodevices,
rendering themas promising candidates for replacing
traditional silicon, ITO, metal, gold, or organic film-based
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materials in the field of nanoelectronics. Ou, et al.l'>*! reported
high quality BGBNs, which is demonstrated in organic field-
effect transistors (OFETS) as efficient source/drain electrodes.
Figure 23A schematically illustrates the fabrication process of
this BGBNs. GO nanosheets and (3-aminopropyl) trimethox-
ysilane (APTMS), are assembled via LBL technique into uni-
form (APTMS/GO)N nanocomposites, in which APTMS works
as a covalent cross-linking agent. After thermal reduction, the
resultant (APTMS/RGO)N nanocomposites retain their orderly
layered structure very well, and they can be employed as highly
stable source/drain electrodes in OFETs.

The transfer characteristics of the OFETs based on bioin-
spired (APTMS/RGO)N nanocomposites having different
number of bilayers, and Au films with a thickness of 40 nm
as source/drain electrodes were compared, as shown in
Figure 23B. The clear field-effect behavior is achieved for Au
and bioinspired (APTMS/RGO)N nanocomposites OFETS, in
which the drain-source current (Ipg) increases with increasing
gate voltage (Vg). The results show that the performance of
OFETs based on bioinspired (APTMS/RGO)N nanocomposites
is gradually improved with increasing of the number of bilayers
of (APTMS/RGO)N. Moreover, when the number of bilayers
exceeds 2 (only about 2.7 nm), the corresponding OFETs show
better performance than that of the OFETs based on Au elec-
trode. Figure 23C shows the contact resistances of OFETs based
on bioinspired (APTMS/RGO)N nanocomposites with dif-
ferent bilayers. The data indicates that the contact resistance
decreases to 0.09 MQ cm for bilayers of 3, 4, and 5, which is
only twentieth of OFETs based on Au electrode. These results
further verify that the low contact resistance of OFETs based on
bioinspired (APTMS/RGO)N nanocomposites plays an impor-
tant role in their high performance. The derived schematic
energy level diagrams for CuPc/Au and CuPc/(APTMS/RGO)5
is shown in Figure 23D. The hole injection barrier (Ey) at the
interface of the CuPc/Au is estimated to be 0.48 eV, which is
distinctly larger than that at the interface of CuPc/(APTMS/
RGO)5 (0.27 eV). This is in accordance with the fact that the
contact resistance of the OFETs based on Au electrodes is much
larger than that of OFETs based on (APTMS/RGO)5 electrodes.
It also further confirms that the high performance of OFETs
based on (APTMS/RGO)5 electrodes could be attributed to
their relatively lower contact resistance.

3.3. Actuators

BGBNs can also work as actuators converting external energy
to mechanical energy, which is very useful for various flexible
energy devices. The graphene-based actuators, responsive to
optical,*® electrical,®”) temperature,' acoustic,>? pH,[16%
and humid!*®'-164 stimuli, have been already successfully dem-
onstrated. Zang et al.l'®! fabricated flexible actuator by con-
trolling the folding and unfolding of crumpled graphene film
onto a stretched elastomer with laminated structure. When
the direct-current voltage was applied, the generated electro-
static stress deformed the graphene-elastomer nanocomposite
by reducing its thickness and increasing its area more than
100%. After withdrawing the voltage, the graphene-elastomer
nanocomposite recovered to its unstrained state. This kind of
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Figure 23. Application of bioinspired graphene-based nanocomposites in organic field-effect transistors (OFETs). (A) Schematic illustration of the
fabrication of (APTMS/GO)N multilayer graphene-based nanocomposites via covalent LBL method. (B) Transfer characteristics of the graphene-

based nanocomposites OFETs based on the (APTMS/RGO)N (N

=1-5) electrodes at Vps =—100 V. CuPc film is used as an active electronic material.

(C) Channel width normalized Ry, of the OFETs based on (APTMS/RGO)N (N = 1-5) and Au (40 nm) electrodes, measured with a gate bias of
—60 V. (D) Schematic energy level diagram of CuPc/Au (left) and CuPc/(APTMS/RGO)5 (right) systems. Reproduced with permission.'®l Copyright

2013, Wiley-VCH.

unique actuation of graphene-elastomer nanocomposite indi-
cates potential application as an artificial muscle.

Recently, Yang et al.l1%6] demonstrated a reversibly photo-
deformable bioinspired graphene-liquid crystal elastomer (LCE)
nanocomposites with superior and tunable photomechanical
actuation properties upon the exposure to NIR irradiation. In
this NIR-actuated system, the uniform dispersion of graphene
nanosheets in the LCE matrix was achieved through 77 inter-
actions between graphene nanosheets and LC aromaticrings, and
the hydrogen bonding between the oxygen-containing groups
on the graphene surface and the ester groups in LCE. This kind
of actuator possesses the large strain of 35.7%, high mechan-
ical force of 240 kPa, high initial sensitivity of lower 0.5 s, fast
reversible photo-response of about 8 s, and long-term cycla-
bility, which could be attributed to the aligned graphene, self-
organization nature of liquid crystals and the entropy-driven
elasticity. Furthermore, the actuator performance could be
readily tailored by controlling the quality, loading content, and
the alignment degree of graphene nanosheets in LCE matrix.
Such bioinspired graphene-based actuator provides guidance
for exploring new actuators with tunable functionalities.

The freeze casting is a novel approach developed by Tomsia
et al. in 2006,7% and has been successfully utilized to synthe-
size high-performance bioinspired ceramic in 2008,7”) and
carbon nanotube aerogel.'¥”] Recently, Qiu, et al.”” applied
freeze casting technique to successfully fabricate the bioin-
spired graphene-based cellular monoliths through controlling
the amount of oxygen-containing groups of GO nanosheets

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and freezing conditions. Figure 24A-C show SEM images of
bioinspired graphene-based monolith with top view (A,B) and
side-view (C). The schematic illustration of the fabrication pro-
cess of the ultralight and superelastic bioinspired graphene-
based cellular monoliths is shown in Figure 24D. The rGO
nanosheets are rejected from the forming ice under freezing,
and entrapped between neighboring ice crystals, resulting in
the formation of rGO-based continuous network. Due to highly
anisotropic growth of the ice crystals, the rGO nanosheets are
forced to align along the moving solidification front. Thus, the
rGO nanosheets are concentrated and squeezed at the crystal
boundaries into a highly ordered structure. Furthermore, the
resulted rGO structure is strengthened by the 77 interactions
between rGO nanosheets, and maintain their integrity upon
thawing. This kind of bioinspired graphene-based monolith
exhibits excellent resilience when released from compression.
The graphene-based cellular elastomers (G-elastomers) also
exhibit nearly frequency-independent piezoresistive behav-
iors.”8l The dynamic deformation of graphene nanosheets
under compression leads to simultaneous change in electrical
resistance, which in turn, can reveal new insights about their
dynamic properties. The experimental data show that the delay
time as well as the maximum delay ratio was quite small, with
the maximum delay ratio less than 9% at <3.5 Hz and further
reduced to less than 4% at >10 Hz, as shown in Figure 24E. The
stress transmission rate (v5) of this bioinspired G-elastomers
decreases with the density, as shown in Figure 24F. The G-elas-
tomers with extremely low density show fast piezoresistive
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Figure 24. Application of bioinspired graphene-based nanocomposites for actuators. (A-D) Morphology and formation mechanism of the bioinspired
graphene elastomer (G-elastomer). (A-C) Typical top-view (A,B) and side-view (C) SEM image of graphene monolith. Reproduced with permission./’’}
Copyright 2012, Nature Publishing Group. (D) Schematic of the formation mechanism of the bioinspired G-elastomer monolith by freeze casting.
Reproduced with permission.”?l Copyright 2012, Nature Publishing Group. (E) The maximum delay time and ratio in accordance with different loading
frequencies of G-elastomers. Reproduced with permission.l78 Copyright 2016, Wiley-VCH. (F) Ashby chart plotting E/p versus density for G-elastomers.
The values of otherordinary elastomers and elastic foams are provided for comparison. Reproduced with permission.’8l Copyright 2016, Wiley-VCH.

response, comparable to those of elastic foams with higher den-
sity. The main reason for this is attributed to the unique struc-
ture of the G-elastomers.

The actuators based on BGBNs have been demonstrated,
and show very promising future. However, the actuation
mechanism is not yet well understood and more fundamental
research is needed, especially for precisely controlling hierar-
chical micro/-nanoscale structure and adjusting the interfacial
interactions of BGBNs. It remains a great challenge to further
improve the actuation performance of BGBNs for practical
applications in artificial muscles, robots, and many others.

3.4. Nanogenerators
Nanogenerators (NGs) are smart devices for converting

mechanical/thermal energy into electricity. Nanogenerators
are typically fabricated using nano-structured piezoelectric
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semiconductors,['%8l such as ZnO. Poor mechanical proper-
ties of such NGs result in their very short life time. Recently,
graphene-based nanocomposites have been employed to fab-
ricate flexible NGs. Rahman, et al.'®! reported NGs based on
GO reinforced polyvinylidene fluoride (PVDF) nanocompos-
ites with only 0.1 wt.% GO. But the generated power efficiency
was low. Lee, et al.l'’% applied CVD-graphene to replace GO
nanosheets, and the resultant NGs showed improved power
efficiency. The device can be stretched, rolled, twisted, and
folded without scarifying the performance. The piezoelectric
voltages were generated under exposure to sound waves, and
the output power was 30 times higher than that of a normal
graphene NGs under the same input sound pressure. Finally,
Kim, et al.l'”!l demonstrated highly stretchable NGs, which can
harvest both mechanical and thermal energies.

The structure and interfacial interactions were not investi-
gated in these graphene-based NGs described above. Inspired
by natural electrogenetic organisms, such as the electric eels,
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Figure 25. Bioinspired graphene-based nanogenerator. A) Digital photograph of flexible bioinspired GHM fabricated via vacuum filtration of CCG.
B) Cross-section of the freeze dried GHM with typical layered structure. C) The setup for demonstrating hydraulic-electric energy conversion with GHM.
D) Proposed illustration of the mechanism for power generation with GHM. Reproduced with permission.[72 Copyright 2013, Wiley-VCH.

Guo et al.l'72 fabricated 2D nanofluidic NG based on bioin-
spired graphene-based hydrogel film nanocomposites. The flex-
ible graphene hydrogel membrane (GHM) was assembled by
chemically converted graphene (CCG) colloid via vacuum fil-
tration, as shown in Figure 25A. The freeze-dried GHM shows
typical layered structure, as shown in Figure 25B. There is
considerable amount of oxygen-containing groups on the CCG
nanosheets in GHM nanocomposites, resulting in strong inter-
facial interactions of hydrogen bonding between adjacent CCG
nanosheets and water molecules.

The setup for testing ion transport properties through the
2D GHM is shown in Figure 25C. Nitrogen gas pressure dif-
ference was applied to produce a continuous hydraulic flow
going through the GHM in vertical direction. Next, the gen-
eration of synchronous ionic current through external circuit
in the opposite direction to the electrolyte flow was recorded.
The proposed mechanism for the flow-induced streaming cur-
rent is shown in Figure 25D. An excessive cloud of counter-ions
is formed adjacent to the negatively charged channel because
of CCG nanosheets surface containing oxygen-containing
groups. Mobile ions in the solution migrate through the 2D
nanocapillary in unipolar way, which is driven by the external
hydraulic flow. Thus, the cations are separated from anions by
the GHM nanocomposites, resulting in a net ionic flow. Con-
tinuous and pulse-shaped ionic current signals were received
from the GHM nanocomposites depending on the input wave
induced by external mechanical force. Guo et al. constructed
macroscopic nanofluidic circuits based on bioinspired GHM
nanocomposites with ultra-large channel width of about 10 nm.
This integrated 2D nanofluidic generator based on GHM nano-
composites can convert hydraulic motion into streaming ionic
current, providing the possibility of this bioinspired NGs to be

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

utilized for harvesting electricity from footsteps and stream of
body fluid, or monitoring the heartbeat. Note that although
such abundant pore structure within the graphene-based NGs
is not consistent with nacre-like dense structure, what they have
in common is the regular and ordered structure. Thus, these
kinds of bioinspired design principles of regular and ordered
structure are also applicable to other 2D layered materials for
functional nanofluidic devices.

The BGBNs shows better mechanical properties, more suit-
able for constructing flexible, stretchable and wearable NGs
devices as compared with the conventional NGs made from
fragile and unstable piezoelectric materials. The bioinspired
strategy is a relatively simple scheme, amenable to scaling up
these NGs into mass production. However, it remains a great
challenge to further improve the efficiency of harvesting energy
and long-term electrical stability for practical portable and flex-
ible devices application.

3.5. Supercapacitors

Supercapacitors are promising candidates for storing energy
because of their high specific power density, fast charge-
discharge processes and long cycling life.l'”3] The flexible
supercapacitors are urgently needed for many practical
application in portable/wearable devices, requiring inte-
gration of excellent electrochemical performance, and high
mechanical integrity under bending, folding, and even
rolling. As was discussed already, the BGBNs show inte-
grated high mechanical and electrical properties, which can
satisfy the requirements of flexible supercapacitors. Wu et
al.l74 first demonstrated the application of BGBNs in flexible
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Figure 26. Graphene-based G-PNF nanocomposite film utilized as an electrode for flexible supercapacitors. A,B) Alternatively layered G-PNF nano-
composites. C,D) Comparison of cyclic voltammograms and galvanostatic charge/discharge curves of supercapacitors of G-PNF, with control sample
of PANI-NF and CCG films. Reproduced with permission.[74 Copyright 2010, American Chemical Society.

supercapacitors. The bioinspired nanocomposites (G-PNF)
were assembled from chemically converted graphene (CCG)
and polyaniline nanofibers (PANI-NFs) via vacuum filtra-
tion, as shown in Figure 26A,B. The cross-section of G-PNF
nanocomposites show typical layered structure, similar to
the nacre-like structure in terms of regularity. The magnified
SEM image (down image in Figure 25B) indicates that PANI-
NFs are inserted into adjacent CCG layers, resulting in large
interspaces between CCG layers with a range of 10-200 nm.
The performance of supercapacitor cells based on G-PNF are
shown in Figure 26C,D, by measurements using cyclic vol-
tammetry (CV) and galvanostatic charge/discharge testing.
The CVs of G-PNF shows large rectangular area, indicating
the large double-layer capacitances of G-PNF-based superca-
pacitor. The G-PNF-based supercapacitor shows two voltage
stages. The first stage is attributed to electric double layer
(EDL) capacitance; the second, later stage is associated with
the combination of EDL and faradaic capacitances of PANI-
NF component. In addition, Wang et al.l'’3! also fabricated
freestanding and flexible graphene/polyaniline electrode via
in situ anodic electropolymerization, which demonstrates
tensile strength of 12.6 MPa and a stable large electro-
chemical capacitance with promising application in flexible
supercapacitors.

Li's group have developed technique of well dispersing CCG
in water without assistance of surfactants by controlling col-
loidal chemistry of CCG.[7% The resultant CCG nanosheets
were self-assembled into an orientated hydrogel film via
vacuum filtration.'”7-179] Recently, Yang et al.'®" demonstrated
high-performance flexible supercapacitors based on this kind
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of CCG hydrogel film nanocomposites. First, the as-prepared
CCG hydrogel films were utilized as a precursor to fabricate
EM-CCG nanocomposites via a capillary compression pro-
cedure, as shown in Figure 27A. The CCG hydrogel film was
put in volatile/non-volatile miscible solution and stirred con-
tinuously, making the water in the CCG hydrogel film to be
fully exchangeable with the mixture solution. Next, the volatile
liquid was removed by evaporation in the vacuum oven. Finally,
the non-volatile part of the miscible solution remained. The
ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate,
EMIMBEF,) was selected as the non-volatile. The packing density
of the EM-CCG nanocomposites can be controlled by changing
the ratio of volatile and nonvolatile liquids. The cross-section
of as-prepared EM-CCG nanocomposites show rather uniform
layered structure, as shown in Figure 27B,C. In fact, much
more hierarchical porous structure of EM-CCG nanocompos-
ites could be better for achieving high capacitance. The volu-
metric capacitance (C,) generally decreased with increasing
thickness of the electrodes, and this effect was particularly
prominent when the pore size was in the sub nanometer range.
Figure 27D,E shows the comparison of the electrochemical
capacitor (EC) performance of EM-CCG nanocomposites and
the dried CCG film with different mass loading in the organic
electrolyte. The results revealed that both C,y and E,gp.clectrode OF
the EM-CCG and CCG decreased with thickness. The EM-CCG
nanocomposites displayed much slower rate of decrease than
that of CCG film, indicating superior ion transport of EM-CCG
nanocomposites.

The ECs based on EM-CCG nanocomposites delivered both
high C, and Egaqe and the volumetric energy densities
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Figure 27. Bioinspired electrolyte-mediated EM-CCG nanocomposite film. A) Digital photograph image of flexible EM-CCG nanocomposite film.

B,C) Cross-section of the EM-CCG nanocomposite film containing 78
and (E) energy density as a function of the areal massloading of EM-CCG

.9 vol.% and 27.2vol.% of H,SO,, respectively. D) Volumetric capacitance

film (p=1.25 g cm™) and the dried CCG film (p=1.49 g cm™3) at the current

density of 0.1 A g™'. Reproduced with permission.3% Copyright 2013, American Association for the Advancement of Science.

approaching 60 watt-hours per liter. The results revealed
that this kind of bioinspired EM-CCG nanocomposites were
very stable underrepeated charging/discharging or under
theapplication of a constant voltage. In addition, the fabrication
of EM-CCG nanocomposites is essentially compatible with the
traditional cost-effective papermaking process, indicating the
possibility of scaling up this EM-CCG nanocomposites and a
promise for large-scale real-world applications.

Besides the aforementioned 2D film BGBNs, the 1D fiber
BGBNs have been also successfully explored as supercapac-
itor electrode.128181-189 The BGBNs for fabricating superca-
pacitors demonstrate several advantages: i) Their integrated
mechanical properties satisfy the conventional manufacturing
process of supercapacitors for flexible electronic devices such
as roll-up displays, electronic papers, and intelligent cloths.
ii) The high electrical conductivity. However, the BGBNs
utilized as flexible electronics devices need much more hier-
archical porous structure for enhancing their electronic per-
formance, which will be conflict to improving mechanical
properties via constructing dense structure like nacre. Thus,
how to compromise conflict between porous structure and
integrated mechanical properties will be a great challenge and
target of BGBNs utilized as flexible electronics in the near
future, may be 5-10 years.
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4, Conclusions and Outlook

Since the first report on mechanically exfoliated graphene in
2004, graphene-based nanocomposites remain an exciting
research topic. There are thousands papers on graphene-based
nanocomposites, and many related review articles have been
published. This paper is focused on reviewing the recent pro-
gress in bioinspired graphene-based nanocomposites (BGBNs),
fabricated via nacre-inspired strategy. The advantages of this
bioinspired strategy, compared to the traditional approaches for
constructing graphene-based nanocomposites, are as follows:

Table 2. The mechanical properties of natural nacre and BGBN's.

www.advmat.de

i) the high content of graphene nanosheets; ii) well-ordered
alignment of graphene nanosheets; iii) designable interfacial
interactions; and iv) high-performance physical properties. For
example, four representative interfacial interactions and the
corresponding synergistic toughening methods play a key role
in dramatically enhancing the mechanical properties of BGBNs
reported from 2007 to 2016, as shown in Figure 28 with the cor-
responding data listed in Table 2. The blue color represents the
mechanical properties of BGBNs with interfacial interaction of
hydrogen bonding. The resultant mechanical properties slowly
increase with different contents of hydrogen bonding because

Nacre and BGBNs Tensile strength (MPa) Toughness (M) m=) Reference
Nacre 200.0 2.60 [16]
GO-PVA 80.2 0.10 [90]
GO-PMMA 148.3 2.35
Hydrogen bonding rGO-PVA 188.9 2.52 [91]
GO-sL 300.0 2.20 [52]
rGO-SL 300.0 2.80 [o1]
Interfacial interactions GO-CS fiber 442 9.4 [188]
GO-HPG fiber 555 15.3 [123]
GO-PAN fiber 452 12.3 [125]
rGO-PVA fiber 162 1.46 [124]
rGO-PGMA fiber 500 7.5 [27]
GO-Ca?* 125.8 0.31 [104]
GO-Mg?* 80.6 0.13
GO-APP* 100.5 0.23 [107]
GO-Zn?* 142.2 0.32 [106]
lonic bonding rGO-Mg?* fiber 165 1.2 [99]
rGO-Ca?" fiber 501.5 16.8 [126]
rGO-Ag fiber 300 8.3 [189]
GO-Ca?* fiber 412 7.2 [188]
77 interaction rGO-PB 8.4 0.01 [108]
rGO-FPEG 45.0 - [1171]
GO-GA 101.0 0.30 [114]
GO-Borate 185.0 0.14 [117]
Covalent bonding PGO-PEI 209.9 0.23 [120]
rGO-PCDO 129.6 3.91 [119]
GO-PAA 91.9 0.21 [113]
Synergistic toughening m—7 interaction and rGO-PAPB 382.0 7.50 [70]
hydrogen bonding
rGO-PDA 204.9 4.00 [62]
Hydrogen bonding and rGO-CS 526.7 17.69 [92]
covalent bonding
GO-HPG-GA fiber 652 13.0 [123]
lonic bonding and covalent  rGO-Ca?*-PCDO-II fiber 842.6 15.8 [135]
bonding
With 1D nanofibrils rGO-DWNT-PCDO 3741 9.20 [122]
With 2D platelets rGO-MoS,-TPU 235.0 6.90 [142]
rGO-MMT-PVA 356.0 7.50 [144]

Adv. Mater. 2016,
DOI: 10.1002/adma.201601934

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com 33



34  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

of its weak strength. Although the effect of ionic bonding on
improving tensile strength has been first demonstrated by Park
et al. in 2008, the enhancement in mechanical properties is very
limited, as shown in pink color. More basic research is needed
to optimize the radius of divalent ions and the valence state of
metal ions. The -7 interaction is usually utilized to stabilize
the graphene nanosheets in the organic solvent for uniform
dispersion. Thus, the mechanical properties of BGBNs show
relative low enhancement, as shown in orange color. Covalent
bonding is very distinct and effective interfacial interaction for
dramatically improving the mechanical properties of BGBNs,
as shown in red color.

The extraordinary mechanical properties of natural nacre
are attributed to the synergistic toughening including different
building blocks and abundant interfacial interactions, such as
1D chitin, 2D CaCOj platelets, and hydrogen, ionic and cova-
lent bonding. Thus, the synergistic toughening provides the
unique advantage for improving the mechanical properties of
BGBNSs, as shown in green color in Figure 28. For example,
due to the synergistic interfacial interactions of hydrogen
and covalent bonding, the tensile strength and toughness of
the bioinspired rGO-CS nanocomposites®? could reach up to
526.7 MPa and 17.69 M] m™, respectively. The ultrastrong 1D
fiber BGBNs with tensile strength of 842.6 MPa and toughness
of 15.8 MJ m™, are achieved through constructing synergistic
interfacial interactions of ionic and covalent bonding. On the
other hand, the synergistic effect can be also obtained via intro-
ducing other building blocks, such as 1D nanofibrils, and 2D
platelets. The experimental results demonstrate that the ternary
BGBNs not only show the improvement in mechanical proper-
ties but also in introducing additional functions. For example,
the ternary rGO-DWNT-PCDO nanocomposites show excellent
fatigue property.'?”l The ternary rGO-MMT-PVA nanocom-
posites indicate excellent fire-retardant property.'*! The gra-
phene’s intrinsic 2D structure, allows it to be assembled into
integrated multifunctional BGBNs with isotropic mechanical
and electrical properties, showing very promising applications,
including flexible energy devices, such as OPVs, OFET, actua-
tors, nanogenerators, and supercapacitors.

In the future, maybe 5 to 10 years, the targets for BGBNs are
proposed based on practical applications: i) The tensile strength
and stiffness of BGBNs can be achieved to be comparable
to carbon fiber reinforced composites, realizing application
BGBNSs as structural materials in aerospace and aeronautics. ii)
The integrated electrical and fatigue resistant properties could
be simultaneously enhanced to meet the needs of flexible and
wearable electronic devices. iii) Some simple, easy operation
techniques will be explored for scaling up the fabrication of
BGBNs, for providing amount of BGBNSs for practical applica-
tions in many fields. In a word, BGBNs are starting to make
shifts from the laboratory research to real-life applications, and
novel integrated multifunctional properties are anticipated to
be achieved in the near future.
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