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Glycera-Inspired Synergistic Interfacial Interactions for
Constructing Ultrastrong Graphene-Based Nanocomposites

Yiren Cheng, Jingsong Peng, Hanjie Xu, and Qunfeng Cheng*

The interest in bioinspired graphene-based nanocomposites (BGBNs) is
rising recently due to their exceptional mechanical properties as well as high
electrical conductivities. Numerous works have suggested that the syner-
gistic interfacial design of ionic bonding (IB) co-working with other interfa-
cial interactions effectively improves the mechanical properties of BGBNSs.
However, as the ions are conventionally chelated with graphene oxide (GO)
nanosheets, the relatively weak and short interlayered 1B may hinder the load
transfer between GO nanosheets leading to poor synergistic effects. Herein,
inspired by the jaw of Glycera, the synergistic effect is further amplified via
special 1B, which stiffens the organic component. Compared with the tradi-
tional IB, the metal-ligand coordinate bonding by copper ions that is used

in this work and originates from Glycera, selectively cross-links the chitosan
chains. This Glycera-inspired synergistic effect strategy boosts record tensile
strength to an extraordinary value of 868.6 MPa, five times higher than that of
the pure reduced graphene oxide film. The additional high electrical con-
ductivity enables applications in many fields such as flexible energy devices,

supercapacitors, and other electronic devices.

1. Introduction

On account of the appealing mechanical and electrical per-
formances, Dbioinspired graphene-based nanocomposites
(BGBNs) mimicking the natural nacre have drawn much atten-
tion during last decades,!l especially for the augment on the
tensile strength of which the highest value has reached up to
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765 MPa.l?l Recently, the synergistic effect
from different interfacial interactions
between graphene nanosheets is dem-
onstrated to be an exceedingly effective
strategy to improve the mechanical prop-
erties of BGBNs. Lots of works have been
done, revealing that the ionic bonding (IB)
shows a capability to interplay with the
hydrogen bonding (HB) or the covalent
bonding (CB) to optimize the interfacial
interactions.l’l For example, the 1B could
cowork with the HB, a weaker interac-
tion, leading to a superior mechanical
behavior than that via single interfacial
interaction.®d Or cooperating with the
CB, a stronger interaction, the IB could
dissipate loading energy to serve as sac-
rificial bonding which enhances the
toughness.>”! For promoting the tensile
strength, however, the IB is relatively poor
for its lower bonding energy especially
for the case of intercalation between the
nanosheets via ions.! Thus, how to use
the IB to promote the tensile strength of BGBNs is essential
to broaden the application of BGBNs, allowing for the benefits
of multifunction from IB, such as electrical conductivity,®! self-
healing [l adhesion,! etc.

In nature, the metal ions are vital for various functions in
living creatures including the formation of the hard organs for
the protection or predation. The jaw of Glycera,l® the hardest
part of this creature, is a typical example to show the effect
of ions to stiffen the organic matrix.”! In the jaw of Glycera,
around 2.5 wt% copper ions exist in highly aligned protein
matrix, chelated by the imidazole group of histidine.’” The
as-formed metal-ligand coordinate bond possess nearly half of
the strength of CB,I"] and highly cross-link the protein into a
continuous matrix which facilitates the load transferring and
promotes the hardness.'? Thus, this special 1B formed by the
copper ions only within the organic matrix by coordinate bonds
should inspire new design of interfacial interactions.

Chitosan (CS) is a kind of biodegradable and easy-available
material with abundant hydroxyl and amine functional groups,
promising the multiple interactions between CS and GO.13!
In our previous work, the nanocomposites based on gra-
phene oxide (GO) and CS possess admirable tensile strength
of 526.0 MPa due to the synergistic effect from CB and HB.
The strong CB confers the reduced graphene oxide-CS (rGO-
CS) nanocomposites with capacity to resist high load, but the
weak HB within the organic matrix of CS hindered the stress

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.201800924&domain=pdf&date_stamp=2018-04-10

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

transferring between the CS chains, resulting in an obstacle
to further improve the tensile strength. Previous works have
demonstrated that the IB is effective for designing synergistic
interfacial interaction to improve mechanical properties of
BGBNs.I3* However, as the short bond length and weak bond
energy of IB, conventionally at an interlayered motif, restrict
the load transferring between GO nanosheets when under ten-
sile stress.[¥ Herein, inspired by Glycera, the special synergistic
interfacial interactions have been demonstrated. As the strong
binding affinity of Cu for the CS chains is much higher,[""] thus
we select copper ions to achieve synergistic effect. The copper
ions are introduced into the CS matrix to form the metal-
ligand coordinate bonds, which specifically cross-link the CS
chains and improve the stress transferring. The resultant ten-
sile strength of this Glycera-inspired nanocomposites reaches
up to record 868.6 MPa, which is five times higher than that of
the pure rGO film. The superiority of Glycera-inspired strategy
is also demonstrated by the comparative samples with inter-
layered IB between GO nanosheets. Meanwhile, the resultant
BGBN integrates the relatively high electrical conductivity with
234.8 + 14.4 S cm™L. The Glycera-inspired strategy of synergistic
interfacial interactions promises a creative method to fabricate
high-performance BGBNs.
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2. Results and Discussion

The fabrication process of BGBNs is illustrated in Figure 1a.
First, the copper chloride solution was added to CS solution
to obtain CS/Cu chelated hybrid.'>! Then, the exfoliated GO
monolayer nanosheets with a thickness of =1.0 nm (Figure S1,
Supporting Information) and lateral size of =3.5 um (Figure S2,
Supporting Information) was mixed with the CS/Cu solu-
tion to obtain the GO/CS/Cu building blocks. After vacuum-
assisted filtration, the building blocks were assembled into
the GO-CS-Cu layered nanocomposites. During this pro-
cess, the CB between CS and GO nanosheets is formed via
the amidation and ring-opening reaction. And the CS/
Cu chelated structure is also retained. Finally, the GO-CS-Cu
nanocomposites were chemically reduced through hydroiodic
acid (HI)I' to remove the redundant oxygen-containing func-
tional groups on GO nanosheets, leading to the conductive
rGO-CS-Cu nanocomposites, as shown in Figure 1b. The cross-
sectional scanning electron microscopy (SEM) image of rGO-
CS-Cu nanocomposites in Figure 1lc indicates a mnacre-like
lamellar structure. Four kinds of GO-CS nanocomposites were
fabricated with different CS contents to optimize mechanical
properties of GO-CS nanocomposites, named as GO-CS-1

GO GO/CS/Cu

solution

Figure 1. a) The illustration of fabrication method for rGO-CS-Cu nanocomposites. The CuCl, solution was first mixed with CS. Then CS/Cu hybrid
solution was added into GO solution to obtain GO/CS/Cu building blocks. Subsequently, the building blocks were assembled into GO-CS-Cu nanocom-
posites and finally chemically reduced by HI to obtain rGO-CS-Cu nanocomposites. b) The digital photograph and c) SEM photograph of cross-section

morphology of rGO-CS-Cu nanocomposites.
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(GO:CS = 97.4:2.6), GO-CS-2 (GO:CS = 95.1:4.9), GO-CS-3
(GO:CS = 93.5:6.5), and GO-CS-4 (GO:CS = 91.2:8.8), respec-
tively. The results indicate that the maximum tensile strength
of 543.0 + 60.7 MPa can be obtained in GO-CS nanocompos-
ites with 6.5 wt% CS. Then, the GO-CS represents GO-CS-3
nanocomposites in the following. The GO-CS-Cu nanocompos-
ites with a series contents of cooper ions were fabricated based
on the optimized GO-CS nanocomposites, designated as GO-
CS-Cu-I (GO:Cu = 99.0:1.0), GO-CS-Cu-II (GO:Cu = 98.0:2.0),
GO-CS-Cu-III (GO:Cu = 97.5:2.5), and GO-CS-Cu-IV (GO:Cu =
97.0:3.0), respectively. And GO-Cu nanocomposites were also
fabricated with the copper ions of 2.5 wt% for comparison. The
thermogravimetric analysis (TGA) was used to calculate the
exact content of copper ions, as shown in Figure S3 and Tables
S1 and S2 (Supporting Information).

The Xray diffraction (XRD) spectra are demonstrated in
Figure S4 (Supporting Information), and the exact d-spacing
values are listed in Tables S3 and S4 (Supporting Informa-
tion). The d-spacing of GO-CS nanocomposites is 8.76 A,
much higher than that of GO film (7.66 A), indicating the suc-
cessful insert of CS into GO interlayers.! While the d-spacing
of GO-CS-Cu-III nanocomposites decreases surprisingly to
8.56 A, compared with 8.76 A of GO-CS nanocomposites,
revealing that the inserted CS chains have been highly packed
by copper ions. After HI reduction, the d-spacing of resultant
nanocomposites decreases due to the removal of the residual
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oxygen containing functional groups on the surface of GO
nanosheets,!’” which can also be proved via Raman spectra
as the Ip/I; ratio increases apparently after reduction (see
Figure S5 and Table S5, Supporting Information).'¥ Corre-
spondingly, the Ip/I; ratio of GO-CS-Cu-III nanocomposites is
1.05, lower than that of GO-CS nanocomposites with the value
of 1.18, which also indicates a more orderly layered structure of
GO-CS-Cu-I1I nanocomposites was achieved.!®!

To verify the interactions between GO and CS, several char-
acterizations have been done. The Fourier transform infrared
(FTIR) measurements are performed to identify the chemical
reactions between CS and GO, as shown in Figure 2a. The char-
acteristic peaks of stretch vibration at 1261 cm™! for C—N are
attributed to not fully deacetylated amide groups of CS.'I This
peak shifts to 1230 cm™ in GO-CS and GO-CS-Cu-III nanocom-
posites, elucidating the transition from amine groups to amide
groups."! Furthermore, epoxide ring-opening in GO-CS-Cu-II1
is demonstrated in FTIR spectrum as the disappearance of
epoxy C—O groups (1222 cm™) in Figure 2a.>® The broad
C1s peak of GO-CS-Cu-III could be divided into five peaks at
288.9, 287.7, 286.6, 286.1, 285.5, and 284.4 eV, corresponding
to C(0)O, C=0, C(0)C, C-N, C—OH and C—C, respectively,
as shown in Figure 2b. The decrease of C—O peak intensity in
GO-CS-Cu-III nanocomposites compared with GO (Figure S6,
Supporting Information) further confirms the ring-opening
reaction on surface of GO nanosheets.!”! After reduction,
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Figure 2. a) FTIR spectra of GO, CS, GO-CS, GO-Cu, and GO-CS-Cu-lll nanocomposites. The peaks at 1230 cm™' in GO-CS-Cu-lll indicate the for-
mation of amide groups. Epoxide ring-opening in GO-CS-Cu-lll is demonstrated as the disappearance of epoxy C—O groups (1222 cm™'). b) XPS
spectrum of GO-CS-Cu-lll nanocomposites. The decrease of C—O—C peak intensity at 286.7 eV corroborates the ring-opening in GO-CS-Cu-lll. ¢) XPS
spectrum of Cu2p in GO-CS-Cu-lll nanocomposites before and after reduction. Before reduction, two main peaks with shakeup satellite peaks confirm
the chelation of Cu(Il) on CS. And the peak after reduction indicates the transform of Cu(ll) to Cu(l). d) XPS spectrum of Cu2p in GO-Cu nanosheets.
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redundant oxygen-containing functional groups are removed as
shown in Figure S6 (Supporting Information), as the intensity
of C(0)O, C=0, C(O)C, C—OH decreases. While in N1s X-ray
photoelectron spectroscopy (XPS) spectra of GO-CS, rGO-CS,
GO-CS-Cu-III, and rGO-CS-Cu-III nanocomposites, the peaks
at around 400.2 eV retain in these nanocomposites (Figure S7,
Supporting Information), indicating the retention of amide
groups, which is formed as the reaction between GO and CS.
The increased intensity of peaks for protonated amine in nano-
composites after reduction is caused by the acid circumstance.
In Cu2p XPS spectra of GO-CS-Cu-III nanocomposites, the
copper ions mainly exist on bivalent stage before reduction. A
large symmetric binding energy (BE) peak with a maximum at
934.6 eV is assigned to core feature,?% accompanied by the char-
acteristic Cu(II) shakeup satellite peaks at 939.9 and 943.7 eV,
as shown in Figure 2c.2!! The existence of satellite peaks dem-
onstrates the formation of chelation in tetrahedral sites between
CS and Cu.?2l The core peaks of GO-Cu nanocomposites exist
at 952.0 and 932.2 eV, as shown in Figure 2d, which is totally
different from the peaks of GO-CS-Cu-III at 954.3 and 934.6 eV,
indicating that the copper ions in GO-CS-Cu-III chelate with
CS, rather than GO nanosheets as in GO-Cu nanocomposites.
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After reduction, the Cu(II) was reduced to Cu(l) by HI as the
BE peak of Cu(I) appears at 931.0 eV, which shifts to a lower
BE peak compared with the theoretical value of 932.0 eV, due
to chelation with amino groups and hydroxyl groups in CS.??!
The mechanical and electrical properties of Glycera-inspired
rGO-CS-Cu nanocomposites are also impressive. The stress—
strain curves of the resultant nanocomposites are presented
in Figure 3a and the detailed data are listed in Table S6 (Sup-
porting Information). The mechanical properties of rGO-CS-
Cu nanocomposites with different contents of copper ions
are exhibited in Figure 3b. The copper ion content of opti-
mized GO-CS-Cu-IIl nanocomposites is =2.5 wt%, which
is consistent with the content of copper ions in the jaw of
Glycera. The tensile strength and toughness of rGO-CS-Cu-III
nanocomposites reach up to record 868.6 £ 40.6 MPa and
14.0 £ 1.2 MJ m™3, respectively. The extremely high tensile
strength of rGO-CS-Cu-III nanocomposites attains almost five
times higher than that of pure rGO film (173.6 + 7.4 MPa).
The fracture morphology of rGO-CS-Cu-III nanocomposites
shows the clear pull-out of rGO nanosheets and abundant
curved edges as shown in Figure 3c, demonstrating that the
main fracture mode of rGO-CS-Cu-III nanocomposites is the
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Figure 3. Mechanical and electrical properties. a) Stress—strain curves of GO film, rGO film, rGO-CS, and rGO-CS-Cu-lll. b) The tensile strength and
toughness of rGO-CS-Cu nanocomposites with different Cu contents. c) The fracture morphology of rGO-CS-Cu-lll. d) Electrical conductivities of
rGO-CS-Cu nanocomposites with different contents of copper ions. e) Patterns of electrical conductivities with the elevation of temperature of rGO-
CS-Cu-lll, rGO-Cu, and rGO-CS. o refers to the electrical conductivities of nanocomposites at temporal temperature, and oy refers to the electrical

conductivities of nanocomposites at 30 °C.
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shear rupture of interfaces induced by the slippage of rGO
nanosheets in accordance with previous work.”l Fracture mor-
phologies of different rGO-CS or rGO-CS-Cu nanocomposites
are displayed in Figures S8 and S9 (Supporting Information).
Except for mechanical properties, the rGO-CS-Cu nanocom-
posites also possess relatively high electrical conductivities
which increase with the rise of copper ion contents as shown
in Figure 3d. The corresponding data are listed in Table S7
(Supporting Information). The electrical conductivity of rGO-
CS-Cu-III nanocomposites reaches 234.8 S cm™!, which is
nearly as high as GO film (254.9 S cm™). The electrical con-
ductivity benefits from the migration of copper ions among the
CS matrix, which could be proved by the correlation between
conductivity and temperature. As shown in Figure 3e, the elec-
trical conductivity of rGO-CS-Cu nanocomposites increases
more sharply than those of rGO-CS and rGO-Cu nanocompos-
ites with the rise of temperature. This is because that the ther-
mally enhanced complezation-decomplezation process of CS/
Cu chelated hybrid and segmental motion of CS leads to the
higher migration rate of copper ions.>23]

The high mechanical properties of rGO-CS-Cu nanocom-
posites are attributed to Glycera-inspired synergistic multiple
interactions. To further explore the mechanism of the syner-
gistic interactions, rGO-CS-Cu nanocomposites were fabricated
through other two different methods as the control samples,
designated as rGO-CS-Cu-A and rGO-CS-Cu-B, which is illus-
trated in Figure S10 (Supporting Information). To fabricate

GO-CS-Cu-A nanocomposites, the copper chloride was added
into GO solution, followed by the addition of CS solution.
During this process, the copper ions are first chelated with
GO nanosheets and fail to interact with the following CS as
shown in Figure 4a, proved by the accordance of XPS spectra
with GO-Cu (Figure 2d). What's more, the oxygen-containing
groups on GO occupied by copper ions are also unable to cova-
lently react with CS chains demonstrated by the FTIR spectrum
with the absence of peak at 1230 cm™ as shown in Figure 4b.014
While the GO-CS-Cu-B nanocomposites were built through
assembling the GO/CS homogenous suspension with copper
chloride solution, where the CS first covalently cross-link the
GO nanosheets and cannot chelate the subsequent copper ions
with the evidence of FTIR characteristic peak at 1230 cm™
(Figure 4b) and XPS spectra of GO-CS-Cu-B nanocomposites
(Figure 4a), the same with GO-Cu nanocomposites (Figure 2d).
As shown in Figure 4c, the rGO-CS-Cu-A and rGO-CS-Cu-B
nanocomposites exhibit the tensile strength of 434.8 £ 18.2 and
437.4 £ 9.3 MPa, respectively, while the rGO-CS-Cu-III nano-
composites possess the most admirable tensile strength as high
as 868.6 + 40.6 MPa.

The discrepancy among the tensile strengths of these three
kinds of rGO-CS-Cu nanocomposites is caused by the different
interfacial interactions between rGO nanosheets. Conclusively,
rGO-CS-Cu-A nanocomposites combine HB with IB as copper
ions chelated with GO nanosheets. The rGO-CS-Cu-B nano-
composites are fabricated with CB between GO and CS, as well

a

~
(=2
~

Cu2p

GO-CS-Cu-A

GO-CS-Cu-B

Intensity (a.u.)
Intensity (a.u.)

GO

GO-CS-Cu-lll W\ \ /

960 950 940 930 3000 2500
Binding Energy (eV)

Stretch

Glycera-inspired synergistic
interfacial interaction

Wavenumbers (nm)

/ i e \ o

D . ...," c owm P
e ..‘,..,_g; oS el -Fracture
= 5 e, @ '., Lo

B e T

1000

c) —GO-CS-Cu-A

800{ —GO-CS-Cu-B

= —GO-CS-Cu-lll

o 4

g 600

& 400+

£

9 2004
. . . 0 , . :
2000 1500 1000 0 2 4 6

Strain (%)
-~ Fracture

e *  Fracture

Figure 4. Fracture mechanisms of three rGO-CS-Cu nanocomposites with different fabricating methods. a) XPS spectra of Cu2p of GO-CS-Cu-A and
GO-CS-Cu-B. b) FTIR spectra of GO-CS-Cu-A, GO-CS-Cu-B, GO-CS-Cu-lll, GO, and CS. The peaks at 1230 cm™' in GO-CS-Cu-lll and GO-CS-Cu-B
indicate the formation of amide group. c) Stress—strain curves of GO-CS-Cu nanocomposites fabricated with different methods. d—f) Three different
fracture mechanisms of rGO-CS-Cu-A, rGO-CS-Cu-B, and rGO-CS-Cu-lll, respectively.
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as interlayer IB. And the rGO-CS-Cu-III nanocomposites mimic
the unique chelation structure of Glycera to form the special
interface combination of IB and CB, as the copper ions chelated
with CS, and CS cross-linking onto GO nanosheets. As dem-
onstrated in Figure 4d, mutual slippage of rGO nanosheets in
rGO-CS-Cu-A nanocomposites is initiated by the loading stress.
The relatively weak HB is first damaged, followed by interca-
lated IB. Thus, the interfacial interactions are destroyed, before
being able to transfer stress to rGO nanosheets, engendering a
brittle fracture. In rGO-CS-Cu-B nanocomposites, the mutual
slippage of rGO nanosheets induces the stretch of CS chains
anchored onto the nanosheets, and intercalated IB is broken
to dissipate much of loading energy as shown in Figure 4e.
But the damaged IB may cause the surrounding CS matrix to
suffer the stress concentration due to the independent forma-
tion of IB and CB, which confines the improvement of ten-
sile strength. Rather than the intercalated IB as former two
nanocomposites, the IB in rGO-CS-Cu-IIl nanocomposites is
chelated with CS chains, forming Glycera-inspired interface
design with a uniform and continuous CS/Cu hybrid matrix.
As shown in Figure 4f, with the shear of rGO nanosheets, the
copper ions between CS chains retard the stretch of CS chains.
During this process, the effective stiffening of CS matrix is
formed due to the constrained motion of polymer chains.?
The stress can be transferred throughout the CS/Cu matrix
via IB and furthermore channeled into rGO nanosheets
with the assistance of CB, which forms a stronger inter-
facial interaction for bearing the load. With the intensified
slippage of rGO nanosheets, the IB begins to be damaged,
while the uniformly continuous Cu/CS matrix also avoids
the defects caused by damaged IB. Eventually, destruction
of CB induces the total fracture. The Glycera-inspired syn-
ergistic design confers the rGO-CS-Cu-III nanocomposites
with efficient stress transferring, leading to extremely high
tensile strength.

The Glycera-inspired interface design brings out a huge
advantage than conventional synergistic effect in previous gra-
phene-based nanocomposites. As demonstrated in Figure 5, the
rGO-CS-Cu-III nanocomposites possess higher tensile strength
than natural nacre and other graphene-based nanocomposites
including BGBNs with HB, such as GO-poly(vinyl alcohol)
(GO-PVA),®]  rGO-PVA,?®l  GO-poly(methyl methacrylate)
(GO-PMMA),! and rGO- polyacrylic acid (rGO-PAA);!*’! with
IB, such as rGO-Cu,”® GO-Ca¥ GO-Mg* rGO-AlP?% and
rGO-Zn;B®% with CB, such as GO-glutaraldehyde (GO-GA),3!
GO-borate,?  polydopamine-capped ~ GO-polyetherimide
(PGO-PEI),?¥I tGO-10,12-pentacosadiyn-1-ol (rGO-PCDO);134 as
well as via synergistic effect, such as rGO-poly(acrylic acid-co-
(4-acrylamidophenyl)boronic acid) (rGO-PAPB),**l rGO-poly-
dopamine (rGO-PDA),1*%l GO-silk fibroin (GO-SL),}”1 rGO-SL, 138
and rGO with almost intact basal plane-cellulose nanocrystal
(ai-tGO-CNC),  GO-cellulose  nanocrystal ~ (GO-CNC),1*?)
rGO-CNC,BY  rGO-CS,™  rGO-double-wall carbon nano-
tubes-PCDO  (rGO-DWNT-PCDO),*!  rGO-molybdenum
disulfide-thermoplastic ~ polyurethanes  (rGO-MoS,-TPU),*!
rGO-montmorillonite-PVA (rGO-MMT-PVA),*2 GO-polyether-
imide (GO-PEI)* rGO-DWNT-PVA* rGO-PCDO-Zn,!
rGO-hydroxypropyl cellulose-Cu (rGO-HPC-Cu),?¥ and rGO-
PDA-Ni.B9 The certain mechanical properties are listed in
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Figure 5. Comparison of tensile strength and toughness of rGO-CS-Cu-
11l nanocomposites with other layered materials. The typical BGBNs with
HB are presented as pink circles, and IB as yellow triangle, CB as green
squares, and synergistic effect as blue pentagon. The rGO-CS-Cu-lll pos-
sesses the best tensile strength among these BGBN's.

Table S8 (Supporting Information). Generally, the BGBNs
with synergistic effect function higher performance than other
BGBNs with the single interfacial interaction.*’ Compared with
other IB-containing synergistic interfacial interactions, this work
possesses much higher tensile strength through fabricating syn-
ergistic interface inspired by the jaw of Glycera. The mechanism
of rtGO-HPC-CuP? is similar to that of rGO-CS-Cu-A while the
rGO-PCDO-ZnP" and rGO-PDA-Ni* also resemble the rGO-
CS-Cu-B nanocomposites. Both achieve considerable improve-
ment on tensile strength through some strong IB. However,
IB and other interactions may perform in a relatively inde-
pendent way leading to less efficient stress transferring, which
hinders the further promotion on tensile strength. Except for
synergistic interfacial interactions, the nanocomposites based
on synergistic building blocks also reach high mechanical
properties. For example, the ai-rGO-CNCP reaches the tensile
strength as high as 765 MPa, which benefits from the large lat-
eral size (=14 um).*® The wrinkled structures caused by CNC
nanofibers perform as an interlocked interface, which impedes
the mutual slippage of GO nanosheets and thus also promotes
the tensile strength. The formation of wrinkled structures,
however, is difficult to be controlled, which may cause inevi-
table defects of layered structure. Glycera-inspired synergistic
interfacial interactions demonstrate the capability to effec-
tively transfer the load stress and simultaneously minimize the
defects. What's more, our fabrication strategy is also simple
and suitable for large-scale applications.

3. Conclusion

Glycera-inspired synergistic interfacial interactions have been
utilized to construct the ultrastrong nanocomposites with a
record tensile strength of 868.6 £ 40.6 MPa. Different from the
former works that the ions mainly chelated with GO nanosheets
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directly, the special Glycera-inspired interface design is achieved
with the help of the IB from the metal-ligand bonds between
copper ions and CS matrix as well as the CB between the CS
chains and rGO nanosheets. Creative finding in this work
is that the highly effective transferring of Glycera-inspired
interface contributes to the significant promotion of tensile
strength, which is distinguished from traditional IB. Compara-
tive samples with interlayered IB were also used to demonstrate
the superiority of Glycera-inspired strengthening mechanism.
Furthermore, the introduction of copper ion also benefits for
the electrical conductivity reaching up to 234.8 + 14.4 S cm™.
This nacre-like BGBN with Glycera-inspired interface with
impressive mechanical and electrical properties is promising
for applications in many fields such as flexible energy devices,
supercapacitors, and other electronic devices.

4. Experimental Section

Materials: Graphene oxide was prepared by a modified Hummer's
method. Chitosan (medium molecular weight, 75-85% deacetylated),
57 wt% HI, and copper chloride (analytically pure) were purchased
from Sigma-Aldrich. Sodium hydroxide (analytically pure), potassium
permanganate (analytically pure), sodium nitrate (analytically pure),
sulfuric acid (analytically pure), graphite powder (analytically pure), and
ethyl alcohol (analytically pure) were purchased from Beijing Chemical
Factory. All the reagents were used without further purification.

Preparation of GO Solution: The graphite powder was mixed with sodium
nitrate and sulfuric acid, then stirred for 1 h. 6 g potassium permanganate
was added rather slowly at a speed of 1 g min~'. After stirring for 4 h,
300 mL deionized water was added drop by drop into the mixture,
followed by stirring at 35 °C for 30 min. The mixture was then poured
into 60 °C deionized water, and finally 35% hydrogen peroxide was added
to confirm the successful oxidation. The mixture was laid aside for 2 d
and washed through centrifugation with 30% hydrochloric acid for three
times and with water for three times. The GO solution was finally obtained.

Fabrication of CS/Cu Hybrid Solution: The CS was dispersed in 2%
acetic acid solution with a concentration of 10 mg mL™ and stirred
for two weeks. Copper chloride was dispersed in deionized water
with a concentration of 0.5 mg mL™", followed by the copper chloride
solution being added to the CS solution drop by drop with continuous
stirring. The mixture was stirred for 30 h at room temperature for further
interaction.

Fabrication of GO/CS/Cu Building Blocks: The GO was dispersed in
deionized water with a concentration of 1.5 mg mL™' and stirred for
24 h to form a homogenous suspension. Then the CS/Cu solution
was dropped slowly with certain ratios into the GO solution followed
by sonication for 15 min. 79 uL, 0.5 mg mL™" sodium hydroxide
solution was added to neutralize the acetic acid solution, followed with
another 5 UL to stabilize these suspensions. And the pH value of these
suspensions is controlled around 10.

Fabrication of rGO-CS-Cu Nanocomposites: Homogeneous suspension
of GO/CS/Cu building blocks was assembled into GO-CS-Cu
nanocomposites via vacuum filtration. And GO-CS-Cu nanocomposites
were chemically reduced by hydroiodic acid for 18 h, then washing with
ethanol for nearly 3 d.

Characterization: Mechanical properties were measured on a Shimadzu
AGS-X Tester with a loading rate of 1 mm min~" under a 20 N load cell. All
measurements were conducted at room temperature. The samples were
cut into strips with a length of 8 mm and a width of 3 mm. The thickness
of all samples was confirmed by SEM. SEM images were recorded by a
Hitachi S-4800 at 11.5 kV after sputtering a thin Pt/Au coating onto the
samples. The values of tensile strength and strain were accounted by
the stress—strain curves, and the values of toughness were calculated by
the integral area under the curves. The mechanical properties for each
sample were based on the average values of 3-5 specimens.
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Atomic force microscopy (AFM) was conducted by a Leica TCS SP5.
The GO solution was diluted into 0.05 mg mL™" with pure deionized
water. Then, the solution was dropped on freshly cleaved mica and
dried at room temperature for nearly 24 h to obtain the samples for
the AFM measurement. TGA was performed on TG/DTA6300, NSK
with a temperature elevation rate of 10 K min™' under nitrogen. This
measurement was taken from 25 to 800 °C. Raman spectroscopy
measurements were recorded using a LabRAM HR800 (Horiba
JobinYvon). FTIR measurements were conducted by a Thermo Nicolet
Nexus-470 FTIR instrument in the attenuated total reflection (ATR) mode.
XPS tests were carried out in an ESCALab220i-XL (ThermoScientific)
with a monochromatic Cu Ko X-ray source. XRD measurements were
taken with Cu Kot radiation; A = 0.154 nm (1.54 A). The measurements
were conducted under a voltage of 40.0 kV, a current of 30.0 mA, and a
scanning speed of 5.0° min~'. The electrical conductivities were tested
by a standard two-probe method using a source meter (Agilent E4980A).
The samples were prepared as strips with the width of 3 mm and the
length of around 5 cm.
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Supporting Information is available from the Wiley Online Library or
from the author.
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