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The hierarchical micro/nanoscale layered formation of organic and inorganic components of natural nacre, results in abundant
interfacial interactions, providing an inspiration for fabricating bioinspired nanocomposites through constructing the interfacial
interactions. Herein, we demonstrated the synergistic interfacial interactions of hydrogen bonding from hydroxypropyl cellu-
lose and ionic bonding from copper ions upon the reduced graphene oxide based bioinspired nanocomposites, which show the
integrated tensile strength, toughness and excellent fatigue-resistant property, as well as high electrical conductivity. These ex-
traordinary properties allow this kind of bioinspired nanocomposites to potentially utilize in the fields of aerospace, flexible
electronics devices, etc. This study also opens a door for fabricating excellent mechanical performance graphene-based bioin-
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spired nanocomposites via synergistic interfacial interactions in the future.
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1 Introduction

Natural nacre demonstrates the unique mechanical proper-
ties, because of its hierarchical micro/nanoscale structure
and abundant interfacial interactions [1,2]. Inspired by nacre,
many high performance graphene-based bioinspired nano-
composites have been fabricated via different interfacial
interactions, including hydrogen bonding, such as graphene
oxide (GO)-poly (methyl methacrylate) (GO-PMMA) [3],
GO-(silk) (GO-SL) [4,5], GO nanosheet-poly (vinyl alcohol)
(GO-PVA) [6], etc; ionic bonding including GO—Mg2+ [71,
GO-Ca** [7], GO-AI** [8], etc; m-m interaction containing
GO-polyethylene glycol (GO-PEG) [9], GO-poly (acrylic
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acid-co-(4-acrylamidophenyl) boronic acid) (GO-PAPB)
[10], and covalent bonding, for example GO-Borate [1],
GO-10, 12-pentacosadiyn-1-ol (GO-PCDO) [11], GO-polyal-
lyl-amine (GO-PAA) [12], GO-poly (dopamine) (GO-PDA)
[13], etc. Recently, the synergistic toughening has been
demonstrated to be highly effective in enhancing the me-
chanical performance of graphene-based nanocomposites
[14,15], such as the ultrastrong graphene fiber nanocompo-
sites via ionic and covalent bonding [14], ultratough gra-
phene film nanocomposites via hydrogen and covalent
bonding [15], etc. Recently, other high performance na-
cre-mimetic composites have also been reported [16—18].
However, to our knowledge, the synergistic interactions of
hydrogen and ionic bonding have not been investigated in
enhancing the mechanical performance of graphene-based
bioinspired nanocomposites yet.

In this study, we demonstrated the synergistic effect from
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interfacial interactions of hydrogen and ionic bonding to
improve the strength and toughness of bioinspired gra-
phene-based nanocomposites. The hydrogen bonding net-
work is formed between hydroxypropyl cellulose (HPC)
and GO nanosheets, then, the ionic bonding is further in-
troduced through copper ions, which results in synergistic
effect. The tensile strength of bioinspired nanocomposits
reaches 274.3 MPa and the toughness reaches 6.7 MJ/m’. In
addition, this kind of bioinspired nanocomposites show high
electrical conductivity with 127.7 S/cm and excellent fa-
tigue-resistant properties. This kind of bioinspired gra-
phene-based nanocomposites may have many latent appli-
cations in different aspects, such as flexible electronics de-
vices, aerospace, etc. This bioinspired strategy also opens a
door to fabricate excellent mechanical performance bioin-
spired graphene-based nanocomposites in the future.

2 Experimental

2.1 Experimental section

Materials: Crystalline graphite powder was bought from
Qingdao JingRil.ai graphite co., Ltd. Hydroxypropyl cellu-
lose (HPC) with average M,~80,000, were bought from
Sigma-Aldrich. The copper(Il) chloride —99.999% trace
metals basis and hydroiodic acid (HI, 57 wt%) were bought
from Sigma-Aldrich.

Fabrication of GO-HPC hybrid layered materials: GO
was obtained by the modified Hummers’ method. A certain
amount of GO nanosheets were dissolved in deionized wa-
ter with sustaining agitation and ultrasonication. And after
that the homogenous GO solution was obtained. The HPC
dispersion solution was dropwise put into the GO solution
under continuous ultrasonication. Finally, the mixture solu-
tion of GO/HPC was transferred to a plastic container into
an oven with the temperature of 40°C. The GO-HPC hybrid
layered materials were obtained after evaporation for almost
2 d. After HI reduction, the rGO-HPC bioinspired nano-
composite was achieved. The GO-Cu hybrid layered mate-
rials were fabricated under the similar process.

Fabrication of GO-HPC-Cu nanocomposites: The HPC
and Cu ions solution were dropwise put into the GO solu-
tion with different contents and with sustaining agitation
and ultrasonication to obtain the homogeneous solution.
Finally, the mixture solution of GO/HPC/Cu was assembled
into GO-HPC-Cu ternary layered materials by means of
similar evaporation process. The rGO-HPC-Cu bioinspired
nanocomposites were obtained after HI reduction.

Characterization: The Shimadzu AGS-X Tester with
gauge length of 5 mm and loading rate of 1 mm/min was
utilized to conduct the tensile testing, and the toughness is
calculated from area under stress-strain curves. The samples
were cut into strips with a length of 10 mm and width of 3
mm. The final mechanical properties are obtained by aver-

aging 10 specimens. The Instron ElectroPuls E1000 test
facility with a frequency of 1 Hz proceed the tensile fatigue
tests. Use Quanta 250 FEG and JSM-7500F to get scanning
electron microscopy (SEM) images. The thermogravimetric
analysis (TGA) was conducted on NETZSCH STA449F3
under nitrogen with a temperature rising rate of 10°C/min
from room temperature to 800°C. Fourier transform infrared
spectroscopy (FTIR) was collected using a Thermo Nicolet
Nexus470 FTIR instrument. The X-ray photoelectron spec-
troscopy (XPS) measurements were taken in an ESCA-
Lab220i-XL. (Thermo Scientific) using a monochromatic
Al-Ka X-ray source. X-ray diffraction (XRD) was collected
from Shimadzu LabX XRD-6000. The electrical conductiv-
ities of the hybrid layered materials were measured by a
standard two-probe method using a source meter (Agilent
E4980A). Raman spectroscopy measurements were con-
ducted by a LabRAM HR800 (Horiba Jobin Yvon) with the
excitation energy of 2.54 eV (488 nm). UV-Vis absorption
spectra were performed on a Shimadzu spectrophotometer
(Model UV-3600, Hitachi, Japan).

2.2 Fabrication of bioinspired nanocomposites

Figure 1(a) is the schematic illustration of fabrication pro-
cess. GO nanosheets, obtained by the Hummer’s method,
were mixed with HPC and Cu ions into deionized water.
After continuous ultrasonication, the mixed solution was
assembled into GO-based layered nanocomposites (GO-
HPC-Cu) through an evaporation process [13]. After chem-
ical reduction of hydroiodic acid (HI), the residual func-
tional groups on GO nanosheets were removed and the bio-
inspired nanocomposites of reduced GO (rGO)-HPC-Cu
were obtained, as shown in Figure 1(b). The orderly layered
structure of rGO-HPC-Cu nanocomposite is shown in scan-
ning electron microscope (SEM) image of Figure 1(c), and
the corresponding energy dispersive X-ray spectroscopy
(EDS) image and spectrum of the Cu element originating
from CuCl,, reveals that Cu ions are homogeneously dis-
tributed without aggregation (Figure 1(d) and (e)). To opti-
mize the ratio of GO to HPC and Cu, the GO-HPC and
GO-Cu binary materials were also fabricated through same
evaporation process. Four different loadings of GO to HPC
(99:1, 97:3, 95:5, and 93:7) were set and the matching bi-
nary materials were named as GO-HPC-I, GO-HPC-II,
GO-HPC-III, and GO-HPC-IV, respectively. The optimized
maximum mechanical properties are achieved for
GO-HPC-II. The hybrid layered materials of GO-Cu with
different weight ratios (GO:Cu = 99.5:0.5, 99.1:0.9,
98.5:1.5, 98:2 and 97:3) were fabricated and named as
GO-Cu-1I, GO-Cu-II, GO-Cu-III, GO-Cu-1V, and GO-Cu-V,
respectively. For the bioinspired nanocomposites, based on
optimized GO-HPC-II, five different weight ratios of
GO:Cu (99.5:0.5, 99.1:0.9, 98.5:1.5, 98:2 and 97:3) were
fabricated and named as GO-HPC-Cu-I, GO-HPC-Cu-II,
GO-HPC-Cu-III, GO-HPC-Cu-1V, and GO-HPC-Cu-V,
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Figure 1 (Color online) (a) Schematic diagram for evaporation self-assembly way to prepare the rGO-HPC-Cu bioinspired nanocomposite; (b) the digital
photograph of rGO-HPC-Cu bioinspired nanocomposites; (c) the cross-section of rGO-HPC-Cu bioinspired nanocomposites; (d) matching the Cu element
traces from CuCl, in rGO-HPC-Cu; (e) the EDS spectrum of complete element distribution of rGO-HPC-Cu.

respectively. The exact contents of GO in the resultant
nanocomposites were determined via thermogravimetric
analysis (TGA), which are displayed in Figure S1, Tables
S1 and S2.

2.3 Characterizations and analysis

The interlayer distances (d-spacing) are characterized via
X-ray diffraction (XRD) spectrum, which are displayed in
Figures 2(a) and S2, indicating that the HPC molecules and
Cu were successfully inserted into the interlayers of GO
nanosheets. And the d-spacing values of GO-HPC, GO-Cu,
GO-HPC-Cu nanocomposites are listed in Tables S3-S5,
respectively. After HI reduction, the d-spacing of resultant
materials are obviously decreased because of the removal of
the residual chemical groups on the surface of GO
nanosheets [12]. Fourier transform infrared spectroscopy
(FTIR) is aimed to confirm the interfacial interactions be-
tween GO nanosheets and HPC or Cu via hydrogen and
ionic bonding, as shown in Figure 2(b). Compared to pure
HPC film, the —OH stretching peak region (3448 cm ') and
—C-OH peak region (1060 cm ') shifted to lower wave
numbers, the -C-OH peak region shifts from 1085 cm™" for
pure HPC thin film, 1058 cm™' for GO-HPC nanocompo-
sites to 1060 cm ™' for GO-HPC-Cu nanocomposites, indi-
cating the oxygen-contained functional groups on the sur-
face of GO and the —OH of the HPC molecules form hy-
drogen bondings [19]. On the other hand, the ionic bonding
between carboxylic acid and Cu is confirmed by the in-
creasement of carboxy C-O stretch intensities around 1400
cm !, the carboxy C-O stretch at 1400 cm ! for GO film, the
peak of GO-Cu at 1363 cm ™', and 1378 cm™' for GO-HPC-
Cu nanocomposites, shifted to lower wave numbers and
decreasement of C=0 stretch intensities at 1725 cm ', indi-
cating ionic bonding between Cu and GO, which are well
consistent with previous report [7,20].

Furthermore, the UV-visible transmittance spectroscopy
(UV-Vis) absorbance spectra shows the peak shifting from
230 to 233 nm (Figure 2(c)), which is another evidence of
the Cu conjugation to GO [20,21]. The X-ray photoelectron
spectra (XPS) shows that the C 1s decreased constituent for
epoxy/ether group and increased constituent for hydrox-
yl/alkoxide (Figure 2(d)), compared with pure GO film
(Figure S3), indicating the epoxides groups occur ring-
opening reaction [7,22]. The ratio of O 1Is to C 1s signifi-
cantly decreased after HI reduction, which means that the
residual groups on the GO nanosheets have been removed
(Figure S3). Figure 2(e) is the Cu 2p XPS spectra of
GO-HPC-Cu, showed typical peaks of Cu®, that is to say
peak at 935.27 eV is assigned core features and peaks at
940.3 and 943.7 eV are assigned to Cu®* satellite line. And
also the peak of Binding Energy is less than 932 eV, indi-
cating the existence of Cu” species [23-25]. After HI reduc-
tion, the Cu” turn to Cu" in composites from the bottom of
Figure S3. The Raman spectra (Figure 2(f)) indicates the
I/ ratio increases from 1.58 for pure GO film to 1.67 for
GO-Cu, 1.64 for GO-HPC, and 1.66 for GO-HPC-Cu. The
increasing numerical value of Ip/Ig means new defects in-
duced by copper ion and HPC molecule [26]. Figure S4
shows the same trend for the resultant nanocomposites after
HI reduction, and the numerical values are exhibited in Ta-
ble S6.

3 Results and discussion

The stress-strain curves of the resultant samples were ex-
hibited in Figure 3(a) (the detailed information are shown in
Figure S5). The tensile strength of pure GO films reaches
103.1 + 3.1 MPa and toughness reaches 1.1 + 0.01 MJ/m’.
After chemically reduced by HI, the tensile strength of rGO
films reaches 137.4 + 5.1 MPa and toughness reaches 1.8 +
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Figure 2 (Color online) (a) XRD of pure GO films, and the GO-HPC-Cu nanocomposites films with different GO contents; (b) FTIR spectra of pure HPC,
GO film, GO-HPC film, GO-Cu hybrid materials, and GO-HPC-Cu nanocomposites; (c) UV-Vis absorption spectra of GO and GO-Cu; (d) XPS spectrum of
the GO-HPC-Cu nanocomposites; (e) XPS spectrum of Cu 2p region in the GO-HPC-Cu nanocomposites; (f) Raman spectra of GO film, GO-HPC hybrid
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Figure 3 (Color online) (a) The stress-strain curves of GO film (Curve 1), rGO film (Curve 2), rGO-HPC hybrid materials (Curve 3), rGO-Cu hybrid
materials (Curve 4), rtGO-HPC-Cu nanocomposites (Curve 5); (b) the tensile strength of rGO-HPC-Cu with different GO loadings; (c) the toughness of
rGO-HPC-Cu with different GO loadings; (d) the proposed fracture mechanism of rGO-HPC-Cu bioinspired nanocomposite under stress; (e) the side view
fracture morphology of rGO and rGO-HPC-Cu bioinspired nanocomposites after tensile testing; (f) the maximum tensile stress versus the number of cy-
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0.2 MJ/m’. When the GO loadings changing, the tensile
strength and toughness of bioinspired nanocomposites
changing trends are shown in Figure 3(b) and (c), and the
numerical values of strength and toughness are shown in the
Table S7. The maximum strength of rGO-HPC-Cu-III
nanocomposites reaches 274.3 + 8.7 MPa and toughness
reaches 6.7 + 0.6 MJ/m’. There is an optimal ratio of HPC
to Cu for enhancing the mechanical properties of resultant
bioinspired nanocomposites.

When stretching, the hydrogen bonding network between
HPC and GO nanosheets were destroyed, and the coiled
HPC chain was stretched, then the ionic bonding between
Cu and GO nanosheets further fractured. Meanwhile, the
hydrogen bonding can also be reformed due to the long
chain of HPC, and completely fracture until the breakage of
bioinspired nanocomposites. Figure 3(d) exhibits proposed
fracture mechanism. Compared with the brittle fracture
morphology of pure rGO films (Figure 3(c)), the rGO
nanosheets of bioinspired nanocomposites are pull-out and
curled at the end of edge. The EDS was performed on the
surface of pull-out rGO nanosheets, and the results of EDS
showed that the element Cu was uniformly distributing
(Figures 3(e) and S6), meaning the friction occurring to
rGO nanosheets and Cu in the fracture course. Other nano-
composites have the same fracture morphology, speculating
front and side fracture morphology, as shown in Figures
S7-S9. This kind of synergistic effect from hydrogen and
ionic bonding is superior to previously proposed synergistic
effect from building blocks, such as GO nanosheets and
montmorillonite (MMT) [27], GO nanosheets and molyb-
denum disulfide (MoS,) [28].

The synergy percentage (S) is utilized to quantify the
improvement in mechanical properties of bioinspired nano-
composites induced by synergistic effect [29], which is
modified as follows [30]:

5= 20w ~Gwe £ 960) 50,
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and o4, represent the tensile

O-HPC ’
strength of GO-HPC-Cu nanocomposites, GO-HPC binary
nanocomposites, and GO film, respectively. The synergy
percentage of GO-HPC, GO-HPC-Cu, rGO-HPC-Cu for
tensile strength are listed in Table S7. As the exhibition of
Figure S10, the synergy percentage of rGO-HPC-Cu-III
bioinspired nanocomposites reaches maximum value of
331%, indicating that the optimal ratio of hydrogen bonding
and ionic bonding could maximize the synergistic effect.

On the other hand, the synergistic effect from hydrogen
and ionic bonding not only enhances the static mechanical
properties, but also improves the dynamic mechanical prop-
erties, for example, the fatigue-resistant properties. Figure
3(f) shows the maximal tensile stress versus the amount of
cycles to failure for pure rGO films, rGO-HPC hybrid mate-
rials, tGO-Cu hybrid materials, and rGO-HPC-Cu nano-

where oy,

composites. The matching stress-strain fatigue curves were
shown in Figure S11. For the same stress level, the fatigue
life of rGO-HPC binary nanocomposites are comparable to
rGO-Cu hybrid materials, but far lower than that of
rGO-HPC-Cu bioinspired nanocomposites, further verifying
the synergistic effect from hydrogen bonding and ionic
bonding. The crack propagation is suppressed by the bridg-
ing of HPC via hydrogen bonding and deflected by ionic
bonding. Both two crack suppression mechanisms act syn-
ergistically, resulting in dissipation of much more energy
and prolonging fatigue life.

Compared with the nacre [31] and other rGO-based
nanocomposites with single interfacial interaction of hy-
drogen bonding or ionic bonding, the rGO-HPC-Cu bioin-
spired nanocomposites with synergistic effect of hydrogen
and ionic bonding shows much higher mechanical proper-
ties, as shown in Figure 4. The typical GO-based nanocom-
posites with hydrogen bonding are presented as blue circle,
including GO-PVA [6], and rGO-PVA [6], GO-SL [4] and
rGO-SL [4], and GO-PMMA [3]. The green square repre-
sents the GO-based nanocomposites with ionic bonding,
such as, GO-Mg™ [7], GO-Ca®* [7], GO-Fe**-tannic acid
(TA) [32], GO-AI**[8], and GO-Mg**-polyimide (PT) [33],
respectively. And the mixture of blue and green are the bio-
inspired nanocomposites with synergistic interfacial interac-
tions of hydrogen and ionic bonding. Obviously, the hydro-
gen bonding network is only better for enhancing the tensile
strength, for example, rGO-SL [4], and the ionic bonding
demonstrates high toughness in the GO-Mg**-PI nanocom-
posites [33]. The bioinspired nanocomposites show higher
strength and toughness, evenly higher than some GO-based
bioinspired nanocomposites combining with covalent
bonding (the triangle), and synergistic building blocks, for
example, GO-PCDO [11], GO-MMT-PVA [27],
GO-MoS,-TPU [28], etc. The numerical values of mechan-
ical properties of nacre and other GO-based nanocomposites
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Figure 4 (Color online) The contrast of mechanical properties of bioin-
spired nanocomposites with other GO-based nanocomposites cross-linked
with hydrogen bonding (circle), ionic bonding (square), and covalent
bonding (triangle). The results demonstrate that the synergistic effect from
hydrogen and ionic bonding is better for enhancing the mechanical proper-
ties than single interfacial interaction.



are exhibited in Table S8. Although this kind of bioinspired
nanocomposites with synergistic interactions of hydrogen
and ionic bonding show relative lower mechanical proper-
ties than that of other GO-based nanocomposites with syn-
ergistic toughening, such as GO-chitosan [15], GO-cellulose
nanocrystal [34], GO-PAPB [10], etc. This study success-
fully demonstrates the key role of synergistic effect from
interfacial interactions about the hydrogen and ionic bond-
ing on simultaneously improving the tensile strength and
toughness. Furthermore, the electrical conductivity of bio-
inspired nanocomposites reaches as high as 127.6 + 27.2
S/cm for rGO-HPC-Cu-II nanocomposite. Although the
addition of HPC molecule would result in the conductivity
decreasing of rGO-HPC hybrid materials, the ionic bonding
of Cufacilities the resultant electrical conductivity, thus, the
electrical conductivity of bioinspired nanocomposites is
enhanced.

4 Conclusions

In conclusion, we demonstrated that the synergistic effect
from hydrogen and ionic bonding works well for improving
the mechanical properties of graphene-based nanocompo-
sites. In particular, the tensile strength and toughness of
bioinspired nanocomposites are simultaneously enhanced,
as well as high fatigue life. Meanwhile, the electrical con-
ductivity is also improved. This study successfully demon-
strates the efficient toughening via constructing synergistic
effect from hydrogen and ionic bonding, as well opening a
door for constructing excellent performance bioinspired
graphene-based nanocomposites, which can be utilized in
the application of aerospace, flexible electronics devices,
etc.
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