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ABSTRACT A crucial requirement for most engineering materials is
the excellent balance of strength and toughness. By mimicking the
hybrid hierarchical structure in nacre, a kind of nacre-like paper based
on hinary hybrid graphene oxide (G0)/sodium alginate (SA) building
blocks has been successfully fabricated. Systematic evaluation for the
mechanical property in different (dry/wet) environment/after thermal
annealing shows a perfect combination of high strength and tough-
ness. Both of the parameters are nearly many-times higher than those
of similar materials because of the synergistic strengthening/toughen-
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ing enhancement from the binary GO/SA hybrids. The successful fabrication route offers an excellent approach to design advanced strong integrated nacre-

like composite materials, which can be applied in tissue engineering, protection, aerospace, and permeable membranes for separation and delivery.
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uring the long evolutionary process,

nature uses its own ingenious and

magical ways to produce light-
weight, strong, and tough materials with
complex, hierarchical architecture."™* Cur-
rent natural materials such as cellulose tis-
sues,>® collagen tissues,” mineralized tis-
sues,* and nacre (mother-of-pearl)®® have
captured special attention in material
science'® because of their light weight, ex-
ceptional mechanical and other properties,
and huge potential capacity to enhance the
mechanical performance of conventional
pure/simple materials.'’ One of the most
popular biological models is the “bricks-
and-mortar” arrangement of nacre, which
contains inorganic and organic constitu-
ents.'” The precise arrangement consti-
tuted of well-aligned inorganic 2D platelets
surrounded by an elastic biopolymer matrix
plays a critical role in the combination of
excellent strength and toughness in nacre.?
Based on the excellent nacre model, differ-
ent types of inorganic materials have been
utilized as reinforcing platelets to fabricate
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polymer matrix artificial composites, includ-
ing alumina,’ graphene,'"'*'* graphene
oxide (GO),>"*~'8 clay,""®?° and flattened
carbon nanocubes.?' So far, although great
progress has been achieved in mechanical
properties by using the 2D platelet,>?* only
a few of these artificial laminar composites
possess both strength and toughness.?
The selection of an ideal reinforcing plate-
let and polymetric matrix, which can effec-
tively transfer loading, plays a key role in the
achievement of both high strength and
toughness.?*° Here, GO and sodium alginate
(SA) were elected as the candidates to fabri-
cate these new composites. Individual GO
sheets have been verified as an ideal reinfor-
cing filler because of their light weight, out-
standing mechanical properties (Young's
modulus up to 250 GPa), high aspect ratio
(~1 nm thick x 2.5—5 um diameter sheets),
high flexibility, good ductility, and superior
processability.?* In addition, GO sheets con-
sist of a hexagonal carbon network with both
sp> and sp>-hybridized carbons possessing
a multitude of oxygen-containing functional
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groups on its “basal” surface, which further improve
the interfacial interactions with the polymer matrix by
numerous H-bonding networks.?> Natural biomaterials
can be considered to be ideal candidates for polymeric
matrices due to a series of merits such as being easily
obtainable, environmentally friendly, and mechani-
cally outstanding.***?” Sodium alginate, a kind of
linear anionic polysaccharide copolymer, consists
of two different repeating units possessing massive
oxygen-containing functional groups (—OH, —COO,
and —0-), where the material is water-like in its
H-bonding ability, and there will be strong covalent
bonds between the H-bonding-capable repeating
units.?®?® Besides, in terms of molecular design, the
molecular structure of SA is more similar to that of the
chitin in the organic phase of natural nacre.

In this work, we designed a new artificial nacre-like
composite paper by vacuum-assisted flocculation
(VAF) of GO/SA hybrid building blocks (Figure 1). It is
worth mentioning that the values of the mechanical
properties obtained in the natural environment (25 °C,
15% relative humidity (RH)) are many-fold higher than
that of previous materials (such as several types of
natural materials or composites containing SA bio-
polymer with different fillers or different polymeric
materials with GO sheets). A unique combination of
high ultimate stress (272.3 + 13.9 MPa) and high
toughness (12.5 MJ m~3, up to 18.1 + 06 MJ m 3 in
some cases) for our composite paper has been
achieved. The strong cooperative/H-bonding interac-
tions between both components, which have abundant
oxygen-containing functional groups on their inter-
faces, are supposed to be responsible for the binary
synergistic strengthening/toughening enhancement.
Besides, this GO/SA composite paper also has excellent
mechanical performance in the natural environment or
below 70 °C with low RH. The successful fabrication
route offers an outstanding method to design and
process advanced strong integrated nacre-like compo-
site materials, which can be applied in tissue engineer-
ing, protection, aerospace, and permeable membranes
for separation and delivery.

RESULTS AND DISCUSSION

To assemble the nacre-like GO/SA composite paper,
GO was first oxidized from a natural graphite flakes by
a modified Hummers method.'>**??3° The Raman
spectrum of GO sheets shows that the D band at
approximately 1355 cm ™' and the G band located at
1593 cm ™', with a ratio of integrated peak intensities of
Io/lg = 1.5, are consistent with the previous results
(Supporting Information (Sl), Figure S1a).3"32 Then, GO
underwent complete exfoliation in water, yielding
colloidal suspensions of almost entirely individual GO
sheets with a mean lateral dimension of approximately
2.5 um and a thickness of about 0.96 nm (Figure S1b).
As shown in Figure 1, using SA as an ideal matrix to

CHEN ET AL.

a et .
GO sheets & s ,‘}(‘&ﬁd.
SECT

i
Exgct !& %&\'\5’:‘%&"

SEM images of the cross section

SA biopolymer
S —
0 H

Filtration Lo VU

- | GO e -7

2 Lo A . SA;

N, SN :

APS yeallel
Time Paper
formation

Figure 1. (a) Molecular models of GO sheets and SA biopo-
lymer. (b) Fabrication process of artificial nacre-like compo-
site paper. From left to right: Individual GO sheets easily
absorbed SA biopolymer on their surfaces as building
blocks are successfully assembled by VAF. Proposed struc-
tural model, in which GO sheets are regularly embedded
into the SA matrix to form the layered structure. The
interaction between two components is generally regarded
as multiple hydrogen bonds. (c) Atomic force microscopy
images of the morphology of the hybrid GO/SA membrane.
(d) Topography (Z-scale: 12.4 nm) of the GO/SA hybrid
structure deposited on top of a mica sheet. SA biopolymer
absorption on GO sheets (Z-range: 13.3 nm). The height
profile of the cross section shows that the thickness
(~2.0 nm) of GO-sheet-absorbed SA can be attributed to
the biopolymer on (and underneath) the GO sheet; the root
mean square (rms) roughness is about 0.87 nm within
1.5 um x 1.5 um surface area. (€) Molecular models of the
H-bonding interactions (broken circles) on the interface
between GO sheets (middle) and SA biopolymer (top and
bottom). (f) Digital photograph of the nacre-like composite
paper. (g) Cross-sectional morphology of the nacre-like
composite paper. Note: elements in the ball-and-stick
model of (a) and (e) are differently color coded: H, white;
C, light gray; O, red; Na, dark gray; lone pair, pink.

form the ball-and-stick model (Figure 1a), the colloidal
GO suspension was blended into aqueous SA solution
to fabricate the composite paper by VAF (Figure 1b).
The color of the blends changed gradually from trans-
parent to brown as the GO content increased, and the
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blend with 18.6 vol % of GO showed no agglomera-
tion (Figure S2a) and decreased for the transmission
(Figure S2b) even after 2 months. Change of GO content
can be easily monitored by UV—vis spectroscopy, as
shown in Figure 52c.33 The absence of agglomerations
indicated that the attractive cooperative interactions
between these two components should be dispersive
attractions (e.g., H-bonding, van der Waals). Atomic
force microscopy (AFM) imaging demonstrates that
the topography of the hybrid GO/SA membrane is
relatively uniform with a root mean square (rms)
roughness of 1.53 £ 0.05 nm within 5.0 um x 5.0 um,
based on the analytical results in Figure 1c and
Figure S2d;; 5». Furthermore, as shown in Figure 1d
and Figure S2dg3, the multidomain morphology of SA
biopolymer macromolecules uniformly distributed on
the surface of the GO sheet is shown in the high-
resolution AFM. The average thickness of an absorbed
layer of SA biopolymer is ~0.25 nm if taking away the
thickness of the GO sheets (~1 nm) (see Figure 1d
andSupporting Information Figure S2d;33;). Further-
more, the surface density of the adsorbed SA biopoly-
mers on GO sheets is obviously higher than those on
the mica surface, suggesting strong cooperation of two
components after efficacious absorption from SA solu-
tion during fast solvent evaporation.” Higher density
of oxygen-containing functional groups results in an
increased network of H-bonding. The H-bond network
is primarily dominated not only by the bonds between
the oxygen-containing functional groups of these two
components but also by the bonds between water
molecules and oxygen-containing functional groups.
Therefore, it is the cooperative interactions, the driving
force to form a strong hybrid surface (Figure 1e), which
ensure the efficient load transfer from the SA matrix to
the GO sheets.?*** Additionally, rather than bundles of
lignocellulose as normally observed for time-consuming
absorption on hydrophilic substrates, SA biopolymer
macromolecules are easily dispersed in water to form
amorphous microstructures, which are similar to silk
fibers or other biopolymers. Hence, due to the absence
of significant aggregation of the GO/SA blend, inter-
facial interactions between oxygen-containing groups
of GO sheets and SA domains are present. Finally, the
well-aligned composite paper can be easily obtained
by accurately controlling the GO concentration at
18.6 vol %, and the thickness increases linearly with
the volume of blend solution (Figure 1f,g and Figure S2e
in SI).

The cross-sectional morphologies of the composite
papers with different GO concentration have been
checked by scanning electron microscopy (SEM)
(Figure 2a—d and Figure S3 in SI). As shown in
Figure 2a, the SA paper with packed and unshaped
tactoid is considered to be one unit layer, and the
laminated structure of the composite can be distin-
guished clearly with the increment of GO concentration.
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When the GO concentration is ~18.6 vol %, the com-
posite paper exhibits a laminated structure with well-
aligned platelets with ~50 nm thickness surrounded
by the SA matrix. With the GO concentration further
increasing (greater than 25.5 vol %), GO sheets will
interpenetrate into adjacent SA layers to form an
intercalated, densely packed, “wavy” layered hetero-
structure, which is similar to that of the less densely
packed “wavy” layer of GO (Figures 2¢,d and S3c—h
and S4 in S).

Fourier transform infrared (FTIR) image displays the
bands centered at 1740 and 1230 cm™’, showing the
gradually decreased C=0 and C—O stretch intensities,
the peak at 1230 cm " shifted to the higher wavenum-
bers of 1290 cm ™', the peaks centered at 1620 and
1400 cm™ " exhibiting gradually increased C=C and
C—O0 stretch intensities, and the peak at 1620 cm™'
shifted to the lower wavenumbers at 1590 cm™
(Figure 2e). The results mentioned above indicate that
GO sheets indeed attached to the SA biopolymer and
can be regarded as a proof of the H-bonding between
C=0 or C—0 and OH, agreeing well with the observed
increase of the OH band. The two bands centered
around 1050 and 1100 cm ™' in the SA biopolymer,
corresponding to O—C=0 and C—O stretching, in-
creased in intensity by 80 and 60 cm™' in the compo-
site papers, in comparison with those of neat GO paper,
respectively. In contrast to the neat GO or SA paper,
X-ray photoelectron spectroscopy (XPS) analysis de-
monstrates that the C 1s components corresponding
to C—OH, C—0-C, C=0, and O—C=0 groups in the
composite paper are slightly shifted from 285.5 (GO)/
286.0 (SA), 286.8/287.0, 287.8, and 289.0 eV to 285.9,
287.2, 288.2, and 289.0 eV (Figure 2f), respectively,
indicating the coordination/cooperation between oxy-
gen-containing groups of both GO sheets and the SA
biopolymer. Moreover, the relative areas of all peaks
corresponding to oxygen-containing groups changed
to some degree, in particular, the decrease of the
O—C=0 groups, supporting the hypothesis that the
C—OH groups are generated by the double bond-
opening reaction of the O—C=0 group (Table 51)3*
More importantly, the layered GO/SA composites, by
presenting higher-ordered structures, and the intercala-
tion of SA biopolymers in the gallery spacing (d-spacing)
of GO sheets changed regularly with d-spacing between
the GO sheets, which was confirmed by the character-
istic diffraction peak of X-ray diffraction (XRD) (Figure 2g
and Figure S5a in SI).3°> The typical strong diffraction
peak is usually assigned to stacks of hydrophilic re-
gions with oxygenated functional groups on GO
sheets. The d-spacing in the GO/SA composite paper
has a nearly linear relationship with the GO volume con-
tent. The d-spacing of pure GO is about 9.0 A (260 = 9.8°).
For the GO/SA composite, the d-spacing of the
GO sheets clearly decreases from approximately 8.6 A
(20 = 10.2°) for 13.5 vol % of GO content to ~7.9 A

1
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Figure 2. Comparison of cross-sectional morphology and structure of neat GO, SA, and the GO/SA composite papers. From
top to bottom: High- and low-resolution SEM images (a;—d; and a—d) and schematic diagram (a;—d;) of neat SA, 18.6 vol % of
GO composite paper, 56.3 vol % of GO composite paper, and pure GO paper, respectively. (e) Fourier transform infrared
spectra for neat GO, SA, and the composite papers. (f) Deconvoluted C 1s X-ray photoelectron spectroscopy spectra of neat
GO, SA, and the composite papers. The C 1s peak of the species can be fitted into five line shapes with binding energies at
284.8,285.5—286.0, 286.8—287.2, 287.2—288.2, and 289.0 (289.2) eV, corresponding to the C—C/C=C, C—OH, C—0-C, C=0,
and O—C=0, respectively. (g) X-ray diffraction patterns of the GO/SA composite papers. Plot of interlayer spacing and
diffraction peak position are dependent as a function of GO concentration. The black dashed line represents a linear best fit to
the data of the interlayer spacing, and the blue dashed line represents a linear best fit to the data of the diffraction peak.

(260 =11.2°) for 77.4 vol % of GO content, which is also
strong evidence for the intercalation of the SA bio-
polymer into the d-spacing between GO sheets. For
the initial d-spacing of 9.0 A, the change is from 0.4
to1.1 A, which is much smaller than the van der Waals
diameter of water, 2.82 A.3° Hence, we conjectured
that due to the presence of the biopolymer “back
bone” in the interlamination of GO nanosheets, like
PVA, plenty of hydroxyl groups of the SA biopolymer
form a H-bonding network with the GO sheets and
then proceed to form a more stable arrangement
than the homogeneous distribution of hydrogen
bonds in the GO paper, offering a strong shared
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cooperative mode of stress transfer on the GO/SA
interface."”

The mechanical properties of the composite papers
have been evaluated in the natural environment (25 °C,
15% RH) (Figure 3a—d and Supporting Information
movies S1—S3). The GO/SA paper displays a perfect
combination of high tensile strength and toughness
(movie S1), greater than those of the neat GO or SA
paper (see movies S2 and S3) or other binary compo-
sites. The ultimate strength reaches 272.3 & 13.9 MPa
(up to 286.2 MPa in some cases), with the ulti-
mate toughness staying within 11.9 + 0.6 MJ m~3,
and the toughness comes up to a very high value of
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Figure 3. Mechanical properties of neat GO, SA, and the GO/SA composite papers in the natural environment (a—f)/annealed
at various temperatures under ultrapure N, atmosphere (g,h). (a) Representative stress—strain data from the tensile test for
the composite papers with different GO concentration. (b) GO concentration dependence of ultimate tensile strength. The
red-filled circles in (b) represent the predicted tensile strength based on the shear lag model. (c) GO concentration
dependence of the toughness. (d) GO concentration dependence of Young's modulus. (e) Stress—strain curves in cyclic
loading experiments. (f) Typical creep and recovery curves. (g) Annealing temperature dependence of ultimate tensile
strength and toughness. (h) Annealing temperature dependence of Young's modulus.
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18.1 & 0.6 MJ m~3 obtained in the composite paper. In
addition, with the increase of their thickness, the
mechanical properties of the paper maintain the out-
standing values (Figure S5b). The ultimate strength
increases linearly from 201.8 + 1.6 MPa (9.8 vol %) to
2723 £ 8.0 MPa (18.6 vol %) and then decreases
gradually from 213.8 & 2.2 MPa (25.5 vol %) to 102.8 +
6.8 MPa (81.2 vol %). The changes of the toughness in
the above range exhibit trends similar to those of the
tensile strength. A comparison of our experimental
values and theoretical predictions from the simplified
shear lag model was made, and the results are pretty
similar. For example, the ultimate strength in the range
agrees well with the theoretical predictions which
assume that the ultimate strength of GO sheets in
the SA matrix is around 2.0 GPa (theoretical methods
in SI).! Besides, compared to the stiffness (~60 GPa) of
natural nacre, the Young's modulus of the our compo-
site paper is lower (4.6 + 0.3 GPa), which can be
attributed to massive ductile/soft SA biopolymer. How-
ever, the value is slightly higher than that of the neat
GO (4.5 £ 0.2 GPa) or SA paper (3.1 £ 0.1 GPa), which is
due to the network of H-bonding/cooperative interac-
tions on the GO/SA interface, combined with the
results of XRD patterns (Figure 2g). For a relative low
GO content in the composite paper (9.7—25.5 vol %),
the value increases gradually with the increment of GO
concentration. However, it is also a fact that the
experimental values are by far lower than the theore-
tical values predicted by the Halpin—Tsai laminated
model for perfect orientation of 2D reinforcing sheets
(Figure S6 in SI)."® First, we consider that such variance
can be attributed to the ideal applied model. In the
estimation of the values of the Young's modulus for GO
sheets and the SA biopolymer, there exists a difference
between theory and practice. In particular, the ideal
effective Young's modulus (207.6 + 23.4 GPa) of an
ideal monolayer GO sheet is likely much high than
the realistic modulus,®* as individual GO sheets in
realistic test specimens always contain some defects,
crumpled, folded, entangled with each other, leading
to a relative low Young's modulus of an individual GO
sheet. Second, such discrepancy arises not only from
the “size-dependent effect” of the specimens but also
from the variety of the hybrid GO/SA construction,
interactions, and the possibility of rare but known
GO/SA interphase reinforcement. Therefore, through
analyzing the mechanical test results of our GO/SA
composite paper, although the Young's modulus and
toughness are obviously exclusive, the attainment of
both strength and toughness achieve a vital require-
ment for most structural materials.

The stress—strain curve of the composite paper
under cyclic loading exhibits consecutive enhance-
ment of Young's modulus as the number of loading/
unloading cycles increases. After eight cycles (0.001—
20 MPa, keeping (1 s), and back at 50 um min™"),
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the Young's modulus values of the composite paper
(18.6 vol % of GO) are obviously higher (40—80%
higher for modulus) than that of the species with one
loading/unloading cycle (Figure 3e). In addition, the
creep and recovery curves under the stress of 30 MPa
further show that there is slight residual deformation
after recovery, which indicates that the stronger load
transfer and bonding capabilities can effectively re-
strain the slip between the two components; this
hypothesis is consistent with the repeated cyclic load-
ing experiments (Figure 3f). This result refers to reco-
verable H-bonding networks between hard GO sheets
and a soft SA matrix in the composite paper. Instead,
according to intrinsic toughening/strengthening me-
chanisms, the behavior based on the H-bonding net-
works essentially enhances the composite material's
inherent damage resistance.

Additionally, combined with some related charac-
terizations including XRD patterns, SEM images, and
TG-DSC analysis, the mechanical properties of the
nacre-like GO/SA composite paper in high relative
humidity (>85% RH) (Figure S7) and annealed at
various temperatures (from 50 to 150 °C) under ultra-
pure N, atmosphere (Figure 3g,h and Figure S8) have
also been studied. As a comparison, the mechanical
properties of these samples in the high RH of >85% are
much lower than those of the samples in the natural
environment. The effect of the humid atmosphere on
the mechanical properties of nacre-like GO/SA paper
can be due to a large number of water molecules on
the GO/SA interface/between interlaminations, which
results in the reduced H-bonding/cooperative interac-
tions (the detailed discussion is shown in Figure S7).
Moreover, the strength, toughness, and Young's mod-
ulus of pure GO, SA, and GO/SA composite papers are
found to be dependent on the thermal annealing
temperature, as shown in Figures 3g,h. Note that for
three types of samples, the mechanical properties
remain basically stable or reduce slightly when ther-
mally annealed below 70 °C. With increasing tempera-
ture up to about 150 °C, both strength and toughness
of pure GO paper still remains mostly unchangeable or
reduces slightly, but for pure SA paper, these two
values decrease gradually from 223.1 + 11.2 MPa
and 124 4+ 1.0 MJ m 3 to 14.0 + 2.0 MPa and 0.16 +
0.01 MJ m~3. Notably, as for pure SA paper, the
mechanical property is clearly stronger at a properly
annealed temperature (below 70 °C) than that in the
natural environment. The enhancement may be attrib-
uted to the elimination of partial “free water” that exists
among the SA biopolymer by thermal annealing, which
leads to enhancement of the H-bonding contact and
intermolecular interactions of the SA biopolymer.3®
However, the Young's modulus of pure GO and SA
paper increases first (70—90 °C) and then decreases
(90—150 °C) with the increment of thermal anneal-
ing temperature. For the GO/SA composite paper,
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Figure 4. Digital photograph of rupture process by in situ tensile test (a—c) (see movie S1), fracture morphology (d—f), and
proposed GO-sheet-reinforced (strengthening/toughening) mechanism (d—g) of the nacre-like composite paper (testing
condition: 25 °Cand 15% RH). (a) In situ tensile test of a sample (side view) at T= 12.34 s, with intact states. (b) At T=12.35 5, the
rupture occurs and, simultaneously, a fragment jumps out. (c) Small amount of time later (T = 12.35 s), complete rupture
occurs. (d) Fracture surface of the nacre-like composite paper that exhibits long-range microcrack deflection. Inset:
Amplifying microcrack propagation and fracture at the tip of the microcrack. (e) Microcrack extension on the composite
surface, with the onset of microcrack branching and bridging/adhering by non-microcracked ligaments. Red arrows indicate
the direction of the microcrack extension, and pink dotted lines represent the microcrack extension paths. (f) Complete
fracture of the composite associated with GO sheet fracture/pull out. Note that the fracture/pull out (f;) can further
be observed in a green/blue dotted rectangular box, separately. (g) Simplified structural schematic diagram, showing
well-aligned GO sheets surrounded by the SA matrix. (h) Under tensile stress, the GO sheets effectively transfer loading to the
SA matrix and deflect the microcrack. (i) H-bonding/cooperative force on the GO/SA interface restricts sliding of GO sheets,
which spread rapidly to other GO/SA interfacial layers, accompanied by further increased tensile stress. (j) Composite paper

finally breaks under the GO sheets' fracture/pull out mode.

although both strength and toughness decrease gra-
dually from 250.5 & 12.3 MPa and 6.84 & 0.1 MJm > to
68.3 & 4.2 MPa and 0.37 + 0.15 MJ m~3, the Young's
modulus increases gently from 54 + 04 to 9.6 +
0.1 GPa with the increment of thermal annealing tem-
perature. As a whole, below 110 °C, the mechanical
property of the nacre-like composite paper is stronger
than that of pure GO or SA paper. Combining the
XRD and TG-DSC measurement results (Figure S8d—g),
these results further demonstrate that water molecules
in the composite play a significant role in adjusting
the mechanical property. So, the reduction of both
strength and toughness and the enhancement of
Young's modulus when treated above 70—150 °C
(Figure 3g) is due to as a sequence of water molecules
from the loss of “free water” and partial “confined
water” in the material.

On the basis of the above results of the mechanical
properties under wet environment/thermal annealing
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with different temperatures, the GO/SA composite
paper is much more suitable for being used in the
natural environment or below 70 °C, by holding the RH
relatively low to keep the excellent mechanical perfor-
mance. In order to reveal the strengthening and
toughening mechanism of the binary synergy, rupture
process and fracture morphology of the composite are
carefully studied, as displayed in Figure 4a—f (see more
details in movie S1). The composite paper could main-
tain the integrity after a period of stretching (T=12.33S),
and some invisible microcracks at the edge of the
sample appeared (Figure 4d). At T = 12.34 S, cracks
propagated rapidly, and a fragment jumps out simul-
taneously (Figure 4b), and complete rupture occurred
during a tiny instant (assuredly far less than 0.01 s,
Figure 4c), indicating tortuous crack extension paths,
crack deflection, and brittle rupture, which is abso-
lutely different from the fracture feature of pure GO or
SA paper (see movies S2 and S3). Moreover, at the
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micrometer scale, some tortuous/long-range micro-
crack paths emerge on the surface, and the amplified
tip of microcracks is observed in the nacre-like paper
by the SEM image (Figure 4d). During the microcrack
extension, incomplete fracture and microcrack brid-
ging/adhering are observed inside the microcrack
(Figure 4e). As further microcrack extension, the com-
plete rupture associated with GO sheet fracture/pull
out is also seen in Figure 4f—f;, which is also success-
fully predicted by simplified shear lag model (see Sl for
details). The feature of the fracture surface for the
nacre-like composite paper is fully distinguished from
that of pure GO or SA paper (Figure S9).

In terms of the strengthening effect, on the one
hand, the GO/SA paper is structured hierarchically and
actually consists of nanometer-sized GO/SA building
blocks, providing a benefit from mechanical size ef-
fects (size-dependent strengthening). On the other
hand, more interestingly, based on a shear model,
combined with our experimental results (see Scheme
S1in SI),*® we can successfully quantify the strength
behavior of the unit cell in the composite paper. As a
result, the practical shear stress (r = 62.7 MPa) on the
GO/SA interface, corresponding to the ultimate stress
in our experiment, is consistent with the average shear
stress (T,ve =63 MPa) by theoretical calculation, verifying
the realization of the strengthening effect. Furthermore,
by analyzing both intrinsic and extrinsic toughening of
natural nacre and combining fracture morphology and
the fracture process of the nacre-like composite (see
movie S1), we infer that the GO/SA paper relies similarly
on the toughening mechanism. On the scale of the
ductile SA biopolymer macromolecules, intrinsic tough-
ening (plasticity) is the primary source of fracture resis-
tance through the mechanisms of molecular uncoiling
and intermolecular sliding of molecules, akin to the
nanometer size of dislocation of Burgers' vector in
metals®> On the other hand, at micrometer-size scale,
the principal sources of toughening are extrinsic and
cause extensive crack deflection (the crack can be
deflected around the GO/SA interface, requiring more
energy to propagate than a straight crack) and crack
bridging by uncracked ligaments (Figure 4b). Therefore,
the reason for extrinsic toughening can be mainly due to
the breaking of sacrificial bonds (H-bonding/cooperative
interactions) that increased energy dissipation at the
GO/SA interfaces. Finally, the tortuous crack path and
pull out/fracture of GO sheets, with movie S1 in the SI
showing the fracture of the composite paper in the
environment at ordinary temperature (25 °C) and or-
dinary humidity (15% RH), further provide the major
responsibility of both intrinsic and extrinsic toughening.
Hence, the form of the hybrid GO/SA interfacial struc-
ture (the binary synergism) from stiff GO sheets as a
filler/brick and soft/ductile SA biopolymer as a matrix/
mortar is beneficial to realize the strengthening and
toughening of the nacre-like composite.
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By analyzing the fracture process and fracture mor-
phologies of the composite paper as described above,
combined with the strengthening/toughening me-
chanisms of biological composite materials (e.g., nacre,
bone), we proposed a crack extension model to de-
pict the binary synergistic strengthening/toughening
effect, as shown in Figure 4g—j. First, a deflected/
tortuous microcrack induced by a GO sheet adhered
to the SA biopolymer, and a massive cooperative force
including H-bonding and other intermolecular interac-
tions on the interface can be restricted to the sliding
of adjacent GO sheets (strain hardening, Figure 3g).
Second, the increasing stress transferred to the vicinal
region along the interfacial layer rapidly, which subse-
quently motivates the potential sliding of adjacent
multiple layers (Figure 4h). Such microcrack deflection,
strain hardening, and motivation of the potential slid-
ing of multiple adjacent sliding sites are accumulated
step-by-step until the materials fail under platelet
fracture/pull out mode. Besides, from the nonlinear
stress—strain curve (Figure 3a), the deformation pro-
cess, possibly including viscoplastic and plastic defor-
mation, demonstrated by the strain hardening, is
similar to the deformation of hydrated nacre. There-
fore, a large amount of the viscoplastic/plastic energy
dissipation by the hybrid GO/SA layers in a synergy
pervades through the full specimen, rather than only
on the fracture surface.

Figure 5 summarizes the natural environment me-
chanical performance of the GO- and SA-related pa-
pers from the literature. The ultimate stress (286.2 MPa)
of our nacre-like paper is approximately 2—3-fold
higher than that of natural nacre (80—135 MPa), bone
(150 MPa), and dentin (105 £ 16.4 MPa). The highest
measured toughness is up to 18.1 & 0.6 MJ m 3, which
is more than 10 times higher than that of the natural
nacre, 15 times higher than that of the bone, and over
9 times higher than that of the dentin. Also, the tensile
strength and toughness are many-fold (10—20) higher
than those of the SA/PEO nanocomposite fibers®” and
are obviously higher than those of the SA/SWCNT
fibers,”® respectively. In addition, the ultimate stress
is 1.5—14 times higher than those for most of the
composite materials containing GO sheets, and the
toughness is also many-fold (2—100) higher.'*'438-40
For instance, although the GO/silk nanocomposite
shows very high strength of 330 MPa, its toughness is
only 3.4 MJ m—32 Moreover, GO/PAA shows a con-
siderably high toughness of 9.8 MJ m 3, and their value
of ultimate stress is very low due to a weak poly-
(e-caprolactone) matrix.*' However, the Young's modulus
of the nacre-like GO/SA paper is lower than that of
most GO- and SA-related papers, which can be attrib-
uted to the intrinsic property/feature (low modulus
and high ductility) of the SA polysaccharide biopoly-
mer, which is a large proportion of the composite.
Despite its own relative low Young's modulus, the
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Figure 5. Comparison of mechanical properties among GO- and SA-related papers in the natural environment. All of data for
the materials were taken from the respective papers that provide the ultimate stress, toughness, and Young's modulus. The
arrow displays the overall desired direction for the composite reinforcement. (*Abbreviations (see Sl for details). **Reference:
nacre,® bone,*? dentin,*”* GO paper,** SA film,* GO/PCL,*® GO/Ca®",** GO/PAA,*' GO/PAH,” GO/PMMA,"> GO/(PAH—PSS)
membrane,'® GO/GA,** GO/borate,’> GO/CS,*® GO/PVA,*® GO/PCDO,”' GO/SF membrane,” GO/PDA.>)

nacre-like GO/SA composite paper can achieve excel-
lent strength and toughness, and this material still has
a great potential advantage of being applied in en-
gineering materials in order to prevent catastrophic
fracture.

CONCLUSION

Taken all together, by mimicking the hybrid struc-
ture of natural nacre, we successfully fabricated a kind
of nacre-like GO/SA composite paper. The binary
synergistic strengthening/toughening enhancement
from both components with a complementary het-
erogeneous nature of abundant oxygen-containing
functional groups on their surfaces was promoted by
strong cooperative/H-bonding interactions that parti-
cipated in the interfacial bonding of the composite
paper. Importantly, it exhibited a unique combination
of high strength (272.3 4+ 13.9 MPa) and toughness

EXPERIMENTAL SECTION

Preparation of Graphene Oxide, Sodium Alginate, and Composite
Dispersions. Graphene oxide was prepared from graphite pow-
der by the modified Hummers method. Briefly, graphite powder
(3.0 g) was vigorously stirred with a blend of concentrated
H,S0,4 (120 mL) and KMnO, (15 g) below 20 °C for 20 h to yield
GO (see Sl for synthetic details). Colloidal GO dispersion was
prepared following a reported literature protocol by suspend-
ing the as-prepared GO in water and sonicating for 60 min. This
dispersion was purified via centrifugation (see Sl for synthetic
details). Complete exfoliation of GO into GO sheets in the
dispersion was demonstrated by the absence of a diffraction
peak in the PXRD pattern, the characterized G and D bands in
the Raman spectrum, and the individual GO sheets of AFM
images. Aqueous SA solution was obtained by adding the SA
biopolymer into deionized water, which was stirred for 60 min to
dissolve fully. Composite dispersions of GO and SA were pre-
pared by incorporating a colloidal GO dispersion (1 mg mL™")
into an aqueous solution of SA (0.3 wt %).

Fabrication of Graphene Oxide, Sodium Alginate, and GO/SA Composite
Papers. GO, SA, and GO/SA composite papers were prepared by
filtering the diluted colloidal GO dispersions, aqueous SA solu-
tion, or composite dispersions, respectively, through a CN-CA
mixed cellulose filter membrane. A series of GO/SA composite
papers with different GO concentrations could be obtained by
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(125 MJm~3, up to 18.1 + 0.6 MJ m~3 in some cases),
by far superior to that of all natural nacre and other
binary GO- and SA-related composites. In addition, by
analyzing the failure behavior, we found that it strongly
depends on the interface strengthening and both
the intrinsic and extrinsic toughening mechanism.
Notably, accompanying a thickness increase, the
mechanical performance of the paper still remains
relatively stable and maintains its outstanding me-
chanical performance in an environment below 70 °C
and with relatively low RH.

Due to the outstanding mechanical properties, fast
fabrication, controlled permeability, and natural bio-
compatibility, the nacre-like GO/SA composite paper
will be beneficial for potential applications, such as
biosensing devices, scaffolds, nanoporous biological
and chemical filters, and permeable membranes for
separation and delivery.

tuning the volume ratios of colloidal GO dispersions to the
aqueous SA solution. A water circulation multifunction vacuum
pump with a vacuum filter holder was utilized for vacuum
filtration. After filtration, specimens were air-dried until they
could be peeled off the paper for analysis.

Thermal Annealing Treatment of Graphene Oxide, Sodium Alginate,
and GO/SA Composite Papers. GO, SA, and GO/SA composite papers
were thermally annealed at different temperatures (50—150 °C)
by a SK-G10123K pipe furnace (Tianjin Zhonghuan Lab Furnace
Co., Ltd.) in a 50 mL min~" flow of 99.9995% N, atmosphere for
2 h prior to the measurements.

Characterization. The tensile mechanical properties were
measured using a Shimadzu AGS-X tester with a dynamic
mechanical analyzer. Static tensile tests were evaluated at a
load speed of 1 mm min~" with a gauge length of 5 mm. Short
time creep tests were conducted in the tensile mode at 27 °C
with an applied stress of 30 MPa and a ramp rate of 20 um
min~", and the creep strain was determined as a function of
time (when tensile stress was up to 30 MPa, kept for 30 min, and
then deformation recovery, waiting for 60 min). The cyclic
tensile tests were monitored with a preload of 0.01 N for 2 h
at 27 °C, a tensile stress of 20 MPa kept for 1's,and a ramp rate of
50 um min~" for eight cycles. A humidifier was used to maintain
high relative humidity (>85% RH) in order to carry out the in situ
tensile test of the samples with a load speed of 500 zm min™" with
agauge length of 5 mm. All of the papers were cut into strips with
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a length of 20 mm and a width of 3 mm. The specimen thickness
was obtained from the SEM image of the fracture edges.

SEM images were taken by the Quanta 250 FEG. AFM was
performed by a Bruker Dimension Icon to obtain the rms
roughness and topography. All of the XPS measurements were
taken in an ESCALab220i-XL (Thermo Scientific) using a mono-
chromatic Al Ko X-ray source. Raman spectroscopy measure-
ments were carried out using a LabRAM HR800 (Horiba Jobin
Yvon) with a 514 nm wavelength incident laser. FTIR spectra
were collected using a Thermo Nicolet nexus-470 FTIR instru-
ment. UV—vis spectrum was taken by a UV—vis—NIR spectro-
photometer (UV-3600, Shimadzu). Thermogravimetric (TG)
analysis was performed on a TG/DSC, NETZSCH STA 449F3,
under N, at a temperature increasing rate of 10 °C min~".
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