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N
atural nacre develops a hierarchical
microstructure through a biominer-
alized process to optimize its me-

chanical properties.1,2 The typical micro-
structure of nacre embraces two levels of
hierarchy.3,4 In the first level, aragonite plate-
lets are decorated with nanograins on the
surface (Figure 1a). In the second level, nano-
structured aragonite platelets and biopoly-
mers are alternately stacked into “brick-and-
mortar” layered microstructure (Figure 1b),
which is demonstrated to play a key role in
the integration of excellent toughness and
strength.5 The highly oriented layered struc-
ture helps to carry load in the direction
parallel to the lamellae, while the nanoaspe-
rities could modulate the sliding of aragonite
platelets via contact friction and generate
high stress to attain inelastic strain.6,7

In nacre-inspired hybrid materials, great
attempts have been made to mimic the
second level of hierarchy in nacre and built
layered composites through a range of
assembly techniques based on inorganic
micro/nanoplatelets.8 The employedmicro/
nanoplatelets include clays,9�16 Al2O3,

17

layered double hydroxides (LDH),18,19

graphene oxide,20�24 and other artificial

platelets.25,26 Although the mimic protocol
is rather simple, the first level of hierarchy,
such as the surface roughness of the
“bricks”, is hard to accomplish.27 Since most
reported micro/nanoplatelets feature a
smooth surface, which is in contrast to the
rough aragonite platelets in natural nacre, it
is highly desirable to replicate the hierarch-
ical microstructure of nacre instead of sim-
ple layered structure.28,29

To construct nacre-like hierarchical mi-
crostructure, the key challenge is to create
synthetic “brick” with nanoasperities. It is
well-known that polypeptide-templated bio-
mineralization is a highly controllable route to
obtainwell-defined organic�inorganic nano-
objects underbenign reaction conditions.30,31

We recently demonstrated that a double hy-
drophilic poly(ethylene glycol)-b-poly-L-lysine
(PEG�PLL) could direct formation of silica
platelets, which can be redispersed in polar
solvents.32Moreover, both roughand smooth
silica platelets with controllable size andmor-
phology can be readily prepared in large
quantity. To fabricate layered nanocompo-
sites, the rough or smooth silica platelets
and poly(vinyl alcohol) (PVA) are alternately
stacked into layered structure through
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ABSTRACT Natural nacre with superior mechanical property is generally attributed to the layered

“brick-and-mortar” nanostructure. However, the role of nanograins on the hard aragonite platelets, which

is so-called nanoasperity, is rarely addressed. Herein, we prepared silica platelets with aragonite-like

nanoasperities via biomineralization strategy and investigated the effects of nanoasperity on the mechanical

properties of resulting layered nanocomposites composed of roughened silica platelets and poly(vinyl

alcohol). The tensile deformation behavior of the nanocomposites demonstrates that nanograins on silica

platelets are responsive for strain hardening, improved strength, and toughness. The structure origin is

attributed to the nanoasperity-controlled platelet sliding.
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dip-coating strategy. The correlation between the
hierarchical structure and tensile deformation beha-
viors is investigated. Different from smooth platelets,
rough platelets induce strain hardening, further
leading to improved strength and toughness. Cyclic
loading�unloading behaviors then verify the nano-
asperity-controlled deformation through platelet con-
tact friction.

RESULTS AND DISCUSSION

The surface roughened SiO2 platelets used in pre-
sent study were synthesized employing PEG114-PLL68
copolymer as template (1H NMR of PEG114-PLL68; see
Supporting Information, Figure S1). The diblock copo-
lymer directed the precipitation of SiO2 platelets
through electrostatic interactions and hydrogen bond-
ing between PLL block and the negatively charged

silicic acid precursor,33 while the PEG block was re-
sponsive for the stable dispersion of nanoparticles in
polar solvents. The surface characteristic of platelets
mainly depended on the proportion of copolymer and
silicic acid (see Methods for details). Given the excess
silicic acid condition, plenty of nanograins were at-
tached to the surface of platelets to offer rough plate-
lets (RP) with uniform size (Figure 1c). RP is essentially a
closer mimic to aragonite platelets found in natural
nacre as compared to those reported examples.34 The
typical lateral dimension and thickness of RP were
about 1.4 μmand 13 nm, respectively, while the height
of nanograins is 5�7 nmwith a distribution in the order
of 100�300 nm (Figure S2a). We further found that
nanograins were bound firmly to the surface of plate-
lets since they can maintain their integrity after ultra-
sound or stress treatment (Figures S3 and S4). In order

Figure 1. Comparison between layered films fabricated with rough/flat platelets and natural nacre stacked with aragonite
platelets. (a) Nanograins on the platelets of red abalone.35 (b) SEM of fracture surface of inner nacreous layer in red abalone
shell.36 Inset: digital photo of inner nacreous layer of the nacre. (c) SEM of rough platelets in high (inset) and low
magnification. (d) Fracture surface of layered films fabricated with rough platelets after quenching by liquid nitrogen and
the photo of fabricated films (inset). (e) Platelets with flat surface shown in high (inset) and low magnification. (f) Fracture
surface of layered films fabricated with flat platelets after quenching and the corresponding fabricated films (inset).
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to investigate the effect of nanoasperities on the over-
all mechanical response, we also prepared flat platelets
(FP) with smooth surface using the same method
except that less silicic acid precursors were applied in
contrast to RP (Figure 1e). Sizes of the FP were delib-
erately chosen, and the lateral dimension and thick-
ness were close to RP (1.6 μm � 12 nm, Figure S2b).
Two as-prepared platelets are both positively charged
in water and could be easily redispersed in polar
solvents (Figure S5), conducive to fabrication of uni-
form composite films.
The layered hybrid films were fabricated based on

sequential adsorption of platelets (ethanol suspension)
and PVA (water solution). The adsorption of the two
materials was favored through hydrogen bonding
between �OH of PVA and Si�O�Si on the platelet
surface (Figure S6), and SEM verified the dense cover-
age of the platelets on the PVA layer (Figure S7).
Sequential repetition led to multilayered hybrid films
(RP/P and FP/P, insets of Figure 1d,f). We tuned the
platelet loading through altering the weight concen-
trations of PVA solution (0.5, 1, and 2 wt %). Pure PVA
films were also prepared as control samples via solu-
tion casting. Thermogravimetric analysis shows that
RP/P and FP/P fabricated with the same PVA concen-
tration were composed of nearly the same platelet
weight fractions (RP/P-16, 25, 40 and FP/P-15, 24, 41,
numbers in sequence represent platelets fraction in
wt %, Figure S8). The cross-sectional SEM after quench-
ing by liquid nitrogen reveals a good alignment of both
RPs and FPs (Figure 1d,f).
Figure 2a plots the stress�strain curves of both RP/P

and FP/P hybrid composites with different composi-
tions. The pure PVA films show a large tensile strain of
65%, but low Young's modulus of 600 MPa and tensile
strength of 14 MPa (Table S1). Compared with pure
PVA, the hybrid composite film with 40 wt % RP
displays 4.5 times higher Young's modulus and nearly
4-fold higher tensile strength. Other mechanical prop-
erties are also impressive, especially tensile toughness
(Table S1). Most remarkably, RP/P with high platelet
contents tends to display continuous strain hardening
and develops exceptional tensile toughness under
deformation (Figure 2a). For FP/P, the Young'smodulus
and the ultimate strain are comparable to RP/P, while
featuring a lower strength and tensile roughness par-
ticularly at higher platelet contents (Table S1). In stark
contrast to strain hardening of RP/P, FP/P shows sig-
nificant softening after yielding and holds the response
up to failure. The comparison of tensile test results
indicates that nanoasperity is an essential ingredient in
strain hardening andplays a crucial role in strength and
toughness.
To elucidate themechanisms of the strain hardening

and impressive toughness of RP/P, surface and fracture
morphology of RP/P tensile specimens with high plate-
let contents were examined. A great number of narrow

microcracks was observed on the surface of RP/P
tensile specimen (Figure 2b), possibly derived from
the extensive sliding of interior platelets. On the basis
of the irregular morphology of the fracture surface
(Figure 2c and inset), it is considered that the ductile
rupture occur under platelet pull-out mode rather than
platelet fracture.17 According to the information on
mechanical response and developed morphologies
under stress loading, we have proposed the deforma-
tion processes of present nacre-inspired nanocompo-
sites, as schematically shown in Figure 2d. Under
loading in tension along the platelets plane, rough
platelets start to slide at one point accompanied by the
shear deformation of PVA interlayer when the yield
stress is reached. Accordingly, the interfacial gap be-
tween adjacent platelets decreases. After sliding to a
certain distance, the nanograins on RP surface start

Figure 2. Mechanical tensile properties of the layered films
and proposed deformation mechanisms. (a) The tensile
stress�strain curves of RP/P, FP/P, and pure PVA. (b) SEM
of a tensile specimen of RP/P (top surface) and microcracks
can be found in large areas. Arrows indicate the direction of
tensile stress. (c) SEMof fracture surface of RP/P. Inset shows
the profile morphology of contacted RPs after stretching.
(d) Proposed deformation processes: initial configuration
(I), deformation (II, III), and failureprocesses (IV). The regions
in IV labeled by red and blue joint lines correspond to the
SEM morphologies of panels b and c, respectively.
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to contact and interact (Figure 2d, I to II), which results
in mechanically interlocking of the local platelets
and generating higher stress, i.e. strain hardening
(Figure 2a). The increased stress triggers new sliding
sites of adjacent platelets during the process of
climbing obstacles (Figure 2d, III). The sliding-contact-
triggering-climb process proceeds repeatedly until all
potential sliding sites are exhausted. Finally, platelets
pull out leaving PVA under high shear stress, and the
specimen fails after fracturing of PVA interlayers
(Figure 2b, schematic shown in IV of Figure 2d). Platelet
sliding occurs at a large volume, resulting in the
development of many narrow microcracks on the top
surface (Figure 2c, schematic shown in IV of Figure 2d).
Energy dissipation also pervades through a relatively
large volume, rather than only at the fracture surface,
leading to large tensile toughness. As for FP/P, because
of the absence of nanoasperities, platelets slide in a
relatively uncontrollable way (Scheme S1). Centralized
wide microcracks can be randomly observed on the
fracture surface of tensile specimen FP/P (Figure S9),
and significant softening and lower tensile roughness
are measured (Figure 2a).
To further confirm the role of nanoasperities in the

deformation process, cyclic loading�unloading test is
performed in tensile mode.37�39 The samples were
loaded to maximum applied stresses close to yield
strength at 10 MPa/min and then unloaded to 0 at
60 MPa/min (see Methods for details). The cyclic
stress�strain curves for RP/P-25 and FP/P-24 are

shown in Figure 3a. It can be found that RP/P-25 has
higher strain at break and cyclic number than those
of FP/P-25. The representative single cycles were ex-
tracted from the cyclic stress�strain curves (Figure 3b).
Compared with FP/P-24, RP/P-25 shows an obviously
smaller strain at the same number of cycles, which
indicates that the nanoasperities on rough platelet
surface indeed play a direct role in retarding the sliding
of platelets, as proposed in Figure 2d. Another obvious
distinction is that the area enclosed by loading and
unloading curves of RP/P-25 is smaller than that of
FP/P-24. The area represents the energy dissipated per
unit volume of materials through plastic deformation
of PVA, which reflects the permanent damage of
microstructure. The area of every cycle was integrated
and then sequentially accumulated. Thus, the depen-
dence of the accumulated energy on the number of
cycles was obtained (Figure 3c). RP/P-25 shows slower
energy dissipation rate than FP/P-24, and the total
energy dissipation for RP/P-25 before fracture is about
three times higher than FP/P-24. These results mean
that nanoasperity-controlled sliding decreases the en-
ergy dissipation rate and improves the gross energy
dissipation, which leads to improved cyclic life and cor-
responds to fatigue-resistance behaviors (Figure 3d).
Themean cyclic life of RP/P-25 is 180%higher than that
of FP/P-24 at the maximum stress of 30 MPa. Such
variation trend is also reflected in the comparison of
RP/P-40 with FP/P-41 (Figure S10). Surprisingly, the
mean cycle life of RP/P-40 is about 27 times higher

Figure 3. Cyclic loading�unloading behaviors of RP/P and FP/P. (a) Cyclic loading�unloading curves of RP/P-25 (up) and FP/
P-24 (down) at maximum loading stress of 30 MPa. (b) Corresponding loading�unloading curves of RP/P-25 and FP/P-24 at
10th, 50th, and 100th cycle. (c) The accumulated areas of sequential single cycle in terms of dissipated energy of RP/P-25 and
FP/P-24. (d) Maximum tensile stresses versus the number of cycles to failure of RP/P-25, 40 and FP/P-24, 41.
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than FP/P-41 at 36 MPa. The results of cyclic tests
further confirm that nanoasperities play a critical role
in controlling the sliding of platelets and avoid-
ing premature failure of materials, as proposed in
Figure 2d.

CONCLUSION

In conclusion, we have fabricated hierarchical com-
posites in a close mimic of natural nacre employing
artificial platelets with unique nanoasperities. These
platelets were prepared via biomineralization strategy
with great control over their surface roughness and

dimensions. The tensile deformation behavior of
present nanocomposites suggested that incorporation
of nanoasperities could achieve a remarkable mechan-
ical response of strain hardening, as well as enhanced
strength and tensile roughness. The cyclic tests further
provided proof of the nanoasperity-controlled sliding.
These results provided an insight into the effect of
nanoasperities on tensile deformation behaviors and
further confirmed the significant role of nanoasperities
on natural nacre. Our model materials could offer a
new concept to optimize the mechanical properties of
bioinspired layered composites.

METHODS

Preparation of Rough Platelets and Flat Platelets. We prepared
two platelets through the method of biomineralization using
PEG114-b-PLL68 diblock copolymers as template. Rough plate-
lets (RPs) were prepared under excess silicic acid conditions.
Typically, 100 μL of PEG114-b-PLL68 solution (10�15mg/mL) was
dispersed in 20 μL of sodium phosphate buffer (pH 7.5, 0.1 M)
for about 4 min. Then a freshly prepared solution of silicic acid
(60 μL TMOSmixedwith 15 μL, 1MHCl) was added to the above
mixture. The products were then isolated via centrifuge and
dried in vacuum oven. To obtain flat platelets, higher content of
buffer (80 μL) and lower TMOS content (15 μL), which hydro-
lyzed in 85 μL HCl (1 M), were used.

Preparation of RP/P and FP/P Layered Films. Dip-coating was used
to fabricate layered films through the hydrogen-bonding inter-
actions between PVA (Mw: 9000�10000, Sigma-Aldrich) and
platelets. In a typical procedure, platelets were first dispersed in
ethanol by ultrasound to form 2 mg/mL dispersion, and then a
cleaned silicon wafer was immersed in the dispersion for 5 min.
After being rinsed by deionized water and completely dried in
air, the silicon wafer was immersed in PVA solution (0.5, 1, or
2 wt %) for another 5 min, and again rinsed by deionized water
and dried on a heating stage. This procedure gave a bilayer of
platelets/PVA. The cycle could be repeated to obtain the desired
number of bilayers. Free-standing hierarchical films with
desired thicknesses were peeled from the silicon wafer. The
obtained films were further dried on the heating stage at
65 �C for 1 h and then dried in a desiccator for 1 day prior to
mechanical tests.

Characterization. The SEM images were obtained with a field
emission scanning electron microscope (S-4800, Hitachi and
JEOL-6700) at an acceleration voltage of 5 kV. The mechanical
properties of the hierarchical films were carried out on an
Instron 3365 universal mechanical testing machine at room
temperature (23( 2 �C, 55% relative humidity) with a crosshead
speed of 2 mm/min, and at least 5 replicates were tested for
each sample to obtain tensile properties. The cyclic loading and
unloading tests were carried out on dynamic mechanical
analysis (DMA, TA DMA Q800 instrument). The sample tested
on various maximum stresses always referred to a sample that
had not been previously deformed. The test temperature was
25 ( 1 �C, with the use of an air-compressed jet to maintain
a constant, controlled temperature. The specimens were
clamped to two metal clamps, resulting in specimens measur-
ing (5( 0.2)� (5( 0.2)� (0.02( 0.005) mm3 (length�wide�
thickness). The program was as follows: (1) ramp stress 10 to
30 MPa/min; (2) ramp stress 60 to 0 MPa/min; (3) repeat
segment 1 for 10 000 times. Atomic force microscopy (AFM,
Multimode 8, Digital Instruments) was performed in the ScanA-
syst mode in an ambient atmosphere. Zeta potential of the
platelets was measured in water dispersion using a Zetasizer
(Nano Series, Malvern Instruments, U.K.) at 25 �C. X-ray photo-
electron spectroscopy (XPS) data were obtained from an
ESCALab220i-XL electron spectrometer from VG Scientific using

300 W AlKR radiation. The platelet amounts were assessed by
thermogravimetry analysis (TGA, Pyris 1 TGA from PerkinElmer).
The samples were heated up to 800 �C at a heating rate of
10 �C/min under air atmosphere.
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