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As natural evolution, nacre, a biogenic organic-inorganic composite, fulfills an ingenious combination of

remarkable strength and toughness. Its basic building block, the individual nacre tablet, assumes an

important mechanical function. Unravelling its design strategies can hence provide essential instruction

for the pursuit of high-performance artificial composites. Here, nanostructure inside the individual nacre

tablet (Pinctada maxima) was investigated using transmission electron microscopy techniques. Results

show that organic matter is trapped inside the tablet in islet-like and sheet-like manner, respectively. More

interestingly, crystal structure of aragonite scaffold is still continuous and homodromous throughout the

whole tablet even in this case. A biomineralization mechanism of the tablet is discussed based on this

finding.

Introduction

In order to survive in surrounding environment, mollusks evolved
various elaborate shells to avoid fierce impact from predators. In
general, they are of unique architecture, and hence gain superior
mechanical performance. Nacre, inner iridescent layer of mollusk
shells, has been taken as a research model for its regular structure
and prominent mechanical behaviors. With addition of 5%
organic matter, this natural organic-inorganic composite presents
a precisely designed brick-and-mortar architecture and fulfills an
ingenious combination of remarkable strength and toughness .
It inspires numerous researches to unravel its design strategies in
pursuit of high-performance artificial composites >

To create artificial nacre-like composites, designing the
tablet-like inorganic building blocks with appropriate mechanical
properties is indispensable '*'°. Mechanical experiments
demonstrate that nacre usually fractures in a tablet-pull-out mode,
in which the organic matrix yields prior to the occurrence of
tablet fracture * 22 In this regard, the individual nacre tablet as
the basic structural unit, must be strong and tough, which,
actually, has been confirmed. Plastic deformation of the tablet
was observed in nanoindentation tests > and the toughening
origin was ascribed to its sophisticated nanostructure inside 2%,
In view of this, revealing the nanostructure of the individual
nacre tablet systematically has important guiding significance to
design brick-like elementary unit with appropriate mechanical
performance, which undoubtedly holds the key to mimic the
artificial nacre-like composites.

The individual nacre tablet has long been regarded as a
conventional single crystal for its single-crystal electron
diffraction patterns. However, further investigations indicated
that the tablet contains intracystalline organics and has
nanostructure > *°, Recently, transmission electron microscopy
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(TEM) and atomic force microscopy (AFM) investigations
revealed that the individual nacre tablet is not a single crystal but
rather composed of highly oriented nanocrystals or nanotablets
which are separated by the continuous organic framework 2253,
On the other hand, the isolate voids and strips were observed
inside the individual nacre tablet, energy dispersive X-ray
spectroscopy (EDX) and electron energy loss spectroscopy
(EELS) investigations suggested that they should be the trapped
intracrystalline organics **3¢ % 3% Apparently, the sophisticated
nanostructure of the tablet still remains bewildering, especially
how the organic molecules are associated with the mineral host.
Therefore, more systematic work is needed.

In this work, individual nacre tablet from shell of Pinctada
maxima was investigated. Our results show that the islet-like and
sheet-like organics are trapped in the continuous crystalline
scaffold. The tablet’s sophisticated nanostructure may endow
itself with increased toughness, which could further contribute to
the macroscopic fracture resistance of the shell.

Experimental
Materials:

Mature nacre materials from Pinctada maxima that belong to the
class of bivalve were chosen for the investigation. Fresh shells
were obtained from South China Sea. To minimize the
detrimental effect of drying on the nanostructure and fracture
behavior of the nacre tablet, the shells were cleaned and air
delivered in ice to the laboratory. The block nacre samples were
cut from the nacreous layer of the shells with a water-cooled,
low-speed diamond saw.

Scanning electron microscopy:

Block nacre samples were fractured by flexural tests carried out
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image of the fractured nacre tablet. (a) Cross-section. (b) Top-
surface. The individual nacre tablet is indicated by stain.

A ~ 100nm |

Fig. 2 TEM bright-field images of the tablet at different zones. (a)-(c)
Cross-section, dashed rhombus and ovals indicate the locations of
quadrilateral and striation defects, respectively. (d) Top-surface, dashed
circles indicate the locations of circular defect.

win a SANS CMT4203 universal testing machine. Then the
samples were gold sputter coated and observed with HITACHI S-
4800 field emission scanning electron microscopy at S5kV
accelerating voltage.

Transmission electron microscope:

15 For nanostructure analysis, the block nacre were further cut into
thin slices in thickness of 0.3mm by using a water-cooled, low-
speed diamond saw. After mechanically grounding to 50pm in
thickness and polishing in both sides, these thin slices were glued
on the single-hole microscopy Cu-grids. Final thickness for

20 electron transparency was performed with ion milling on
precision ion polishing system (PIPS, Model 695, Gatan)
equipped with a liquid nitrogen cooling controller. To minimize
the detrimental cumulative effect of ion beam during the thinning
process, the milling temperature was kept at -50°C constantly.

2s After perforation, the specimens were evaporated with a thin
gold-coating layer to insure the evacuation of electrical charges
during TEM operation. TEM observations were conducted with
Tecnai G* F20 field emission transmission electron microscope at
an accelerating voltage of 200kV.

30

Fig. 3 (a) Schematic illustration of a thin foil with islet-like defects
incorporated, showing characteristics of quadrilaterals on the (hkO)
35 planes and circles on the (001) plane. (b) Schematic illustration of a thin
foil with sheet-like defects incorporated, showing characteristics of
striations on the (hk0) planes while none contrast on the (001) plane.

Results and discussion

Scanning electron microscopy (SEM) image of the fractured
sample reveals highly ordered nacre tablets. The individual nacre
tablet is approximately 300-400 nm in thickness and several
micrometres in width (Figure 1).
To further investigate sophisticated nanostructure inside the
individual nacre tablet, systematic TEM analyses were carried
ss out. Figure 2 shows the magnified images of the tablet. The
selected area electron diffraction (SAED) pattern insets exhibit
characteristics of single crystal that can be indexed as the [100]
(Figure 2a), [010] (Figure 2b), [110] (Figure 2c) and [001]
(Figure 2d) zone axes of the aragonite crystal, respectively

so (lattice parameters a = 4.9623 A, b = 7.968 A, ¢ = 5.7439 A,
space group Pmcen (62), JCPDS file 41-1475). In cross-sections of
the tablet (Figure 2a-2c), trapped quadrilateral and striation
defects (indicated with dashed rhombus and ovals, respectively)
are observed. The quadrilateral defects range from 10-40 nm in

ss size, and the striation defects are approximately 20-60 nm in
length and 1-2 nm in thickness. While, on the (001) crystal plane
(top-surface) of the tablet (Figure 2d), only circular defects
(indicated with dashed circles) in size of 10-40 nm can be
identified. Tens of tablets were surveyed in the present study and

0 they showed coincident morphology when viewed down the same
orientation.

The intracrystalline defects have attracted increasing
attention in recent years. Lots of efforts have been laid on their
three-dimensional distribution ** 3 3% 40 Electron tomography

6s reconstructions, combined with TEM, exposed that quadrilateral
defects are randomly distributed inside the individual nacre
tablet. The shape of these defects was reconstructed to be islet-
like in three-dimensional space ***®. As seen in Figure 3a, a thin
foil with islet-like defects incorporated exhibits characteristics of
70 quadrilaterals and circles in projections of the [hkO] zone axes
and the [001] zone axis, respectively, coinciding with the
morphology observed by TEM (Figure 2). In contrast, because of
the limited resolution of the tomography data **, the striation
defects with a thickness of 1-2 nm were not clearly identified.
75 This kind of defects has been discovered in previous study on the
nacre of Hyriopsis. cumingii >°. Interestingly, they did not show
any contrast either in the diffraction contrast or the Z-contrast
operation when viewed down the [001] zone axis, as a result, they
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Fig. 4 HAADF-STEM images of the tablet. (a) Cross-section. (b) Top-
surface. The defects (indicated by dashed rhombus, ovals and circles)
show darker contrast compared to the aragonite scaffold.

Fig. 5 (a) Bright-field image of an individual nacre tablet. The
corresponding SAED pattern inset is indexed as the [100] zone of
aragonite crystal. (b)-(f) HRTEM images taken from the rectangular areas
labelled in (a), showing continuous and homodromous aragonite lattice
sequences.

were suggested to be thin sheet-like in three-dimensional space *.
To make more detailed analysis geometrically here, a schematic
diagram of thin foil with sheet-like defects is indicated in Figure
3b. The corresponding projections of the [hk0] zone axes exhibit
characteristics of striations. While, when viewed down the [001]
zone, as the thickness of the sheet-like defects (1-2 nm) is much
smaller than the foil (50-100 nm), these defects could not display
any contrast on the (001) plane, as a result, only circular defects
can be observed.

Next, there comes another question - what exactly these
defects are? To unlock this mystery, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging measurements were performed. In this
technique, electrons scattered at large angles are detected, as a
result, those areas of the specimen that contain lighter atoms
appear darker; the areas containing heavier atoms appear brighter.
As shown in HAADF-STEM images (Figure 4), darker defects
are embedded within brighter aragonite scaffold, implying that
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Flg. 6 Enlarged HRTM images of the areas containing organics. (a) The
islet-like organics (indicated with a dashed rhombu) trapped in the
homodromous aragonite lattice sequences. (b) The sheet-like organics
(indicated with dashed ovals) lie on the (001) plane of the continuous
aragonite crystal.
these defects should be either voids or intracrystalline organics.
Previous researches demonstrated that these defects contain an
increased amount of carbon 3* 3¢ 3% 40 which was further
supported by our EDX analysis (Figure S1). Taken together,
these results indicate that rather than voids, the islet-like and
sheet-like defects should be the locations of intracrystalline
organics. Their existence was speculated to increase the crack
propagation path and thus enhance the fracture resistance of the

tablet ** %,

Whereas the previous researches laid more emphasis on the
3D distribution of the intracrystalline organics, the existing mode
of the mineral phase still remains open. To gain more information
here, detailed high resolution transmission electron microscopy
(HRTEM) analyses were conducted. As shown in Figure 5,
HRTEM images from different areas of a tablet exhibit regular
and continuous aragonite lattice sequences. These homodromous
lattice sequences, extending to a wide range in tablet, show no
tendency to rotate or distort. Significantly, no grain boundaries or
any transition areas are observed. To further explore how the
organics are accommodated by aragonite scaffold, the HRTEM
images for areas containing the organics are obtained. The islet-
like organics (indicated with dashed rhombus), showing none
crystal lattice in centre, are trapped in homodromous aragonite
scaffold (Figure 6a). Similarly, the sheet-like organics (indicated
with dashed ovals), approaching 30 nm in length and 2 nm in
thickness, lie on the (001) plane of the continuous aragonite
crystal lattice (Figure 6b). Following these observations, it is
most likely that the aragonite scaffold is homogeneous and
continuous throughout the whole tablet, and the organics are
trapped inside without disturbing the scaffold’s integrality.

It has been long thought that the individual nacre tablet is a
conventional single crystal for its single-crystal electron
diffraction patterns. In recent years, with the discoveries of the
organics and nanostructures inside the tablet, pseudo-single-
crystal, composed of co-oriented nanocrystals separated by the
continuous organic framework, was considered as the nature of
the tablet *3"33_ However, these nanocrystals were not observed
in our present study. The aragonite host shows extremely
consistent contrast throughout the whole tablet both in diffraction
contrast, HAADF-STEM operation and HRTEM. Given its
single-crystal diffraction patterns, it seems remarkable that rather
than a pseudo-single-crystal, the tablet is a veritable single
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crystal.

To reveal whether the present nanostructure is the
substantive characteristics of the tablet or the artifacts of sample
preparation, a geological aragonite sample was prepared by using
the same method. Compared with nacre tablets, the geological
aragonite shows uniform contrast in a wide area, no
intracrystalline inclusions were observed (Figure S2). In view of
this, the nanostructure presented in our study should be the
intrinsic property of the tablet.

Apart from the damage caused by sample preparation
process, the effect of the the electron beam during TEM
observations should also be considered. As we know, the
aragonite crystal, the inorganic phase of the nacre tablets, is a
metastable phase of the calcium carbonate, which could be easily
damaged by high-velocity motional electrons (acceleration
voltage is 200kV). Our in irradiation experiments
demonstrate that exposure to the electron beam at high
magnification for seconds can transform the tablet into
polycrystal, leading to the destruction of its single crystal
characteristics (Figure S3). In this context, the nanograin
structure observed in previous TEM investigations *****' can be
reasonably explained.

On considering the beam-sensibility of this biogenic
material, the electron optical parameters used for SAED and
HRTEM imaging have been carefully chosen during this
experiment. A smaller condenser diaphragm and larger spot size
have been employed to decrease the electron irradiation damage
as much as possible. Compared to a larger dose value which
would cause the severe irradiation damage, these selected
electron optical parameters are benefit to reflect intrinsical
structural information during the imaging procedure. To exhibit
the electron optical parameter change, two operation modes were
compared (Table S1). Consequently, in order to get a veritable
HRTEM image, the beam current should be kept in an
extraordinary low value, meanwhile, the exposure and
photograph time should be controlled, either.

The large block (110) twins have been observed in nacre of
Pinctada maxima in previous study *. Different from the
nanotwins generally observed in mollusk shells > * | the large
block twins exhibit a straight twinning plane propagating across
the whole tablet. Based on this observation, atom-by-atom
attachment was used to explain the formation mechanism of these
block twins by referring to the classical recrystallization model.
On the other hand, considering the nanoparticle morphology
observed inside the tablet ** ** the non-classical particle-
mediated crystallization pathway seems also reasonable. Based
on the oriented attachment mechanism, this growth process is
prone to result in the formation of a mesocrystal composed by co-
oriented nanocrystals % In this case, structural defects such as
dislocations, stacking faults and grain boundaries should be
inescapable, and the straight twinning plane propagating across
the whole tablet might hardly form. As a result, the oriented
attachment mechanism is inadequate to form a veritable single
crystal. Recently, the oriented attachment and Ostwald ripening
mechanism were proposed to occur simultaneously *°, which
might offer a reasonable explanation of our experiment results.
The process can be summarized as follows: In the early stages of
mineralization, oriented attachment mechanism may occur
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predominantly. With an extended ineralization time, Ostwald
ripening mechanism, to some extent, plays an important role to
assist the oriented attachment process to from a veritable single
crystal *. Yet, given that the detailed mineralization process of
the tablet is still open, further work is necessary.

Conclusions

In summary, the nanostructure inside the individual nacre tablet
of Pinctada maxima was investigated by TEM. Results show that
the aragonite scaffold is homogeneous and continuous throughout
the whole tablet, and the islet-like and sheet-like organics are
trapped inside without disturbing the scaffold’s integrality. This
precisely designed nanostructure may be beneficial to reveal the
origin of the tablet’s eminent fracture behavior and further
provide design strategies for artificial nacre-like composites.
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The individual nacre tablet from the shell of Pinctada maxima is an organic-inorganic single-crystal
composite where the islet-like and sheet-like organics are trapped in the continuous crystalline scaffold.
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