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MATERIALS THAT INCLUDE CONCH 
SHELL STRUCTURES, METHODS OF 

MAKING CONCH SHELL STRUCTURES, 
AND DEVICES FOR STORING ENERGY 

CLAIM OF PRIORITY TO RELATED 
APPLICATION 

[0001] This application claims priority to co-pending US. 
provisional application entitled “MATERIALS THAT 
INCLUDE CONCH SHELL STRUCTURES, METHODS 
OF MAKING CONCH SHELL STRUCTURES, AND 
DEVICES FOR STORING ENERGY” having Ser. No. 
61/775,779, ?led on Mar. 11, 2013, which is entirely incor 
porated herein by reference. 

BACKGROUND 

[0002] Novel physics and properties have been discovered 
in different assembled nanomaterials synthesized by the bot 
tom-up technique, which enables us to make and build new 
electronic, photonic, and magnetic devices based on those 
properties. Nature has long used bottom-up synthesis to fab 
ricate nano-materials that exhibit much better physical prop 
erties than their man-made counterparts. For example, supe 
rior optical properties are observed in the nanometer-scale 
architectures of Brittlestars, butter?ies, and many insects; 
super-hydrophobic effects are evident in lotus plants and 
water bugs. 

SUMMARY 

[0003] Embodiments of the present disclosure provide for 
materials that include conch shell structures, methods of mak 
ing conch shell slices, devices for storing energy, and the like. 
[0004] An embodiment of the present disclosure provides 
for a structure, among others, that includes: a nanocomposite 
structure including nano-CaCO3 lamina dispersed in a 
biopolymer matrix, where the nanocomposite structure is 
obtained from a conch shell having predetermined dimen 
sions. In an embodiment, the structure has a thickness of 
about 0.4 to 0.6 mm. 

[0005] An embodiment of the present disclosure provides 
for a structure, among others, that includes: a conch shell slice 
having predetermined dimensions and the conch shell slice 
has one or more characteristics selected from the following: a 
remanent electrical polarization of about 2 to 4 kuCcm_2, a 
relative dielectric constant of about 80 to 300 at a frequency of 
about 100 Hz and a relative dielectric constant of about 13 to 
19 at about 1 MHZ; and a remanent polarization of about 3000 
to 3200 [thm_2 at 3.1 mHz and a remanent polarization of 
about 2050 to 2250 [thm_2 at 0.01 Hz. In an embodiment, the 
conch shell slice has a thickness of about 0.4 to 0.6 mm. 

[0006] An embodiment of the present disclosure provides 
for an energy storage structure, among others, that includes: a 
structure selected from: a) a nanocomposite structure includ 
ing nano-CaCO3 lamina dispersed in a biopolymer matrix, 
where the nanocomposite structure is obtained from a conch 
shell having predetermined dimensions; or b) a conch shell 
slice having predetermined dimensions and conch shell slice 
has one or more characteristics selected from the following: a 
remanent electrical polarization of about 2 to 4 kuCcm_2, a 
relative dielectric constant of about 80 to 300 at a frequency of 
about 100 Hz and a relative dielectric constant of about 13 to 
19 at about 1 MHz; and a remanent polarization of about 3000 
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to 3200 [thm_2 at 3.1 mHz and a remanent polarization of 
about 2050 to 2250 [thm_2 at 0.01 Hz. 
[0007] An embodiment of the present disclosure provides 
for a method of obtaining a structure, among others, that 
includes: slicing a conch shell to have predetermined dimen 
sions to form a conch shell slice, where the conch shell slice 
has one or more characteristics selected from the following: a 
remanent electrical polarization of about 2 to 4 kuCcm_2, a 
relative dielectric constant of about 80 to 300 at a frequency of 
about 100 Hz and a relative dielectric constant of about 13 to 
19 at about 1 MHz; a remanent polarization of about 3000 to 
3200 [thm_2 at 3.1 mHz and a remanent polarization of 
about 2050 to 2250 [thm_2 at 0.01 Hz. 
[0008] An embodiment of the present disclosure provides 
for an energy storage structure, among others, that includes: a 
nanocomposite including nano-sized particles dispersed in a 
polymer matrix, wherein the nanocomposite is selected from 
the group consisting of CaCO3 powders and conch shell par 
ticles. 
[0009] An embodiment of the present disclosure provides 
for a method of obtaining an energy storage structure, among 
others, that includes: coating nano-sized particles with a thin 
layer of polymer to form core-shell particles, wherein the 
nano-sized particles are selected from the group consisting of 
CaCO3 powders and conch shell particles; pressing the core 
shell particles together to form a sheet of nanocomposite; 
heating the nanocomposite material; and attaching one or 
more electrodes to the sheet. 

[0010] Other compositions, methods, features, and advan 
tages will be, or become, apparent to one with skill in the art 
upon examination of the following drawings and detailed 
description. It is intended that all such additional composi 
tions, methods, features, and advantages be included within 
this description, be within the scope of the present disclosure, 
and be protected by the accompanying claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] Many aspects of this disclosure can be better under 
stood with reference to the following drawings. The compo 
nents in the drawings are not necessarily to scale, emphasis 
instead being placed upon clearly illustrating the principles of 
the present disclosure. Moreover, in the drawings, like refer 
ence numerals designate corresponding parts throughout the 
several views. 
[0012] FIG. 1A illustrates a photo of the conch shell used in 
this study and how the samples were cut. FIG. 1B is a SEM 
image showing the micro-architecture of the conch shell. 
FIG. 1C is a SEM image showing how the nano-aragonite 
laminas are assembled. FIG. 1D is a TEM image of a cross 
section of the nano-laminas and the bio-organic matrix 
between the nano-laminas. 
[0013] FIG. 2 is a graph illustrating the frequency depen 
dence of dielectric constant and loss for several representative 
samples. 
[0014] FIGS. 3A to 3F illustrate J-E loop and P-E loops 
measured at room temperature between —40 and 40 kV/cm. 
FIG. 3A is a graph that illustrates the ?rst and third J-E loops 
measured with a ?eld-frequency of 0.003 1 Hz, corresponding 
to a ?eld ramping rate of 500 V/cm per second. FIG. 3B is a 
graph that illustrates the P-E loops measured after the ?rst and 
third J-E with a ?eld- frequency of 0.01 Hz. FIG. 3C illus 
trates a graph of the eighth J-E loop and the corresponding 
integrated P-E loop with a ?eld-frequency of 0.003 1 Hz. FIG. 
3D is a graph that illustrates the leakage corrected J-E and P-E 
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loops of FIG. 3C. FIG. 3E is a graph that illustrates the P-E 
loop measured with pre-poling protocol at 0.01 Hz, the lowest 
frequency of the instrument, and the corresponding J-E loop. 
FIG. 3F is a graph that illustrates the leakage corrected J-E 
and P-E loops of FIG. 3E. 
[0015] FIG. 4 is a graph that illustrates the unipolar J-E 
loops measured with positive ?eld on a poled, 0.5 mm thick 
sample with a ?eld ramping rate of 500V/ cm per second. FIG. 
4 also includes: Inset (a), the ?rst J-E loop and the ?fth J-E 
curve measured with a ?eld ramping rate of 500 V/cm per 
second; Inset b, the leakage corrected P-E curve measured 
with pre-poling after the ?fth I-E curve with a frequency of 
0.01 Hz and corresponding J-E loop; and Inset c, decrease of 
the current density at maximum ?eld with the circling the 
?eld. 
[0016] FIG. 5 is a graph that illustrates the leakage cor 
rected P-E loops measured with a pre-poling protocol at dif 
ferent frequencies on a poled 0.5 mm thick sample. 
[0017] FIG. 6A illustrates the leakage corrected J-E loops 
measured at the different times after the sample well-poled 
negatively with a ?eld ramping rate of 500 V/ cm per second. 
FIG. 6B is a graph that illustrates the reversed polarization 
calculated using the J-E curves in FIG. 6A. The polarization 
values in FIG. 6B are proportional to the remanent polariza 
tion. 
[0018] FIG. 7A is a graph that illustrates the experimental 
data of the induced current by dipole reversal and the ?tted 
data. FIG. 7B is a graph that illustrates the ?tted distribution 
(D) of U0 (or size of the dipoles). 
[0019] FIG. 8A is a graph that illustrates the pyroelectric 
currents measured on an unpoled and poled samples with the 
same thickness and cut from the same position on the conch 
shell. FIG. 8B is a graph of the calculated pyroelectric coef 
?cients from the measured pyroelectric currents in the tem 
perature range from 2380 C. to 2640 C. 
[0020] FIG. 9 is a graph that illustrates the X-ray diffraction 
spectrum for a sample (black line) and standard powder XRD 
for aragonite ((00-041-1475) (gray lines) 
[0021] FIG. 10 is a graph that illustrates the J-E curves for 
PZT measured at 3.1 mHz as was done for the conch shell. 
[0022] FIG. 11 is a graph that illustrates P-E curves of the 
PZT sample measured at different frequencies. 
[0023] FIG. 12 is a graph that illustrates J-E curves 
obtained for the 0.5 mm thick, single crystal of calcite 
(CaCO3). 
[0024] FIG. 13 is a graph that illustrates that the J-E loops 
were repeated six times on a 0.41 mm thick pearl oyster shell 
sample. 
[0025] FIG. 14A is a graph that illustrates P-E loop and 
corresponding J-E loop of the pearl oyster shell measured at 
0.01 Hz after the I-E curves shown in FIG. 13 were measured. 
FIG. 14B is a graph that illustrates the leakage corrected P-E 
loop and J-E loop. 
[0026] FIG. 15 is a low-magni?cation SEM image of a 
pearl oyster shell. 
[0027] FIG. 16 is a SEM image ofa pearl oyster shell. 
[0028] FIG. 17 is a graph that illustrates the thermal gravity 
(TG) analysis of a conch shell with temperature increase rate 
of 10° C./min. 

DETAILED DESCRIPTION 

[0029] This disclosure is not limited to particular embodi 
ments described, and as such may, of course, vary. The ter 
minology used herein serves the purpose of describing par 
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ticular embodiments only, and is not intended to be limiting, 
since the scope of the present disclosure will be limited only 
by the appended claims. 
[0030] Where a range of values is provided, each interven 
ing value, to the tenth of the unit of the lower limit unless the 
context clearly dictates otherwise, between the upper and 
lower limit of that range and any other stated or intervening 
value in that stated range, is encompassed within the disclo 
sure. The upper and lower limits of these smaller ranges may 
independently be included in the smaller ranges and are also 
encompassed within the disclosure, subject to any speci? 
cally excluded limit in the stated range. Where the stated 
range includes one or both of the limits, ranges excluding 
either or both of those included limits are also included in the 
disclosure. 
[0031] Embodiments of the present disclosure will employ, 
unless otherwise indicated, techniques of material science, 
chemistry, and the like, which are within the skill of the art. 
Such techniques are explained fully in the literature. 
[0032] The following examples are put forth so as to pro 
vide those of ordinary skill in the art with a complete disclo 
sure and description of how to perform the methods and use 
the compositions and compounds disclosed and claimed 
herein. Efforts have been made to ensure accuracy with 
respect to numbers (e.g., amounts, temperature, etc.), but 
some errors and deviations should be accounted for. Unless 
indicated otherwise, parts are parts by weight, temperature is 
in o C., and pressure is at or near atmospheric. Standard 
temperature and pressure are de?ned as 20° C. and 1 atmo 
sphere. 
[0033] Before the embodiments of the present disclosure 
are described in detail, it is to be understood that, unless 
otherwise indicated, the present disclosure is not limited to 
particular materials, reagents, reaction materials, manufac 
turing processes, dimensions, frequency ranges, applications, 
or the like, as such can vary. It is also to be understood that the 
terminology used herein is for purposes of describing particu 
lar embodiments only, and is not intended to be limiting. It is 
also possible in the present disclosure that steps can be 
executed in different sequence, where this is logically pos 
sible. It is also possible that the embodiments of the present 
disclosure can be applied to additional embodiments involv 
ing measurements beyond the examples described herein, 
which are not intended to be limiting. It is furthermore pos 
sible that the embodiments of the present disclosure can be 
combined or integrated with other measurement techniques 
beyond the examples described herein, which are not 
intended to be limiting. 
[0034] It should be noted that, as used in the speci?cation 
and the appended claims, the singular forms “a,” “an,” and 
“the” include plural referents unless the context clearly dic 
tates otherwise. Thus, for example, reference to “a support” 
includes a plurality of supports. In this speci?cation and in the 
claims that follow, reference will be made to a number of 
terms that shall be de?ned to have the following meanings 
unless a contrary intention is apparent. 
[0035] Each of the applications and patents cited in this 
text, as well as each document or reference cited in each of the 
applications and patents (including during the prosecution of 
each issued patent; “application cited documents”), and each 
of the PCT and foreign applications or patents corresponding 
to and/or claiming priority from any of these applications and 
patents, and each of the documents cited or referenced in each 
of the application cited documents, are hereby expressly 
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incorporated herein by reference. Further, documents or ref 
erences cited in this text, in a Reference List before the 
claims, or in the text itself; and each of these documents or 
references (“herein cited references”), as well as each docu 
ment or reference cited in each of the herein-cited references 
(including any manufacturer’s speci?cations, instructions, 
etc.) are hereby expressly incorporated herein by reference. 
[0036] Prior to describing the various embodiments, the 
following de?nitions are provided and should be used unless 
otherwise indicated. 

Discussion 

[0037] Embodiments of the present disclosure provide for 
materials that include conch shell structures, methods ofmak 
ing conch shell slices, devices for storing energy, and the like. 
An advantage of an embodiment of the present disclosure is 
that the structures or devices including the conch shell struc 
ture (e.g., conch shell slices or particles) have characteristics 
or properties (e.g., a large remanent electrical polarization, 
relative dielectric constant, and the like) that are superior to 
other man-made structures or devices. In an embodiment, the 
structure can be a ferroelectret, a ferroelectric, and/or a pyro 
electric, material. In an embodiment, the structure can be as 
energy storage structures for use in batteries, capacitors, and 
the like. 
[0038] In an embodiment, a material includes a nano 
CaCO3 lamina dispersed between biopolymer (e.g., protein, 
glycoprotein, chitin, lustrin, or a combination thereof) struc 
tures obtained from a conch shell having predetermined 
dimensions. In an embodiment, the material is derived from a 
conch shell. In an embodiment, the conch shell can be from 
Strombus pugilis. In an embodiment, the biopolymer can 
include those proteins, glycoproteins, chitins, lustrins, or a 
combination of these that are found in the conch shells such as 
the Strombus pugilis. 
[0039] In an embodiment, the material can be in the form of 
a slice of conch shell (conch shell slice) or a particle derived 
from the conch shell. In an embodiment, the material can be 
formed by cutting (e.g., low-speed diamond saw or the like) 
the conch shell along the length (or width) of the conch shell 
to have a particular width (e. g., a predetermined dimension). 
In an embodiment, the sliced conch shell can be further pro 
cessed by milling down the sides of the slice of conch shell 
along the width to obtain a conch shell slice having a speci?ed 
width. In an embodiment, the slice of conch shell can be cut 
and/or milled along the length and/or thickness to obtain a 
conch shell slice of a predetermined dimension. In an 
embodiment, the conch shell can be cut, crushed, and/or 
milled to obtain particles having predetermined dimensions. 
[0040] In an embodiment, a conch shell slice can have a 
thickness of about 0.1 mm to 1 mm, about 0.4 to 0.6 mm, or 
about 0.5 mm; a width of about 2 mm to 20 mm, about 3 mm 
to 15 mm, or about 5 mm to 10 mm; and a length of about 2 
mm to 20 mm, about 3 mm to 15 mm, or about 5 mm to 10 
mm. 

[0041] In an embodiment, the conch shell particles can be 
in the nanometer range to the micrometer range. In particular, 
the conch shell particles can have a longest dimension (e.g., a 
diameter on a spherical or semispherical particle) of about 
100 nm to 100 um, about 200 nm to 50 pm, or about 500 nm 

to 10 pm. In an embodiment, the conch shell particles can be 
spherical, semispherical particle, or irregularly shaped. 
[0042] In an embodiment, the conch shell material can have 
one or more of the following characteristics or properties: a 
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remanent electrical polarization, a dielectric constant, and a 
dielectric loss (tan 6), which are unlike single crystal CaCO3, 
and appear to be related to the structure of the material and the 
dimensions of the material. In an embodiment, the material 
can have a remanent electrical polarization of about 1 to 10 
kuCcm—2 or about 2 to 4 kuCcm_2. In an embodiment, the 
material can have a relative dielectric constant of about 50 to 
1200 or about 80 to 300, at a frequency of about 100 Hz, and 
a relative dielectric constant of about 13 to 60 or about 13 to 
19, at about 1 MHz. In an embodiment, the material can have 
a remanent polarization of about 1,000 to 10,000 [thm_2 or 
about 3000 to 3200 uCcm_2, at 3.1 mHz and a remanent 
polarization of about 1,000 to 10,000 or about 2050 to 2250 
uCcm_2, at 0.01 Hz. 
[0043] In an embodiment, the structure including the conch 
shell material (e.g., conch shell slice and/or conch shell par 
ticles) can be used as an energy storage structure or device in 
a structure or device such as a battery or capacitor. As men 
tioned above, the material can have one or more characteris 
tics or properties (e.g., large remanent electrical polarization, 
relative dielectric constant) that are advantageous for an 
energy storage structure. In an embodiment, one or more 
electrodes can be attached to the material. In particular, the 
material is a conch shell slice and a pair of electrodes are 
attached to the conch shell slice (e.g., at opposing ends). In 
another embodiment, dielectric nanoparticles (e.g., A1203, 
SiOZ, BaTiO3, PbTiO3, and PbZrO3), and CaCO3 or conch 
shell particles, can be dispersed in polymer matrix to form 
nanocomposite material, which includes one or more elec 
trodes. In particular, CaCO3 particles can be coated with a 
polymer (e.g., protein, glycoprotein, chitin, lustrin, and 
parylene, such as those in a conch shell) and then the coated 
particles are pressed together to form a structure (e.g., sheet of 
CaCO3/polymer composite), where the structure includes 
one or more electrodes. In an embodiment, the amount of 
CaCO3 or conch shell particles can correspond to the amount 
of energy storage capacity that is desired for the application. 
Additional details are provided in the Example. 
[0044] Now have described embodiment of the present dis 
closure in general, embodiments of the present disclosure are 
described in greater detail. In an embodiment, a conch shell 
was cut into slices of less than 1 mm thick along the shell’s 
length and then ground down to about 0.5 mm. In an embodi 
ment, the basic building blocks of the conch shell slice were 
found to be nano-laminas that have about 50 nm by 200 nm 
cross-sections and are about 10-20 pm in length. In an 
embodiment, the nano-laminas have an orderly assembly 
with preferential crystalline orientations, similar to self-as 
sembled Fe3O4 nano-particles. In an embodiment, a conch 
shell slice has a bio-assembled, hierarchical architecture of 
nano-CaCO3 laminas sandwiched between biopolymers 
(e.g., protein, glycoprotein, chitin, and lustrin). 
[0045] In an embodiment, the conch shell slice exhibits 
ferroelectret behavior: ferroelectric-like hysteresis loops. In 
an embodiment, the remanent electrical polarization (e.g., 
about 2-4 kuCcm_2) is one order of magnitude higher than the 
largest electrical polarization reported in man-made ferro 
electric materials (146 uCcm_2) and several orders of magni 
tude higher than that in electrets, as obtained from square 
polarization-electric-?eld hysteresis loops. In an embodi 
ment, the relative dielectric constant can be about 80 to 300 at 
the low frequency end (100 Hz) and about 13-19 at 1 MHz. 
These properties differ signi?cantly from those of single 
crystal slices (0.5 mm thick) of CaCO3 for which the dielec 
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tric constant is about 9 and independent of the frequency. The 
unusually large dielectric constant of the shell indicates that 
the electrical properties of the conch shell slice differ from 
those of single crystals of CaCO3. 
[0046] In an embodiment, the conch shell slice is different 
from standard ferroelectret and ferroelectric materials in 
regard to remanent polarization (e.g., about 3100 [thm_2 at 
3.1 mHz and about 2150 [thm_2 at 0.01 Hz), which is more 
than 20 times larger than the largest remanent polarization in 
existing materials (146 uCcm_2) and 2-4 orders of magnitude 
larger than that in the ferroelectret foams and other electrets. 
The large remanent polarization of the conch shell slice indi 
cates that nonferroelectric particles, such as CaCO3, can 
exhibit ferroelectric-like behavior and a super large remanent 
polarization after being combined with biopolymer to form a 
composite. 

EXAMPLES 

[0047] Now having described the embodiments of the dis 
closure, in general, the examples describe some additional 
embodiments. While embodiments of the present disclosure 
are described in connection with the example and the corre 
sponding text and ?gures, there is no intent to limit embodi 
ments of the disclosure to these descriptions. On the contrary, 
the intent is to cover all alternatives, modi?cations, and 
equivalents included within the spirit and scope of embodi 
ments of the present disclosure. 

Example 1 

[0048] Novel physics and properties have been discovered 
in different assembled nanomaterials synthesized by the bot 
tom-up technique, which enables us to make and build new 
electronic, photonic and magnetic devices based on those 
properties.l'7 Nature has long used bottom-up synthesis to 
fabricate nano-materials that exhibit much better physical 
properties than their man-made counterpartss'l3 For 
example, superior optical properties are observed in the 
nanometer-scale architectures of Brittlestars, butter?ies, and 
many insects;l4 super-hydrophobic effects are evident in 
lotus plants and water bugs.15 '16 Superior mechanical prop 
erties are found in seashells, which are composed of well 
aligned and highly packed aragonite nano-laminas glued 
together by biopolymers.8'l2 Although the strength and 
toughness of the nano-composites in seashells have been 
extensively studied,8'l2 their other extraordinary physical 
properties have not been described. 
[0049] Here, we show that conch shells, with bio-as 
sembled, hierarchical architectures of nano-CaCO3 laminas 
sandwiched between biopolymers, exhibit ferroelectret 
behavior: ferroelectric-like hysteresis loops.”'20 Their rema 
nent electrical polarization (2-4 kuCcm_2) is one order of 
magnitude higher than the largest electrical polarization 
reported in man-made ferroelectric materials (146 [1.Ccm_2)21 
and several orders of magnitude higher than that in electrets, 
21’” as obtained from square polarization-electric-?eld hys 
teresis loops. This novel property suggests the possibility of 
developing nanocomposites with high electrical polarization 
using the bottom-up technique for applications of high per 
formance of electret motors/generators22 and of high-density 
energy storage. 
[0050] We cut slices of a conch shell that were less than 1 
mm thick along the shell’s length. The shell from which the 
samples were cut is shown in FIG. 1A. We used a scanning 
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electron microscope (SEM) and a transmission electron 
microscope (TEM) to con?rm the microarchitecture of the 
shell as previously reported9 (FIG. lB-D). The basic building 
blocks of the conch were found to be nano-laminas that have 
50 nm by 200 nm cross-sections and are 10-20 pm in length. 
We conducted X-ray diffraction C(RD) experiments and 
found that only a few peaks appeared in the spectrum in 
comparison with the standard powder XRD spectrum of ara 
gonite (FIG. 9), indicating that the nano-laminas have an 
orderly assembly with preferential crystalline orientations, 
similar to self-assembled Fe3O4 nano-particles.23 

[0051] We milled the samples to a thickness of 0.50:0.01 
mm for all electric measurements. The dielectric properties of 
the samples were then measured in the frequency range of 100 
Hz to 10 MHz at room temperature. Representative curves of 
the frequency dependence of the dielectric properties mea 
sured on different samples is shown in FIG. 2. The relative 
dielectric constant fell in the range of 80-300 at the low 
frequency end (100 Hz) and decreased to ~13-19 at 1 MHz. 
The dielectric loss (tan 6) decreased from 0.3-1.0 at 100 Hz to 
0.05-0.3 at 1 MHz, inset to FIG. 2. These properties differ 
signi?cantly from those of single crystal slices (0.5 mm thick) 
of CaCO3 for which the dielectric constant is about 9 and 
independent of the frequency. In addition, the dielectric loss 
of a single crystal of CaCO3 is very small (<0.01) across the 
entire frequency range. The unusually large dielectric con 
stant of the shell indicates that the electrical properties of the 
bio-assembled nano-composite differ from those of single 
crystals of CaCO3. The large dielectric loss of the conch is 
indicative of signi?cant electrical leakage. 

[0052] To understand this electrical leakage in the shell 
materials, we performed standard current-electric ?eld mea 
surements by sweeping the electric ?eld in the range of :40 
chm'1 with a ramping rate of 500 ch'l per second, cor 
responding to a ?eld frequency of 3 .1 mHz. The ?rst and third 
current density (J)-electric ?eld (E) loops are shown in FIG. 
3A. The ?rst J-E loop showed weak hysteresis. With ?eld 
circling, peaks developed gradually in both directions. After a 
number of circles, the J-E behavior became nearly saturated 
and reproducible, and the peaks in the J-E loop grew higher 
and sharper. An example of a nearly saturated J-E loop 
(eighth) in FIG. 3C, which is very similar to the behavior of 
J-E loops of conventional ferroelectric materials, such as lead 
zirconate titanate (PZT) [FIG. 10]. After each J-E loop, a 
polarization (P)-electric ?eld loop was measured by sweep 
ing ?eld from zero without pre-poling, as shown in FIG. 3B. 
In these P-E measurements, the ?eld frequency is 0.01 Hz, the 
lowest frequency of the instrument for the P-E loop measure 
ments. Actually, the measured P-E hysteresis is the integra 
tion of current density on the time using the data of the J-E 
loop following the following equation, 

where J(t) is the measured total current density, including 
induced current by dipole reversal, leakage and capacitive 
charging contributions. The P-E loop shown in FIG. 3C is the 
integration of the 8th J-E loop. For an ideal ferroelectric 
material, i.e. a perfect insulator, both the leakage and capaci 
tive charging current are negligible in comparison with the 
current induced by dipole reversal, i.e. the peak in the ?eld 
increase process in the J-E loop [FIG. 10]. Since the leakage 
is much larger than the capacitive charging contribution in our 
samples, the current density value of the ?eld-decrease curves 
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in the J-E loops (J d) can be taken as the leakage safely. The 
leakage corrected hysteresis loop can then be easily calcu 
lated as 

Shown in FIG. 3D are the leakage-corrected hysteresis loop 
and leakage-corrected current density that was used to gen 
erate the hysteresis loop. 
[0053] We also measured P-E loop using the standard pro 
tocol (by averaging two P-E loops with negative and positive 
pre-poling respectively) after the 8th J -E loop with a ?eld 
frequency of 0.01 Hz (FIG. 3E). Similarly, we use Eq. 2 
calculated the leakage corrected hysteresis loop, as shown in 
FIG. 3F. It is clear that the leakage-corrected P-E loops are 
saturated, square hysteresis loop with all the features of the 
P-E loops of typical ferroelectret polymers”'20 or ferroelec 
tric materials,24 including non-zero remanent polarization, 
saturation of polarization and a coercive ?eld. It is clear that 
as the ?eld was circled, the P-E loops also evolved from a 
olive-shaped P-E loop (a typical one due to leakage) to a 
square P-E loop, typical for ferroelectric/ferroelectret. 
[0054] The most striking difference between the shell and 
standard ferroelectret and ferroelectric materials is the huge 
remanent polarization, ~3100 [thm_2 at 3.1 mHz (~2150 
[thm_2 at 0.01 Hz), which is more than 20 times larger than 
the largest remanent polarization in PZT thin ?lms (146 
[thm_2)2 l and 2-4 orders of magnitude larger than that in the 
ferroelectret foams and other electrets.l7’19’20’22 We mea 
sured tens of samples and found that they all exhibited similar 
behaviors, but the values of the parameters, such as the rema 
nent polarization and the coercive ?eld, ?uctuated, likely due 
to the non-uniformity/non-homogeneity of all bio-materials. 
The shape of the hysteresis loops shown in FIGS. 3D and 3F 
are very similar to those observed in ferroelectric polymers in 
which the remanent polarization and reproducible hysteresis 
loops were induced by ?eld cycling.25 We refer to the samples 
with sharp/reproducible peaks as poled samples. 
[0055] To show that these peaks in l-E curves were due to 
induced current by the reversal of polarization, we performed 
unipolar l-E loop measurements,25 i.e., the loops were in the 
?rst or third quadrant only, although the origin of the polar 
ization/or dipoles is not clear at this stage. Insets (a) and (b) of 
FIG. 4 respectively show the (?rst and third) l-E loops and the 
leakage corrected P-E loop using the third J -E loop. Before 
the unipolar loop measurement, the sample was poled nega 
tively. The ?rst unipolar l-E curve (0—>40 chm_l) in FIG. 4 
exhibits a sharp peak at about 24 chm_l. In the following l-E 
loops (second to eleventh), no peak was observed in either the 
?eld-increase or in ?eld-decrease curves, because most 
“dipoles” hadbeen aligned in the positive direction during the 
?rst ?eld-increase process. The peak in the ?rst ?eld-increase 
curve must therefore be due to the induced current by the 
reversed polarization from negative to positive.25 
[0056] It is worth noting that with circling the ?eld, the 
current decreased and gradually approached a constant. We 
plotted the current density at 40 chm‘2 as a function of the 
number of loops in the inset (c) (FIG. 4) to show the trend. 
This observation can be interpreted as the following. During 
the unipolar J -E loops, the applied electric ?eld was always 
positive, which always forced the “dipoles” to align up with 
its direction. Consequently, the alignment/reversal of the 
dipoles always induced a current in the same direction in both 
?eld-increase and ?eld-decrease processes. With more and 
more “dipoles” were aligned up with the ?eld direction, less 
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and less “dipoles” left for next loop. Consequently, the cur 
rent density caused by the “dipole” alignment/reversal 
decreased with ?eld circling and gradually vanished. The 
saturated current density will ?nally re?ect the real leakage of 
the sample. This again supports our conclusion that the peaks 
in the J -E curves are due to the current induced by the “dipole” 
reversal. Consequently the leakage-corrected hysteresis 
loops are purely originated from the reversal of electric 
“dipoles”. It is also clear from the data in inset (c) (FIG. 4) that 
we have over-corrected the data and that the alignment of the 
“dipoles” in the shell is a very slow process. 

[0057] To understand the characteristics of the polarization 
reversal, P-E loops were measured using the standard proto 
col at different frequencies (0.01 to 200 Hz) on a poled 
sample, as shown in FIG. 5. To better present the data, all the 
loops were leakage-corrected. It is evident that the f:0.01 Hz 
loop has all the features of a standard ferroelectret/ferroelec 
tric-like P-E loop with a remanent polarization of Pr~1013 
[thm_2 and a coercive ?eld of about ECI23 chm_l. When 
the frequency increased from 0.01 Hz to 0.02, 0.04, 0.08 and 
1 Hz, P, decreased from 1013 to 0.007 uCcm_2. We also found 
that when f>0.2 Hz, the shape of the uncorrected P-E loop 
changed to one in which the leakage current is dominant. 
Another important feature in these P-E loops is that the coer 
cive ?eld increased with frequency. The frequency depen 
dence of the remanent polarization and the coercive ?eld is 
similar to characteristics of ferroelectric materials and sug 
gests that the reversed polarization is strongly associated with 
the activation process26’27 [FIG. 11]. However, the reversal of 
the polarization in the conch shell is extremely slow in com 
parison with that in conventional ferroelectrics and ferroelec 
tret polymers. 17'20’24'29 

[0058] To explore the stability of the remanent polarization 
of the samples, we performed the retention experiment at the 
room temperature on a well-poled sample with the following 
procedure. a) Just after the sample was well-poled negatively, 
the positive unipolar J -E loop was measured immediately, the 
?rst unipolar loop was denoted as the virgin state; b) To 
guarantee the sample to reach the same saturated state before 
the next unipolar loop, the sample was well-poled negatively 
again. Waiting for a time (t), the second unipolar loop was 
measured; c) Repeat step b), but with different waiting times. 
The reversed polarization during the ?eld increase process 
can then be calculated using the data of the unipolar J -E loop. 
During a waiting time t, the negatively aligned dipoles try to 
randomize to reduce the electrostatic energy, which leads to a 
decrease of the remanent polarization. Consequently, the 
induced current by the reversal of the remanent polarization 
reduced with time t. Unipolar curves at different waiting 
times are shown in FIG. 6A. Here, we have corrected the 
unipolar loop by subtract the ?eld-decrease curve. The relax 
ation of the polarization with time was shown in FIG. 6B. As 
we discussed about the unipolar loops in FIG. 4, only part of 
the remanent polarization was reversed. However, the 
reversed polarization should be proportional to the remanent 
polarization before switching the ?eld. It is clear that the 
remnant polarization decreased from 2.6 mC/cm‘zto a 0.7 
mC/cm'zwithin 2 hours then kept nearly constant in the fol 
lowing 14 hours. 
[0059] To understand the origin of the giant polarization in 
bio-assembled nano-composites, we measured the same J -E 
and P-E loops of a single crystal slice of calcite (CaCO3) that 
was 0.5 mm thick and of a sample taken from a pearl oyster 
shell, a different bio-assembled aragonite composite.8’lo'12 












