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Bio-Inspired Nacre-like Layered Hybrid Structure of
Calcium Carbonate under the Control of Carboxyl
Graphene

Jie Izi,”b Dandan Liu,” Bo Li,” Hao Wei,** Jun Wang,” Shihui Han,*” and Lianhe
Liu“

In this paper, carboxyl graphene (GO-COOH) sheet matrices, which are heavily oxygenated
and are similar to the organic matrices of molluscs, were used to construct nacre-like layered
structures. The results showed that the surface of hybrids was smooth and the cross section had
a multi-layer structure. Both the surface and the interlayer of the composite material generated
calcium carbonate (CaCOs) crystals. Furthermore, the spontaneity of the layered structure was
found to be closely related to the concentration of CaCOj; crystals in which high concentration
could inhibit the process, highlighting the determining role of the CaCOj; concentration. To
better understand the mechanisms for the formation of the layered structure, scanning electron
microscope (SEM), transmission electron microscope (TEM), X-ray diffraction (XRD),
thermo-gravimetric analysis (TGA) and Fourier-transformed infrared spectrometry (FT-IR)
were employed. This work represents an efficient and controllable way to construct of nacre-
like layered hybrid structures and also has great potential for promoting the application of GO-

COOH in biomedical engineering, especially in the biomimetic material fields.

Introduction

Natural biominerals, such as bone, tecth and the nacre of a
shell, with high mechanical strength and toughness, have
inspired scientists and researchers for decades.' ® In these
biominerals, the properties are closely related to their
hierarchically ordered layered structures. For instance, the
nacre of a shell has a layered structure that is composed of
approximately 95wt % CaCOs and 5wt % organic matrices,*’
which give rise to high mechanical strength ®. In these
processes, organic matrices, such as proteins and
polysaccharides, play an important role in controlling the
orientation, polymorphism, composition, and morphology of
the mineral phase.” In recent years, many strategies have been
developed to mimic the formation of biomineral hybrid material
structures. '*'5 A variety of calcium-based hybrid materials
have been reported. '® 2" It was previously reported the
preparation of artificial nacre by alternating layer-by-layer
polymer films and CaCOj strata, in our previous study.?” These
results showed that the cross-section of artificial nacre reveals a
two or four layer structure and that the matrix is important for
further structural control of inorganic/organic hybrid materials.
However, the control over a multi-layer structure of CaCOj;
crystals biomineral hybrid materials is still a challenging task.
GO-COOH is a single-atom-thick sheet of 2-dimensional
layers. The graphene-derived sheet in GO-COOH is heavily
oxygenated, bearing carboxyl (-COOH) and hydroxyl (-OH)
hydrophilic groups on their basal planes, which is similar to the
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organic matrices of mollusc shells. It was reported that organic
matrices that contain —OH and -COOH to control which
polymorph they use, the crystal face and orientation, and the
particle shape and size in crystallization processes”. GO-
COOH possibly represents an ideal mineralization matrix. To
date, only a few studies have reported on the composite crystals
of graphene oxide (GO) or graphene and CaCO;. The self-
standing GO/graphene—CaCOj; hybrid films compose of vaterite
microspheres that were wrapped and interconnected by GO (or
graphene) networks were reported. > Composite crystals of
CaCOj; and graphene with hexagonal plate or ring, dendritic
and rhombohedral shapes were synthesized by the
hydrothermal reaction. > Furthermore, hybridization or
interaction of GO-COOH with CaCO; crystals to control a
layered structure has rarely been reported.

In our study, GO-COOH sheet matrices were used to induce
mineralization of CaCOj; crystals to biomimetically construct
GO-COOH/CaCO; hybrid materials. First, CaCl, aqueous
solution was slowly added dropwise into the GO-COOH
dispersion solution without stirring (10 drops per minute) and
then adjusted the pH value of the solution. Finally, Na,CO;
aqueous solution (Ca®>" and CO;* were mixed in a 1:1 ratio
during this step) was slowly added dropwise into the solution
without stirring (10 drops per minute) and stewed for 24 h. The
main advantage of the proposed method is the very slow
process, to ensure the slow crystallization growth of CaCO;
crystals in exfoliated GO-COOH nanosheet to fabricate a GO-
COOH/CaCOj; layered hybrid structure. It is anticipated that
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this line of research may provide an efficient and controllable
way for fabricating nacre-like layered hybrid structure.

Experiment section

Materials.

Anhydrous calcium chloride, sodium carbonate and sodium
hydroxide were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) and were of analytical grade.
Carboxyl graphene dispersion (diameter > 500 nm, thickness
0.8~1.2 nm, single layer ratio=80%, purity~99.8wt%, carboxyl
ratio 5%) was purchased from Nanjing XFNANO Materials
Tech Co., Ltd. (Nanjing, China). Aqueous solutions of CaCl, (
> 96.0%), Na,CO;5; ( > 99.8%) and NaOH ( > 96.0%) were
prepared just before use. The purified water used in this study
was prepared with Milli-Q Plus system (Millipore) and had a
relative resistivity higher than 18.0 MQ cm.

Preparation.

GO-COOH was dispersed in aqueous solution (2.0 mg mL™,
20.0 mL) under ultrasonication for 3h. Next, 20mL of a 4mM
CaCl, aqueous solution was slowly added dropwise into the
GO-COOH dispersion solution without stirring (10 drops per
minute). 0.1 M NaOH adjusted the pH value of the solution to
6.80, which was then ultrasonicated for 1h. Then, 40mL of a
2mM Na,CO; aqueous solution (Ca*" and CO;* were mixed in
a 1:1 ratio during this step) was slowly added dropwise into the
solution without stirring (10 drops per minute) and stewed for
24 h. All experiments were conducted at room temperature. The
mixture was washed by repeated centrifugation, first with
distilled water and then absolute ethyl alcohol, and dried at 40
°‘C in a vacuum for 24 h. The main method is to set up a very
slowly process, in order to ensure that the slowly crystallization
growth of CaCO; crystals in the exfoliated GO-COOH
nanosheet.

Characterization.

The samples were Au-coated prior to examination by a
QUANTA 200 scanning electron microscope (SEM), operating
at an accelerating voltage of 15 kV. X-ray diffraction (XRD)
measurements were conducted using a Rigaku TTR-III powder
X-ray diffractometer with Cu Ka radiation (A=0.15406nm, 40
kV, 120 mA), and 0.02° step and 20 range of 5-60° were
selected to analyze the crystal structure. The samples were
placed onto carbon mesh grids (200 mesh) for transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) imaging (JEM-2200FS) at an
accelerating voltage of 200 kV. FT-IR spectroscopic
measurements were performed on a PE100 FT-IR spectrometer
(America), with scanning number of 16 and resolution of 4 cm’
. The samples were tested by thermogravimetric analysis
(TGA) using a TQ50 TGA analyzer, purged with nitrogen gas.

Results and discussion

Fig. 1 shows the SEM images of GO-COOH/CaCO; hybrids
obtained after 24 h of stewing. SEM observation of the hybrids
reveals a layered structure similar to that of abalone shell.”*?’
image of GO-COOH/CaCOj; hybrid
material (Fig. la) shows five pieces that possess a smooth
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surface and an overall multilayered structure.
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Fig. 1 SEM images of GO-COOH/CaCOj; hybrid materials: a)
low magnification SEM image, b) and c) high magnification
SEM images of a), d) SEM-EDXA spectra, (A) and (B) shown
in panel (c).

The section of a high magnified SEM image (Fig. 1b, Fig. 1c)
indicates the multilayer structure more clearly with thin-films
stacked, which was different from GO-COOH aqueous solution
after dried in same method (Fig. S1) and GO films®. To
determine the reason for this observation, we conducted a series
of characterizations. The elemental compositions of sites A and
B in the magnified regional SEM image (Fig. 1c) were
analyzed by SEM with elemental distribution analysis (SEM-
EDAX, Fig. 1d). The atomic ratios of C, O and Ca of sites A
and B were calculated to be 67: 29: 4 and 7: 2: 1, respectively.
This suggested that both the surface and the interlayer of the
composite material generated CaCOj; crystals.

X a,

Fig. 2 Bright-field transmission electron microscopy (TEM)
images of a) GO-COOH/CaCO; hybrid material and b) GO-
COOH, corresponding-selected area electron diffraction (SAED)
pattern (inset a; and by), the inset of (a,) is the high-resolution
transmission electron microscopy (HRTEM) of the GO-
COOH/CaCOj; hybrid material.

The bright-field TEM image and the corresponding selected-
area of electron diffraction patterns (SAED) are presented in
Fig. 2. TEM image of GO-COOH/CaCOj; hybrid material (Fig.
2a) shows a stacking of layered structure. The SAED pattern of
GO-COOH/CaCO; hybrid material (inset a;) reveals new
crystal formation in addition to an amorphous concentric ring
structure of GO-COOH. The diffraction spot in the SAED
pattern is indexed as the (110) and (300) diffractions of the
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calcite crystal of CaCO,, displaying a polycrystalline
structure.”” The HRTEM image of the hybrids provides further
insights into the nanostructure, as shown in Fig. a,. The
distances between the lattice fringe of the particles are around
3.0 A, which correspond to the d spacing of the (104) planes of
the CaCOs calcite crystal, confirming the formation of CaCO;
crystals, which is consistent with the XRD result. The GO-
COOH large layers between grid lines are clearly observed in
Fig. 2b. The SAED pattern of GO-COOH (inset of b;) shows an
amorphous concentric ring structure. This indicates that GO-
COOH is highly oxidized.*® These observations suggest that the
GO-COOH matrix induces crystallization of CaCOj; crystals to
form a layered structure.

(110) (113) (018) (116)

GO-COOH/CaCo, (202)

GO-COOH

¥ Y T d T ¥ T v
10 20 30 40 50 60
20/degrees

Fig. 3 Typical XRD diffraction patterns of GO, GO-COOH and
the GO-COOH/CaCO; hybrid materials.

To prove the laminated structure of the GO-COOH/CaCO;
hybrid materials, XRD patterns (Fig. 3) of GO, GO-COOH and
the CaCO3/GO-COOH hybrids were characterized. The
diffraction peak of exfoliated GO (Fig. 3a) at 10.6° (001)
features a basal spacing of 0.83 nm, showing the complete
oxidation of graphite to GO due to the introduction of oxygen-
containing functional groups onto the graphite sheet.’' In the
XRD pattern of GO-COOH (Fig. 3b), the diffraction peak
located at 9.4° is smaller than the diffraction peak of GO,
revealing that GO-COOH has a larger spacing compared with
GO. The XRD pattern of the hybrids (Fig. 3c) displays have a
very weak diffraction peaks (20 [°]) of GO-COOH and those of
the CaCOj calcite crystals. The diffraction peak of GO-COOH
almost disappeared, since the regular stacks of GO-COOH
sheets were exfoliated.®® The diffraction peaks of calcite are
29.400, 35.968, 39.408, 43.157, 47.504, and 48.503, which
correlated to the (hkl) indices (104), (110), (113), (202) (018),
and (11 6), respectively. As shown in the typical XRD
diffraction patterns of pure CaCOj; crystals in aqueous solution
after 24 h of reaction (Fig. S2), (hkl) indices (012), (104), (110),
(113), (202) (018), and (116), respectively. This indicates that
the existence of the GO—COOH is inhibited the (012) formation
of CaCO; calcite crystals. It was found that the diffraction
peaks of the layered structure do not appear in the hybrid
materials, because the layer spacing and lamellar structure are
beyond XRD measurement range.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Fourier-transformed infrared spectrometry (FT-IR) of
GO-COOH, GO-COOH/Ca*" and GO-COOH/CaCOs.

To further investigate the effects of GO-COOH on the
mineralization of CaCO; crystals, we analyzed the time-
dependent phase transitions of CaCOj; precipitates using FT-IR
spectroscopy. GO-COOH and the multi-layer structure of GO-
COOH/CaCOs; hybrids material were verified by characteristic
vibration bands of FT-IR spectroscopy. As shown in Fig. 4, the
absorption bands at 1731 and 1399/1054 cm™ are ascribed to
the C=O stretching of the -COOH and the C—/O stretching of
the C—OH/C—O—C groups, respectively.* In the middle of the
experimental process, we obtain GO-COOH /CaCl, hybrids
with the only addition of CaCl,. Compared to GO-COOH, the
sample of GO-COOH/CaCl, has weaker C=O stretching
absorption (Fig. 4b), indicating that when Ca”>" is added the
environment of carboxyl groups changes. After the introduction
of CO;*" further mineralization generates crystalline CaCO;
crystals. Identification of the GO-COOH/CaCO; hybrid
material is also verified by the characteristic vibration bands in
FT-IR spectroscopy, 1425, 874, 712 cem’! for calcite of CaCOs
crystals.®® (Fig. 4c)
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Fig. 5 Thermogravimetric analysis(TGA) of GO, GO-COOH
and GO-COOH/CaCO;.

TGA was employed to determine the weight content of
organic and inorganic material in GO-COOH/CaCOj; hybrid
materials. As shown in Fig. 5, the weight loss of GO (the black
line) is approximately 19% (from room temperature to 178 ‘C),
which indicates the amount of evaporation of adsorbed water
and bound water. When the temperature rises to 312 °C, a sharp
reduction in the amount quality of GO by 20 %, is attributed to
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the decomposition of hydroxyl groups, epoxy and carboxyl
oxygen-containing functional groups on the surface of the GO,
affecting the quality The weight loss of GO-COOH (the red line)
and the COOH/CaCO; hybrid materials (the blue line) are
similar to GO from room temperature to 178 °C. It means that
they have same content of adsorbed and bound water®®. But
from 178 to 312 ‘C, the weight loss in GO-COOH is about 30 %
far more than the weight loss of GO. It means that the content
of oxygen containing functional groups in GO-COOH is higher
than GO. The weight loss is about 9.5 % from 178 to 312 °C in
GO-COOH/CaCOs; hybrid materials (the blue line), which is
attributed to the decomposition of oxygen functional groups in
GO-COOH films. Further increase of temperature results in the
decomposition of CaCOj; crystals in hybrid materials, and at
627 ‘C decomposition becomes stronger.’”*® By comparison,
the mass fraction of CaCOj; crystals in the hybrid materials is
calculated to be 68.3%.

To confirm the relationship between CaCOj; concentration
and microcosmic multi-layers structure, we carried out an
experiment using different concentrations of CaCO;. The SEM
results shown in Fig. 6a and 6d suggest the type of morphology
of CaCOs; at a concentration of 5 mM. The high magnification
SEM image (Fig. 6d) indicates a nacre-like layered structure.
When the concentration of CaCOj increased to 10 mM (Fig. 6b
and 6e), rhombohedral CaCOj; calcite crystals form between
GO-COOH sheets. With a further increase of the concentration
of CaCO; to 100 mM (Fig. 6¢ and 6f), CaCO; crystals
transform into individual diamond crystal, whereas GO-COOH
attaches to the surface of CaCOj; crystals in a facile manner.
This result shows that when the concentration of CaCO;
increases, the growth of calcite of crystalline CaCOj; proceeds
more vigorously. When the concentration of CaCOs is less than
SmM, GO-COOH successfully controls the growth of CaCO;
crystals to construct a layered structure. The fabrication of GO-

.
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COOH/CaCOs; layered structure was closely related to the
concentration of CaCOj; crystals in which high concentration
could inhibit the process, highlighting the determinant of
CaCOj; concentration.

Fig. 6 SEM images of the GO-COOH/CaCOj; hybrid materials
in different consistence of CaCOs: (a)-(¢c) 5, 10, 100mM; (d) -
() high magnification SEM images of (a)-(c), respectively.
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Fig. 7 Schematic illustration for the fabrication of GO-COOH/CaCO; multi-layer structure: (a) GO-COOH nanosheet in aqueous
solution; (b) addition of CaCl, and formation of GO-COOH /CacCl, hybrid multi-layer structure; (c) addition of Na,CO; and

formation of GO-COOH /CaCOj; hybrid multi-layer structure.

It is speculated that the fabrication of GO-COOH/CaCO;
multi-layer materials were involves three steps, as illustrated in
fig. 7: (a) GO-COOH nanosheet is dispersed in aqueous
solution (Fig. 7a). (b) CaCl, is added to form the GO-
COOH/CaCl, hybrid multi-layer structure. Compared to the
GO-COOH, the sample GO-COOH/CaCl, has weaker C=0
stretching absorption in FT-IR (Fig. 4), indicating that when
Ca®" is added the nature of carboxyl groups changes. It was

4 CrystEngComm, 2012, 00, 1-3

conjectured that Ca®>* has a strong adherence for carboxyl
groups on the surface of the GO-COOH. SEM observation (Fig.
S3) of the cross section of GO-COOH/CaCl, hybrids reveals a
loose multilayered structure. After the introduction of CO5*
further generation of mineralized crystalline CaCOj; crystals in
the film space of GO-COOH. (c¢) Na,COj; is added to form the
GO-COOH/CaCO; hybrid multi-layer structure. It was
speculated that after the introduction of CO;*"  further

This journal is © The Royal Society of Chemistry 2012
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generation of mineralized crystalline CaCO; occurs, which is
consistent with the XRD and FT-IR results.

Fig. 8 SEM images of the GO-COOH/BaSO, hybrid materials:
(b) high magnification SEM images of (a), respectively.

To prove the universal applicability of the method, BaSO,
crystals were used rather than CaCOj; crystals to carry out the
same experiment. The results were shown in Fig. 8, SEM
observation of the GO-COOH/BaSO,4 hybrid materials reveals a
layered structure similar to that of GO-COOH/CaCO; hybrids.
The high magnified SEM image (Fig. 8b) indicates the
multilayer structure more clearly with globular BaSO, crystals.

Conclusions

In conclusion, GO-COOH is similar to the organic matrices of
mollusk shells and it was speculated as an ideal mineralization
matrix. In this study, we used GO-COOH sheet matrices to
induce CaCOj; crystals mineralization constructing the GO-
COOH/CaCO3; hybrid structure. The characterization
techniques revealed that CaCO; crystals were successfully
grafted onto exfoliated GO-COOH nanosheet and a
microcosmic simulation of a multi-layer shell structure was
successfully performed. The spontaneity of the layered
structure was found to be closely related to the concentration of
CaCOgj crystals in which a high concentration could inhibit the
process, highlighting the determinant of the CaCO;
concentration. It is greatly anticipated that this work could
represent an efficient and controllable way to construct of
nacre-like layered hybrid structure and also has great potential
to promote the application of GO-COOH in biomedical
engineering, especially in the biomimetic material fields.
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Schematic illustration for the fabrication of GO-
COOH/CaCO3; multi-layer hybrid structures:
GO-COOH; GO-COOH /CaCl, multi-layer
hybrid structure; GO-COOH /CaCOs hybrid
multi-layer structure (from left to right).

highlight: Fabrication an innovative Nacre-like

GO-COOH/CaCO; multi-layer hybrid structure
by biomimetic mineralization process.
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