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EO,0sPO7EO) 6 (F127). The as-prepared CaCO; samples are characterized by X-ray powder diffraction, scanning electron microscopy

and high-resolution transmission electron microscopy. The effect of copolymer on the morphologies of CaCOs samples is investigated by

different morphologies was discussed. It was supposed that the copolymer F127 made the morphologies of calcium carbonate more
uniform. The photoluminescence properties of CaCOs:Eu** red phosphors were also investigated.

| SEM, compared with the products obtained without adding copolymer. The possible formation mechanism of the calcium carbonate with

-
Spica-like vaterite and nanorod-bundles aragonite have been synthesized through a precipitation route assisted by triblock copolymer |
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INTRODUCTION

Calcium carbonate is a representative bio-mineral system
and also important industrial substances used in industry for
cement, paper, etc. There are three anhydrous crystalline phases,
rhombo-centered hexagonal calcite, primitive hexagonal
aragonite and primitive orthorhombic vaterite. Calcite is the
most stable phase at ambient temperature and pressure in
thermodynamics and calcite and aragonite are the main
biologically formed CaCO; polymorphs'?. Vaterite, a less
stable polymorph, is expected to have potential applications
for various purposes due to its properties such as high
dispersion, high solubility, high specific surface area and lower
specific gravity compared with the other two crystalline forms”.
Normally, these crystals in organisms are found assembled
into different hierarchical structures with intriguing properties®.
Therefore, the control of crystalline phases and morpho-logies
of CaCO; is of great significance and has received much
attention®”.

Many different crystallization methods have been chosen
to control the crystalline phases and morphologies of CaCO;,
such as vapor diffusion method®, solvothermal method’ and
microwave-assisted synthesis'’. Among these methods, the
precipitation route is a more facile way. Various additives may
have great effects on the crystallization of calcium carbonate,
e.g., ionic liquids", PSS' and the mixed water and organic
solvents, such as ethanol* and pyridine'*. Among the additives,
block copolymers with versatility have been used as effective
crystal growth modifiers, which produce homogeneous

populations of particles frequently with unusual morpho-
logies"’, such as double-hydrophilic compolymer.

Inorganic phosphors doped with rare earth ions have
attracted much attention due to the remarkable luminescent
properties and applications, commonly used for color display
and lamp industry'®. Trivalent europium (Eu™) as an efficient
red luminescent activator was widely studied in terms of its
electronic transitions from the lowest Dy excited state to 'F; (J =
0, 1, 2, 3, 4) ground state, strongly depending on the local
environments in host lattices'. Until now, a small quantity of
literatures concerning the luminescence properties of carbonate
minerals doped with rare earth ions were documented™.

Even though various novel calcium carbonate crystals in
the presence of numerous crystal modifiers have been synthe-
sized, such as needle-like calcite particles generated using an
acrylate-styrene copolymer?'. To the best of our knowledge, few
work has been done with a focus on the controllable synthesis
of the spica-like vaterite and nanorod-bundles aragonite
assisted by triblock copolymer F127 and further investigated
the luminescent properties of the as-prepared CaCO; doped
with Eu** ions. In this work, we proposed a facile route to get
the spica-like vaterite and rod-bundles aragonite and the growth
mechanism was investigated. By using F127 and varying the
reaction temperature, calcium carbonate with different crystal
phase and morphologies were obtained and the transformation
process was studied by XRD, SEM and TEM characterization.
The luminescent properties of CaCO;:Eu** phosphors with
different morphologies were also studied.
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EXPERIMENTAL

The starting materials utilized are calcium chloride, sodium
carbonate anhydrous (analysis purity grade, Nanjing Chemical
Reagent Co. Ltd.). F-127 (EO0cPO7EO106, MW = 12600,
Product no. P2443-250G) was purchased from Aldrich and
used as received without further purification. Distilled water
was used throughout the experiment.

Synthesis of CaCOs: In a typical process, 0.9 g F127
was dissolved in 23 mL ethanol and 0.01 mol CaCl, was
dissolved in 20 mL deionized water and then the solution of
0.01 mol Na,COs in 10 mL deionized water was dropped in it
at room temperature. Then, the reaction solution was heated
at room temperature and 80 °C for different times. When the
reaction was finished, the precipitate was filtered and washed
with ethanol and water for several times and the products were
dried in desiccator for 24 h at room temperature. To get the
calcite samples, the as-prepared products were calcined at
450 °C for 4 h (1 °C min™" under air). A control experiment
was carried out without using F127, while other conditions
were unchanged. The reaction is the deposition reaction
between CaCl, and Na,CO; and the chemical reaction equation
is as follows:

CaCl, + Na,CO; —— CaCOs + 2NaCl

Synthesis of CaCO; doped with Eu** ions: CaCO®: Eu**
phosphors were obtained through adding 0.2 mmol Eu(NOs);
prepared by dissolving Eu,O; powders in concentrated HNO;
solution into the above mentioned solution while other reaction
parameters were kept unchanged.

Characterization

The crystalline phase of the products were identified using
X-ray diffraction (XRD; Ultima III, Rigaku) with CuK|, radia-
tion (A = 0.154 nm, 40 kV, 40 mA) and a scan rate of 10° min™.
The morphology and microstructure of the samples were
observed by a field emission scanning electron microscope
(FE-SEM; NOVA230, FEI Ltd.) with accelerating voltage of
10 kV and a high resolution transmission electron microscope
(TEM; JEM-2100, 200 kV, JEOL Ltd.). Photoluminescence
(PL) properties of the as-prepared CaCOs: Eu** phosphors were
detected by a spectrofluorometer (VARIAN, Cary Eclipse,
USA) at room temperature.

RESULTS AND DISCUSSION

Modulation of the crystalline phase of calcium carbonate:
Wide-angle XRD was used to identify the crystalline phase of
the as-prepared samples and the results are presented in Fig. 1.
The XRD patterns of the samples prepared in the presence of
the copolymer F127 at different temperatures (Fig. 1 a-d) show
vaterite, aragonite and calcite crystals, respectively. The XRD
pattern of the sample prepared at room temperature (Fig. 1a)
shows that the diffraction peaks are in good agreement with
JCPDS No. 33-0268, vaterite crystals. Fig. 1b shows the XRD
pattern of the sample prepared at 80 °C for 60 min, which result
shows the mixed crystalline phases of vaterite (JCPDS No.
33-0268) and aragonite crystals (JCPDS No. 41-1475). Fig. 1c
shows the XRD pattern of the sample prepared at 80 °C for
3 h, which result shows that the diffraction peaks are in good

agreement with JCPDS No. 41-1475, aragonite crystals.
Fig. 1d shows the XRD pattern of the sample prepared at 80 °C
for 3 h and then calcined at 450 °C, which result shows that
the diffraction peaks are in good agreement with JCPDS No.
47-1743, calcite crystals. With the increase of reaction tempera-
tures and times, the crystalline phases of the as-prepared samples
vary from vaterite to aragonite and then calcite after thermal
treatment. Vaterite and aragonite are metastable in nature, with
vaterite being particularly unstable”. Because calcite is the
most thermodynamically stable form of CaCO; under ambient
conditions®, it forms after the thermal treatment under high
temperature. The crystalline phases of CaCOs can be controlled
through changing the reaction temperatures and times in the
system in the presence of F127.
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Fig. 1. XRD patterns of the samples prepared by using F127 at different
reaction times; (a) 20 min at room temperature; (b) 60 min at 80
°C; (c) 3 h at 80 °C and (d) the sample calcined at 450 °C for 4 h

Modulation of the morphologies of calcium carbonate:
The morphologies of the as-prepared samples are characterized
by SEM and the results are shown in Fig. 2. From Fig. 2ab,
spica-like vaterite crystals prepared at room temperature were
observed. With the increase of reaction temperature, spica-
like vaterite and rod-bundles aragonite (Fig. 2cd) prepared in
the presence of F127 were formed. From Fig. 2 ef, spica-like
vaterite crystals disappear and nanorod-bundles aragonite grow
in larger sizes. After the thermal treatment, the calcite crystals
show the wormlike morphology (Fig. 2 gh).

The TEM images taken on the as-prepared CaCO; samples
provide further information on the crystallization (Fig. 3). It
can be observed from Fig. 3a that the as-prepared vaterite are
composed of nanoparticles about 200 nm in size. The high-
resolution TEM (HRTEM) image recorded on the edge of the
nanoparticle shows that the sample is structurally uniform with
an interplanar spacing of about 0.273 nm, which corresponds
to the lattice spacing for the (114) faces of vaterite (Fig. 3a,
inset). From Fig. 3b, the aragonite crystals are bundles of
nanorods and the diameter of the nanorod is about 500 nm.
From Fig. 3b, inset, the lattice planes spacing is 0.270 nm,
which corresponds to the (012) crystal planes of aragonite.
SAED patterns shown in Fig. 3a and b, inset indicate the well
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Fig. 2. SEM images of calcium carbonate prepared with F127 at different reaction times; (a and b) 20 min at room temperature; (¢ and d) 60 min at 80 °C;
(e and f) 3 h at 80 °C; (g and h) the sample (e) calcined at 450 °C for 4h

crystalline CaCOs samples and show the polycrystalline nature.
The morphologies of the CaCO; samples can be controlled
through changing the reaction temperatures and times in the
system in the presence of F127. Moreover, a continuous
morphological and structural transition between these crystals
can be observed, offering considerable insight into the
mechanism of formation of calcium carbonate particles in the
presence of triblock copolymer F127.

Effects of F127 on the phases and morphologies of
CaCoO:s;: For analyzing the effects of F127 on the phases and
morphologies of CaCOs in this system, the CaCO; samples
prepared in the absence of the copolymer F127 are characteri-
zed by XRD and SEM. The results are shown in Figs. 4 and 5,
respectively. From Fig. 4, mixed crystalline phases of vaterite,
aragonite and calcite appeared when the reaction was processed
in the absence of F127 at whether room temperature or 80 °C.
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Fig. 3. TEM images of the as-prepared samples with F127 at different
reaction times; (a) 20 min at room temperature, high magnification
TEM image and corresponding SAED pattern (inset of Fig. 3a); (b)
3 h at 80 °C, high magnification TEM image and corresponding
SAED pattern (inset of Fig. 3b)

Intensity (a.u.)

26 (9
Fig. 4. XRD patterns of the samples prepared without F127 at different
reaction times (a) 20 min at room temperature; (b) 3 h at 80 °C

Based on the above results, vaterite or aragonite maintained
stable during the growth process of calcium carbonate crystals
in this reaction system, which is attributed to the existence of
F127. For observing the morphology of the samples obtained
in the absence of F127, the products collected at dif ferent
reaction temperatures are characterized by SEM and the results
are shown in Fig. 5. From Fig. 5a and b, spica-like, rod-bundles
and rhombohedral CaCO; particles are observed. From Fig. 5c

Fig. 5. SEM images of the samples prepared without F127 at different reaction times, (a, b) 20 min at room temperature; (c, d) 3 h at 80 °C
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and d, thombohedral and some irregularly morphological CaCOs
particles are observed. Compared with the SEM images of the
samples prepared in the presence of F127 (Fig. 2), uniform CaCO;
particles are not obtained in the synthesis system without F127.
And, the polycrystalline CaCOs particles may be formed by
aggregation of the particles proceeding more rapidly than
growth of individual particles retarded further growth by the
temporary stabilization of the primary units by interaction with
the block copolymers'’. Thus, the uniform CaCOs particles
with various morphologies and different crystalline phases are
prepared through the facile precipitation route assisted by
F127.

Modulation mechanism of the phases and morpho-
logies of CaCQ;: Further analysis of the modulation mechanism
of morphologies and phases, the sample prepared at 80 °C for
60 min was characterized by TEM. From Fig. 6a, the spike-
like vaterite dissolve into smaller size (about 150 nm) compared
with the sample obtained at room temperature when the growth
time increases to 60 min. Individual rod is clearly observed
with rough surfaces and these architectures are built from CaCOs
nanoparticles (Fig. 6b). Once the CaCOs nuclei are formed,
they are active because of their high surface energy and tend
to aggregate growth, leading to the formation of larger aggre-
gation to minimize the surface energies, which is similar to
the formation of the SnO, nanorods®. The aggregation growth
process can occur by random aggregation and then the Ostwald
ripening process occurs which involves the growth of larger
crystals at the expense of smaller ones™.

- s
Fig. 6. TEM images of the as-prepared samples with F127 at 80 °C for 60
min; (a) spike-like vaterite, low-magnification image (a, inset) and
(b) nanorod-bundles aragonite

The proposed formation mechanism of CaCO; with cont-
rolled morphologies and crystalline phases is presented in Fig. 7.
The primary spike-like vaterite particles may be first formed
by the aggregation of nanoparticles. And then with the increase
of the reaction temperature, the phase transformation of CaCO;
from vaterite to aragonite happened. The spike-like vaterite
may dissolve into nanoparticles and re-aggregate to form
nanorods and the nanorods assemble to aragonite nanorod-
bundles. With the increase of the reaction time, the nanorods
grow larger through the Ostwald ripening process. All the
above facts suggest an inhibition of calcite crystal growth in
the reaction system by F127.

Vaterite

Nuclei Aragonite
09 o Aggregation Phase transformation
00 : o —— N Qstwald
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00® o
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Fig. 7. Schematic illustration of the proposed modulation mechanism of
the morphologies of the as-prepared CaCOs

Considering here the vaterite surface characteristics, it is
likely that during the growing step of calcium carbonate crystals,
the copolymer adsorbs on some crystalline plane of CaCOs,
reducing hence their surface energies and stabilizing the
vaterite surfaces. At higher reaction temperature, F127 also
react as the stabilizing regent for aragonite. Based on the above
results, F127 is more beneficial to keep aragonite stable than
vaterite at higher temperature in the synthetic system. Thus,
in this reaction system, the influence of F127 on the crystal
growth of calcium carbonate is in two ways: on the one hand,
F127 as akind of nonionic copolymer can stabilize the vaterite
or aragonite phases of calcium carbonate, which are less stable
at usual condition compared with calcite. On the other hand,
the morphologies of vaterite and aragonite are uniform and
assembled with nanoparticles or nanorods, which may be
caused by the existence of F127 and the induced corresponding
aggregation of nanopaticles or nanorods. Thus, the calcium
carbonate with controllable crystalline phases and morpho-
logies are formed.

Photoluminescence properties of CaCO; doped with
Eu*: Photoluminescence spectra of CaCO; doped with Eu**
are shown in Fig. 8. Although the discrepancy of the ion radii
between Eu™* (r;=0.95 A) and Ca** (r;= 1 A) is to some extent,
CaCO;: Eu* red phosphors have been prepared at room
temperature®. That is to say, Eu** ions can partially replace
the Ca®* ions in the growth and crystallization processes of
phosphors. Fig. 8 depicts the typical red photoluminescence
from Eu* ions towards the as-obtained CaCO3 : Eu** phosphor
by designating the excitation wavelength at 254 nm. A series
of sharp bands at 573, 598, 608, 660 and 681 nm are assignable
to the characteristic transitions of Eu** from lowest °Dj excited
state 'F; (j =0, 1, 2, 3 and 4) ground state®. The peak intensity
at 573, 598 and 608 nm decreases when the phosphors evolved
from spica-like vaterite to nanorod-bundles aragonite and then
to wormlike calcite, which may be due to the different micro-
structures.
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Photoluminescence spectra of the as-prepared CaCOs; doped with
Eu™ at room temperature; (a) spike-like vaterite; (b) nanorod-
bundles aragonite and (c) wormlike calcite, the emission laser
wavelength at A, = 254 nm

Fig. 8.

Conclusion

Calcium carbonate particles with controlled morphologies
and crystalline phases are synthesized by a precipitation route
assisted by F127. Through changing the reaction temperatures,
spica-like vaterite and nanorod-bundles aragonite are obtained
and wormlike calcite is also prepared after thermal treatment.
It was supposed that the existence of F127 made the morpho-
logies of calcium carbonate more uniform. CaCOs: Eu** red
phosphor has been prepared and the photoluminescence pro-
perties were studied.
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