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ABSTRACT: A green and template-free method was applied to control the
morphology of CaCO3 microspheres with a layered nanostructure surface and
pure crystalline phase of vaterite via the hydrothermal reaction between Ca(OH)2
saturated limpid solution and a novel CO2-storage material (CO2SM).
Morphologies of the as-prepared CaCO3 crystals could be tuned with CO2SM
concentration, reaction temperature, or crystallization time. After the precipitation
of CaCO3 crystals, the filtered solution could not only be used to absorb CO2 but
also to produce CaCO3 microspheres repeatedly with the addition of Ca(OH)2
solution. Furthermore, an aggregation and self-assembly mechanism for the
formation CaCO3 microspheres had been proposed. As a result, this novel
synthesis strategy of CaCO3 microspheres with CO2SM again emphasized that
was possible to synthesize inorganic/organic hybrid materials with exquisite
morphology and offered an alternative way for comprehensive utilization of CO2.

KEYWORDS: calcium carbonate, CO2-storage materials, microspheres, morphology control, mineralization,
CO2 capture and utilization

1. INTRODUCTION

Carbon dioxide (CO2), a greenhouse gas, is related to a series
of environmental changes. In an attempt to mitigate these
environmental changes, many researchers have focused on
technologies to capture and control anthropogenic CO2.

1,2 To
reduce CO2 emissions, various methods,3−5 including absorp-
tion, adsorption, hydrate-based separation processes, and
disposal of CO2 in deep oceans, have been developed for
CO2 capture and storage (CCS) processes. However, all
current CCS approaches have critical drawbacks, i.e., leaking of
CO2 from storage sites to land surface, large amounts of
byproduct, high cost, slow carbonation rate, and noneffective
CO2 utilization.6,7 Compared with CCS, CO2 capture,
utilization, and storage (CCUS) approaches are more attractive
than CCS because they can not only consume CO2 but also
produce value-added chemicals.8−11

In the sequestration of CO2 into mineral carbonates with
aqueous saturated CO2 solutions,12−14 it is well-known that
carbonation can be promoted by amine-containing chemicals,
such as aqueous ethanediamine (EDA)5 and monoethanol-
amine (MEA),6 with characteristic absorption abilities toward
acidic CO2 gas. Recently, CO2 has been mineralized into
different CaCO3 polymorphs and morphologies in an aqueous
amine−CO2 system15−18 with different additives and soft
templates19,20 because CaCO3 is not only one of the most
abundant mineral materials in nature but also has great
potentials in paints, paper, plastics, rubber, and fabrication of
biomimetic materials.21−23 For example, inspired by nature,
biomimetic CaCO3 crystals have been successfully synthesized
through reverse microemulsion or complex micelle,24 hydro-

gels,25 self-assembled monomolecular (SAM) films,26 Langmuir
monolayers27 and double hydrophilic block copolymers
(DHBCs).28,29 However, CO2-storage material (CO2SM),
which is product of equimolar EDA and polyethylene glycol
300 (PEG) with CO2, has not been used to produce CaCO3
crystal up to present.
Herein, we reported a novel and template-free method to

control the morphology of CaCO3 microspheres during
synthesis from CO2SM and Ca(OH)2-saturated limpid solution
(Figure 1). Additionally, after synthesis the filtered solution
without CaCO3 precipitate could be recycled and used to
prepare CaCO3 microspheres repeatedly.

2. EXPERIMENTAL SECTION
2.1. Materials. Analytical-grade EDA was purchased from Tianjin

Reagent Company. Analytical-grade polyethylene glycol 300 (PEG)
with the average molecular weight of 300 (280−310) was purchased
from Beijing Reagent Company. Compressed CO2 (99.999% vol) was
purchased from the Standard Things Center (China). Ca(OH)2 was
purchased from Sinopharm Chemical Reagent Co., Ltd. For synthesis
method and information on CO2SM, refer to the Supporting
Information (Figures S1−S3) and our most recent work.30

2.2. Synthetic Procedures. The crystallization of CaCO3 was
carried out hydrothermally at T = 60−120 °C with 50 mL of
Ca(OH)2-saturated limpid solution. Typically, approximately 5.0 g of
CO2SM was mixed with Ca(OH)2-saturated solution first, then the
mixture was transferred into a 100 mL Teflon-lined stainless-steel
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hydrothermal reactor. The reactor was sealed tightly and heated at 90
°C for 2 h. The as-obtained precipitate was separated with vacuum
filtration and washed with double-distilled water and ethanol. The as-
synthesized CaCO3 powder was dried under vacuum at 120 °C for 8 h.
In particular, all CaCO3 samples were prepared in the same way.
2.3. Characterization. Morphologies of the synthesized CaCO3

particles were examined via scanning electron microscopy (SEM,
Quanta FEG 650, China) with an accelerating voltage of 20 kV and
high-resolution transmission electron microscope (HR-TEM, JEM-
2100, Japan) with an accelerating voltage of 200 kV. The energy
dispersive X-ray (EDX) method was employed to confirm the
chemical composition of CaCO3 particles. X-ray diffraction (XRD)
patterns were collected on a powder X-ray diffractometer (Siemens D/
max-RB) with Cu Kα radiation and a scanning rate of 0.05°·s1−.
The relative percentage of each polymorph of CaCO3 was

calculated from their characteristic XRD peak intensities according
to the following equations.31
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CaCO3 samples containing only vaterite and calcite were analyzed
by the following set of equations.
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where XV, XA, and XC are the molar fraction of vaterite, aragonite and
calcite, respectively. Peak intensities of 110 plane (IV

110), 221 plane
(IA

221), and 104 plane (IC
104) represent vaterite, aragonite and calcite,

respectively.
FTIR was recorded on a Nexus 670 infrared spectrophotometer.

Thermogravimetric analysis (TGA, Entzsch-Sta 449) was employed to
measure the weight percentage of the CO2SM and CaCO3 precipitate.
Nitrogen sorption data were recorded on a Tristar II3020 automated
gas adsorption analyzer. Isotherms were evaluated with the BJH theory
to give the pore parameters, such as BET surface areas, pore volume,
and pore size distribution.

3. RESULTS AND DISCUSSION
][

3.1. Effect of CO2SM Concentration on Crystallization
of CaCO3. Morphologies of CaCO3 crystals with different
CO2SM concentrations (Table 1) were characterized by SEM,
XRD, and FTIR.
According to SEM images in Figure 2, CO2SM concentration

had a significant influence on CaCO3 morphology. The CaCO3
precipitates have littery morphologies. With the increase of
CO2SM concentration, the morphology of CaCO3 precipitate
gradually changed from littery (rhombohedra (marked by an
arrow), spherical or spheroidicity, cubical, baculiform, lami-
nated cubed shape, layered porous hierarchical structures, thin
pancake sample, needlelike, and complex crystal) to micro-
sphere morphologies with a size range of 2.4−5.6 μm. These
results suggested that CO2, PEG, and EDA concentrations from
CO2SM were indispensable and cooperatively help CaCO3
grow along the same direction, in which PEG could be
considered as a cosolvent and EDA might be used to adjust the
pH value of the reaction system.
Figure 3 shows XRD and FTIR of as-prepared CaCO3

precipitates synthesized with different concentration of
CO2SM. According to XRD results, the crystalline phase of
CaCO3 in sample A precipitate was pure calcite, and samples
B−E were mixed calcite and vaterite. The relative percentages
of each crystalline phase of CaCO3 were calculated and are
listed in Table 1 and Figure S4. In Table 1, a low concentration
of CO2SM was usually accompanied by a lower pH value and
favored the formation of calcite. With the increase of CO2SM
concentration and pH value, the tendency to form calcite
declined. When CO2SM concentration was greater than or
equal to 10 g·L−1, a mixed crystalline phase of calcite and
vaterite was obtained. Here, the crystallization of CaCO3 was
influenced by CO2SM concentration because the produced
PEG and EDA molecules from CO2SM decomposition could

Figure 1.Morphology control in the synthesis of CaCO3 microspheres
using CO2SM. A and B represent the hydrothermal reactor. In the
processes, the filtered solution without CaCO3 precipitate can not only
repeatedly absorb CO2 but also recycle to produce CaCO3
microspheres after bubbling CO2. This cycle of absorption of CO2
for preparing calcium carbonate is a process that could potentially be
optimized as a novel technique.

Table 1. CaCO3 Samples Prepared under Different CO2SM Concentrations at T = 100 °C and t = 1 h and Experimental
Conditions, Polymorph Compost, and Primary Morphologies for Each Sample

polymorph compost (%)c

samplesa preparation conditionsb calcite aragonite vaterite primary morphologies

A CO2SM (4 g·L−1); pH 8.0 100 0 0 irregular
B CO2SM (10 g·L−1); pH 8.5 89.9 0 10.1 irregular
C CO2SM (20 g·L−1); pH 9.6 57.67 0 42.33 irregular and spherical
D CO2SM (40 g·L−1); pH 10.4 49.78 0 50.22 irregular and spherical
E CO2SM (70 g·L−1); pH 12.5 45.80 0 54.20 spherical
F CO2SM (100 g·L−1); pH 13.3 34.59 0 65.41 spherical

aIn all cases, 50 mL of Ca(OH)2 saturated limpid solution was used. bConcentration (g·L−1) of CO2SM was calculated as milligrams of CO2SM
dispersed in 50 mL of Ca(OH)2 saturated limpid solution; the reaction time and temperature are 1 h and 100 °C, respectively. cCalculated from the
XRD pattern.
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serve as block copolymer templates or structure-directing
agents and EDA could adjust the pH value of the reaction
system to influence crystallization of CaCO3.

32−35 SEM and
XRD also showed clearly that the particle had either a pure
calcite phase or a mixed crystalline phase of calcite and vaterite.
Usually, the characteristic FTIR absorption bands of C−O

bond vibrations of CaCO3
36−38 include symmetric stretching

(υ1 mode), out-of-plane bending (υ2 mode), doubly asym-
metric stretching (υ3 mode), and doubly in-plane bending (υ4
mode). The characteristic carbonate infrared vibrations for pure
calcite and mixed crystalline phase of calcite with vaterite are
shown in Figure 3. Sample A had three characteristic peaks at
1084, 874, and 712 cm−1 (υ4 mode of calcite), which indicated
the pure calcite phase. With the increase of CO2SM
concentration, a new peak appeared gradually at 745 cm−1

(υ4 mode of vaterite), which indicated the mixed phase of
calcite and vaterite in samples B−E.36 Additionally, the peak
intensity at 712 cm−1 decreased with the gradual appearance of
the 745 and 1084 cm−1 peaks, probably because the formation
of thermodynamically most stable calcite phase was restrained
and the mixed crystalline phase of calcite and vaterite was
promoted, which agreed well with the XRD data.
3.2. Effect of Reaction Temperature on Crystallization

of CaCO3. As shown in Figure 4, reaction temperature had a
great influence on the morphology of the as-prepared CaCO3

crystal, and the preparation conditions are listed in Table 2. In
sample A, except for a CaCO3 sphere, inhomogeneous CaCO3
particulate with flowerlike and/or rodlike shapes and unusual
dendritelike crystals with a diameter of about 10−15 μm were
formed, in which the dendritelike crystal had joined parts from
multiple rodlike shape crystals with a diameter of 3.5 μm. In
samples B and C, a rodlike shape and defective spheres of
CaCO3 with uneven sizes were formed. Surfaces of these
defective spheres were composed of plentiful nanoparticles. A
similar result was found in sample D. In sample E, the surface of
the microsphere became close-knit when the reaction temper-
ature was 120 °C. With the increase of temperature, the average
diameter of these microspheres was gradually increased, and the
crystallization of CaCO3 morphologies trended toward a
consistent direction. Samples F−H showed the influence of
the temperature on the morphologies, size, and size distribution
of CaCO3 crystal with a relatively high concentration of
CO2SM (100 g·L−1) and high pH (13.3). In particular, the pH
of solution also observably influences crystallization of
CaCO3.

39 For samples F−H, pH of the solution was relatively
far from the isoelectric point of CaCO3, which is pH 9.5
according to the literature.40 The fine crystalline CaCO3
particles from the primary nucleation might coagulate each
other because of the strong electrostatic repulsive force
between them. The most interesting feature was that CaCO3

Figure 2. SEM micrographs of CaCO3 samples were acquired under different concentrations of CO2SM at 100 °C for 1 h. Concentrations of
CO2SM are sample A, 4 g·L−1; sample B, 10 g·L−1; sample C, 20 g·L−1; sample D, 40 g·L−1; sample E, 70 g·L−1; and sample F, 100 g·L−1.

Figure 3. XRD patterns and segmented FTIR spectra of the CaCO3 samples were obtained with different concentrations of CO2SM at 100 °C for 1
h. Concentrations of CO2SM are sample A, 4 g·L−1; sample B, 10 g·L−1; sample C, 20 g·L−1; sample D, 40 g·L−1; sample E, 70 g·L−1; and sample F,
100 g·L−1.
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crystals with spheroidicity morphologies were synthesized at 90
°C with a size of 1.0 μm × 1.7 μm (sample G). Simultaneously,
spherical CaCO3 particles were obtained when reaction
temperatures were 80 and 100 °C (samples F and H,
respectively), but these CaCO3 microspheres have a pyknotic
surface and larger diameter of 2.5−5.1 μm. Some individual
CaCO3 particles (Figure S5) could also be obtained at low
reaction temperatures (T < 70 °C) with low CO2SM
concentration (pH ≤8.5). These results suggested that low
reaction temperature and a low pH that was relatively far from
the isoelectric point of CaCO3 were conducive to the formation
of polymorphous CaCO3, whereas the increase of reaction
temperature promoted the formation of CaCO3 with unified
microspheres.
XRD and FTIR data of as-prepared CaCO3 precipitates are

shown in Figure 5. The relative percentages of each crystalline

phase calculated from their characteristic XRD peaks intensities
are shown in Table 2 and Figure S6. Three crystalline phases of
CaCO3, including calcite, aragonite, and vaterite, were formed
at 60 and 80 °C; the increased vaterite phase and decreased
calcite phase were found when the reaction temperature was
changed from 60 to 90 °C, which indicated that the low
temperature was beneficial to the coexistence of all the three of
crystal phases. Pure vaterite phase was formed when the
reaction temperature was 90 °C, probably because the
decomposition of CO2SM was remarkable at approximately
90 °C. However, with the further increase of temperature, the
crystalline phase of vaterite was gradually decreased, and
rhombohedral calcite was increased. These XRD results were
further reconfirmed by FTIR data. As shown in Figure 5,
samples A and B had four peaks at 1083, 875, 745, and 712
cm−1. The vibration bands at 1083, 875, and 745 cm−1 could be

Figure 4. SEM micrographs of CaCO3 samples were acquired under different temperatures for 1 h. When the concentration of CO2SM is 40 g·L−1,
the reaction temperatures are sample A, 60 °C; sample B, 80 °C; sample C, 90 °C; sample D, 100 °C; and sample E, 120 °C. When the
concentration of CO2SM is 100 g·L−1, the reaction temperatures are sample F, 80 °C; sample G, 90 °C; and sample H, 100 °C.

Table 2. CaCO3 Samples Prepared under Different Reaction Temperatures at t = 1 h and Experimental Conditions, Polymorph
Compost, and Primary Morphologies for Each Sample

polymorph compostc

samplesa preparation conditionsb calcite aragonite vaterite primary morphologies

A pH 10.4; T = 60 °C 42.0 9.00 49.0 flowerlike shape
B pH 10.4; T = 80 °C 10.0 9.18 80.8 irregular, spherical and rodlike shape
C pH 10.4; T = 90 °C 0 0 100 irregular, spherical and rodlike shape
D pH 10.4; T = 100 °C 49.78 0 50.22 irregular and spherical
E pH 10.4; T = 120 °C 100 0 0 irregular, and spherical
F pH 13.3; T = 80 °C spherical
G pH 13.3; T = 90 °C 0 0 100 spheroidicity
H pH 13.3; T = 100 °C 34.59 0 65.41 spherical

aIn all cases, 50 mL of Ca(OH)2 saturated limpid solution was used, and the concentration of CO2SM in samples A−E is 40 g·L−1, and in samples
F−H, it is 100 g·L−1. The reaction times are 1 h. bStandard uncertainties u for each variables are u(T) = 1 K. cCalculated from the XRD pattern.
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assigned to the characteristic vibrations of vaterite, and 712
cm−1 could be due to the characteristic vibration of calcite.37,38

However, infrared characteristic absorption peak of aragonite at
about 854 cm−1 was not found because the aragonite content
was limited. Sample C has three vibration bands at 1083, 875,
and 745 cm−1, which confirmed the presence of vaterite.37,38

Sample E also has three peaks at 1083, 875, and 712 cm−1,
which confirmed the presence of calcite.37,38 Sample D, in
addition to peaks at 1083 and 875 cm−1, had peaks at 745 and
712 cm−1 (υ4 mode of vaterite and υ4 mode of calcite,

respectively), which confirmed the presence of calcite along
with vaterite.37,38 These FTIR results also proved that the
CaCO3 samples with different crystalline phase were in good
agreement with their XRD results.
In this study, CO2SM could not only release CO2 to the

crystallization solution when the system temperature is higher
than the decomposition temperature of CO2SM but also could
produce EDA and PEG to control the crystallization of CaCO3.
At 60 °C, CO2SM could not release CO2, so alkyl carbonate ion
(R-CO3

−) was likely formed through the hydrolysis of CO2SM

Figure 5. XRD patterns and segmented FTIR spectra of CaCO3 samples were obtained with different reaction temperatures and a constant
concentration of the CO2SM for 1 h. When the concentration of CO2SM is 40 g·L−1, the reaction temperatures are sample A, 60 °C; sample B, 80
°C; sample C, 90 °C; sample D, 100 °C; and sample E, 120 °C. When the concentration of CO2SM is 100 g·L−1, the reaction temperatures are
sample F, 80 °C; sample G, 90 °C; and sample H, 100 °C.

Figure 6. SEM micrographs of CaCO3 samples acquired under different reaction times at 90 °C. When the concentration of CO2SM is 100 g·L−1,
the reaction times are sample A, 1 h; sample B, 2 h; sample C, 4 h; sample D, 6 h; sample E, 8 h; and sample F, 10 h.

Table 3. CaCO3 Samples Prepared under Different Reaction Time at T = 90 °C and Experimental Conditions, Polymorph
Compost, and Primary Morphologies for Each Sample

polymorph compostc

samplesa preparation conditionsb calcite aragonite vaterite primary morphologies

A pH 13.3; t = 1 h 0 0 100 spheroidicity
B pH 13.3; t = 2 h 0 0 100 spherical
C pH 13.3; t = 4 h 1.90 0 98.1 spherical
D pH 13.3; t = 6 h 2.72 0 97.28 irregular or defective balls
E pH 13.3; t = 8 h 5.01 0 94.99 irregular or defective balls
F pH 13.3; t = 10 h 8.27 0 91.73 irregular or defective balls

aIn all cases, 100 g·L−1 CO2SM was calculated as milligrams of CO2SM dispersed in 50 mL of Ca(OH)2 saturated limpid solution. bThe reaction
temperatures are 90 °C. cCalculated from the XRD pattern.
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to produce CaCO3 precipitate, although further studies are
needed to establish the mechanism of CaCO3 crystallization.
3.3. Effect of Reaction Time on Crystallization of

CaCO3. Representative SEM images of the as-prepared CaCO3

precipitates were presented in Figure 6, and the preparation
conditions and primary morphologies of each sample were
listed in Table 3. As shown in Figure 6, the CaCO3 crystal
gradually changed from the initial spheroidicity to a sphere.
However, with the extension of reaction time, these micro-
spheres continued to grow and eventually formed irregular or
defective balls with a larger average diameter, and the surfaces
of these particles were changed significantly from incompact to
compact.
As shown in Figure 7 of XRD, the pure vaterite phase was

formed when the reaction time was 1 h (sample A) and 2 h
(sample B); three characteristic peaks at 1083, 875, and 745
cm−1 were detected for samples A and B, which indicated that
vaterite was formed.37,38 When the reaction time was increased
to 4 h, the crystalline phase of calcite began to appear, although
the CaCO3 samples were composed of vaterite and only a little
calcite. The relative percentage of each crystalline phase was
calculated from their characteristic XRD peak intensities, and
the results are shown in Table 3 and Figure S7. With the further
extension of reaction time, most crystalline CaCO3 phase was

still vaterite, indicating that the reaction time mainly affected
the sizes and surface structure of CaCO3 microspheres rather
than its composition. Furthermore, the FTIR results showed a
decrease of intensity at 745 cm−1 and the gradual appearance of
a peak at 713 cm−1, which indicated that the most
thermodynamically unstable vaterite phase gradually disap-
peared and a mixture of vaterite and calcite phases formed.

3.4. Properties of CaCO3 Microspheres. To feature the
multihole structure of CaCO3 microparticles and study their
crystalline phase transformation and compositions, properties
of CaCO3 microspheres before and after high-temperature
annealing treatment at 400 °C for 5 h were compared. As
shown in Figure 8A, the layered and scobinate spherical CaCO3

particles were formed with a mean diameter of around several
micrometers; the large sphere particles seemed to be formed
through an ordered overlapping of many flakes with average
thickness of approximately 10 nm. As shown in Figure 8D, the
heat-treated CaCO3 microspheres had a more prominent
porous structure and rough surface than those of no-heat-
treatment microspheres (Figure 8D); more importantly, their
surface became more decompacted than that of no-heat-
treatment microspheres, which was due to the loss of samples
with relatively poor thermostability such as water, EDA, and
PEG and materials exposed after high-temperature annealing

Figure 7. XRD patterns and segmented FTIR spectra of CaCO3 samples were obtained with different reaction times at 90 °C and a constant
concentration of the CO2SM (100 g·L−1. The reaction times are sample A, 1 h; sample B, 2 h; sample C, 4 h; sample D, 6 h; sample E, 8 h; and
sample F, 10 h.

Figure 8. Electron microscopy micrographs of CaCO3 samples acquired. (A) no heat treatment, (B) TEM of A, (C) HR-TEM of A, (D) heat
treated, (E) TEM of D, and (F) HR-TEM of D.
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treatment. Furthermore, EDX (Figure S8) showed that CaCO3
particles only contained carbon, calcium, and oxygen. Other
elements such as nitrogen and hydrogen from EDA or PEG
have not been found because these element contents were
limited in the as-prepared CaCO3.
SEM images showed that the surface of CaCO3 microspheres

was compact before high-temperature annealing treatment
(Figure 8A), and the unconsolidated surface of CaCO3
microspheres could be found after high-temperature annealing
treatment (Figure 8D). TEM results also confirmed that the
more significant pore structure of the heat-treated CaCO3
microspheres (Figure 8B) compared with that of the no-heat-
treatment sample (Figure 8E). BET measurement (Figure S9)
of no-heat-treatment CaCO3 sample showed that the surface
area and the pore diameter were 33.32 m2·g−1 and 11.32 nm,
respectively. By contrast, the BET surface area was dramatically
increased to 97.54 m2·g−1 with average pore size of 28.24 nm
after the as-prepraed CaCO3 sample was treated at 400 °C for 5
h, probably because pores of CaCO3 were filled with water and
organic compound, such as EDA and PEG, and high-
temperature annealing treatment made the pore structure
become more remarkable. The thermogravimetric data (Figure
S10) confirmed the presence of water or organics in CaCO3
sample before high-temperature annealing, in which the first
stage was from room temperature to 570 °C with a mass loss of
approximately 3.5% caused by the evaporation of physically and
chemically absorbed water or organic compounds and the
second endothermic stage was at about 732 °C because of the
thermal decomposition of CaCO3 (CaCO3 → CaO + CO2
↑).41 Inversely, only a stage of weight loss of CaCO3
microspheres after high-temperature annealing treatment,
indicating that water or organic compounds in CaCO3 samples
were dislodged when CaCO3 sample was heated at 400 °C for 5
h. As shown in the FTIR data in Figure 9, nonsymmetrical and
symmetrical stretching vibrations of C−H (−CH2−) of PEG or
EDA at 2974 and 2875 cm−1, respectively,23,42 and the broad
peaks of the stretching vibration of O−H from water and PEG
at around 3420 cm−1 were found in as-made CaCO3,

43

indicating that the as-prepared products contained not only
CaCO3 crystals but also organic molecules and water. However,
the characteristic vibration band of −CH2− did not completely
disappear after high-temperature annealing treatment, and the
intensity of the stretching vibration of O−H became weaker,
indicating that segmental organics and crystal water in CaCO3
crystals the high-temperature annealing treatment.
According to the comparison of XRD patterns and FTIR

(Figure 9) of CaCO3 microspheres before and after high-
temperature annealing treatment, the high-temperature anneal-

ing treatment obviously influenced the crystalline phase of
CaCO3 microspheres with the polymorph transformations of
CaCO3 microspheres.44 As shown in HR-TEM images of
CaCO3 microsphere (Figure 8C), a (114) plane with a lattice of
0.275 nm and a (112) plane with a lattice spacing of 0.325 nm
were found, which could be assigned to crystal lattice of the
vaterite.45 The lattice distances of CaCO3 microsphere with
high-temperature annealing treatment were 0.248, 0.250, and
0.303 nm, in which the first and second were from the (110)
plane of calcite and the third was due to the (104) plane
(Figure 8F).46,47 These HR-TEM results suggested that the
high-temperature annealing treatment could make crystalline-
phase CaCO3 microspheres change from vaterite to calcite.

3.5. Possible Formation Mechanism of CaCO3 Micro-
spheres. In this study, aggregates of PEG and EDA33−35,48 in
aqueous should be similar to a surfactantlike structure that was
the template to adjust the crystallization of CaCO3, and a
possible formation mechanism of CaCO3 microspheres was
shown in Figure 10.

In this mechanism, PEG and EDA would play crucial roles in
the formation of CaCO3 crystals with EDA as pH-adjusting
agent and PEG as cosolvent to adjust the crystallization of
CaCO3. Additionally, the lone-pair electrons on the oxygen
atoms in PEG and nitrogen atoms in EDA could be not ignored
because of strong electrostatic interactions between PEG (and/

Figure 9. FTIR spectra and XRD patterns of the CaCO3 microspheres before and after heat treatment.

Figure 10. Schematic illustration of the possible formation process of
CaCO3 microspheres with porous surface textures formed at 90 °C for
2 h. A: heterogeneous nucleation processes to form CaCO3
preliminary nanoparticles; B: formation of aggregated flake or pancake
structures; C: formation of decussate structures; D: assembly into a
defective CaCO3 microsphere; E: further growth of defective spherical
CaCO3 particles; and F: assembly into a complete microsphere.
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or EDA) and Ca2+.33 Furthermore, PEG (and/or EDA) can
combine with Ca2+ (and/or CO3

2−) and easily absorb on the
surface of a CaCO3 crystal. Therefore, CaCO3 could be formed
through the following reactions.

+

→ ‐ ‐
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+ +
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After CO2, PEG and EDA were released from the
decomposing CO2SM; PEG, EDA, and calcium precursor
solution might aggregate in PEG and EDA aqueous solution
(Figure S11) as in eq 5.33,49−52 When the surface of CaCO3
crystal adsorbed PEG, which may include EDA, activities of the
crystal were greatly suppressed; the free CO2 (aq) and formed
CO3

2− would be trapped to form aggregates because of their
electrostatic interactions, as shown in eq 6.53 Thus, the
electrostatic localization of CO3

2− caused the increase of Ca2+

local concentration in the solution.54,55 Additionally, Ca2+ could
diffuse and aggregate to form a calcium-ion-concentrated area
via the binding between the Ca2+ and PEG/or EDA, resulting
in the formation of complex aggregates. According to crystal
growth kinetics, when the crystal absorbs PEG and/or EDA on
same surface, the crystal growth rate in same certain direction
would be slowed down, leading to an isotropic growth of the
crystal. Therefore, the concentration of CO2SM was crucial in
the CaCO3 crystallization process because it was directly related
to the concentration of PEG and EDA. Along the reaction
(Figure 10, step A), the aggregates underwent heterogeneous
nucleation and crystallization to from CaCO3 preliminary
nanoparticles at the early stage of eq 7 and Figure 10, in which
preliminary CaCO3 nanoparticles were composed of many
aggregation molecules and behaved specifically in the reaction
system.56,57 Therefore, the preliminary aggregation particles
could undergo further preferable self-assembly to form
aggregated flake or pancake structures to reduce the total
surface energy (Figure 10, step B). With further mineralization,
these flake or pancake units could undergo further assembly
into decussate structures (Figure 10, step C), then nearly

spherical structures (Figure 10, steps D and E), and finally
complete spheres with rough surfaces (Figure 10, step F).
Therefore, according to the formation mechanism of porous
CaCO3, the molecular aggregation and absorption behavior in
the CO2SM aqueous solution system could induce the
formation of hierarchical and porous CaCO3 structures.

3.6. Circular Preparation of CaCO3 Microspheres. The
filtrate without CaCO3 precipitate containing EDA and PEG
and/or their derivates was reused to absorb CO2. After the
adsorption of CO2, an appropriate amount Ca(OH)2 solution
was added into the absorbent system to prepare CaCO3

microspheres. The CaCO3 microspheres were smoothly
produced at 90 °C within 2 h after five successive
absorption−preparation cycles. Each sample was characterized
with SEM and FTIR (Figure 11 and Figure S13). The
experimental results showed that all CaCO3 particles have the
same vaterite phase. The filtered solution without CaCO3

precipitate could not only be repeatedly used to absorb CO2

but also repeatedly produced CaCO3 microspheres after the
bubbling of CO2 through the CO2SM aqueous solution.

4. CONCLUSIONS

The CaCO3 microspheres with a layered nanostructure surface
and a remarkable porous structure were synthesized with
CO2SM without any templates and additives, using CO2SM as
CO2 source and Ca(OH)2-saturated limpid solution. Morphol-
ogies and phase composition of the as-produced CaCO3

crystals could be adjusted through crystallization conditions,
such as reaction temperature and CO2SM concentration. PEG
and/or EDA and their absorption behavior in reaction system
could be similar to that of surfactant, which could be an
efficient template to tune the crystallization of CaCO3 in the
same growing direction. Additionally, in the synthesis process,
EDA played an important role to adjust the pH of the reaction
system, and PEG could be considered as a cosolvent to mediate
the crystallization behavior of CaCO3. The aggregation self-
assembly of Ca2+ and PEG (and/or EDA) generated CaCO3

microspheres with hierarchical and porous structures. More-
over, the filtered solution without CaCO3 precipitates could not
only be reused to absorb CO2 but also to produce CaCO3

microspheres repeatedly after the bubbling of CO2. Therefore,
this synthesis method could potentially be optimized as a new
CCU technology to smoothly prepare many mineral
composites with specific porosity and unique structural
features.

Figure 11. (1) SEM picture of CaCO3 microspheres is acquired for the first time cycle, and other SEM micrographs of CaCO3 microspheres are
presented in Figure S13; (2) FTIR spectra of CaCO3 microspheres were acquired after five cycles, and (A−E) represent the number of experiments.
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