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ABSTRACT: Green synthesis of micro/nanomaterials, using
glycerol as a sustainable solvent, offers environmentally and
health-friendly pathways. Glycerol’s versatility in a solvothermal
synthesis is effective for nanoparticle production, yet its mechanistic
role in carbonate material formation is unexplored. This study
investigates urchin-like strontium carbonate formation via a
glycerol-mediated solvothermal synthesis, employing in situ trans-
mission electron microscopy (in situ TEM), scanning electron
microscopy, density function theory (DFT), scanning transmission
electron microscopy, and X-ray diffraction. In situ TEM
observations unveil the initial stages of strontium hydroxide
nucleation and subsequent growth as an intermediate phase. The
findings suggested that the hyperbranched polymerization of
glycerol plays a pivotal role in the formation of urchin-like morphology. Furthermore, the synergistic effect of glycerol and CO2
is proposed as the primary driver for the formation of strontium carbonate. Notably, observations showed a morphological transition
from spherical to urchin-like with increasing reaction time. DFT studies proposed glycerol as a coadsorbent, boosting the adsorption
energy of CO2 and directing its interaction with Sr(OH)2 resulting in the stable formation of SrCO3. This research provides valuable
insights into the urchin-like strontium carbonate formation in a time-dependent process driven by the polymerization of glycerol and
its high reactivity with dissolved CO2 at elevated temperatures.
KEYWORDS: strontium carbonate, glycerol, urchin-like particles, in situ TEM, CO2 carbonation

■ INTRODUCTION
Green synthesis of micro/nanomaterials minimizes the risks of
environmental pollution and health impacts caused by
hazardous chemicals.1 Green synthesis of nanoparticles focuses
on devising alternative, safer, energy-efficient, and less toxic
pathways for their production.2 Green solvents present a safer
and more sustainable substitute for conventional solvents,
thereby diminishing their adverse effects on environmental and
human health.3 Glycerol, a byproduct of triglyceride trans-
esterification,4 has been widely used as a green solvent in
various fields, such as catalysts,5 organic synthesis,6 separa-
tions,7 and materials chemistry.8 The advantages of glycerol,
including low toxicity, cost-effectiveness, abundant availability,
and renewability, position glycerol as a valuable alternative to
conventional volatile organic solvents.6 Additionally, glycerol
can dissolve both inorganic and organic compounds.3

The glycerol-mediated solvothermal method has been used
as a green chemistry route to synthesize hierarchical nano/
microstructures.9 The solvothermal synthesis technique
involves inducing a chemical reaction or decomposition of
the precursor materials in a closed system at high temperatures
and pressures in order to form the desired compound directly

from a solution.10 Different solvents, such as isopropyl
alcohol,11 ethanol,12 and glycerol,6 have been used in the
solvothermal method for synthesizing the desired material. The
other advantage of solvothermal synthesis is that most of the
time, the reaction taking place is dependent on time,13 and by
changing the reaction time, scientists would be able to evaluate
the morphology and structure of the product over time. Also,
low vapor pressure (0.01 Pa at 25 °C) and miscibility in water
and most of organic solvents make glycerol an excellent choice
for solvothermal synthesis.6

Glycerol can be used as an agent to synthesize hierarchical
nanoparticles.9 Zhang et al.9 investigated the impact of glycerol
addition on the synthesis of hierarchical LaCO3OH using a
glycerol-mediated solvothermal method to show that the high
concentration of glycerol significantly influences the develop-
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ment of a plum blossom-like morphology in LaCO3OH.
Additionally, they studied the effect of reaction time on the
final morphology of LaCO3OH revealing a transformation
from wire structured into a sphere composed of rods, then
progressing to a multifaceted spherical structure, and finally
evolving into the distinctive plum blossom-like as the reaction
time increased.9 Wang et al.14 studied the impact of glycerol
concentration on the formation of uniform urchin-like α-
FeOOH to show that the concentration of glycerol can be
precisely regulated to tailor the structure of the products. They
proposed that a lower concentration of glycerol leads to the
formation of a solid structure, whereas a higher concentration
of glycerol can be employed to synthesize hollow spheres.14

Wei et al.15 utilized a template-free glycerol-mediated hydro-
thermal process with microwave heating to synthesize hollow
nest-like α-Fe2O3. Their research findings indicated that the
presence of glycerol in the solvent led to the crystallization of
α-Fe2O3 into rod-like nanostructures, where polymerized
glycerol potentially acted as a directing agent. Subsequently,
these nanorods were assembled on the surface of glycerol
droplets, forming a compact shell. The inner glycerol droplet
could be easily removed through solvent extraction during the
rinsing and drying process resulting in the formation of hollow
spheres.15

Multiple studies have indicated that the introduction of
polymers during the synthesis of carbonate minerals has a
significant impact on both the morphology and crystal
structure of the resulting carbonates.16 Guo et al.17 investigated
the combined impact of poly(L-glutamic acid)-b-poly(ethylene
glycol)-b-poly(L-glutamic acid) (PEG-b-pGlu) and the solvent
combination on the development of calcium carbonate. They
showed that the fabrication of vaterite microspheres could be
achieved by taking advantage of the synergistic effects of the
block copolymer and the solvent mixture. By introducing
poly(styrene-alt-maleic acid) as an additive during the
synthesis, Xu et al.18 successfully acquired calcite mesocrystals

exhibiting a hierarchical pyramidal self-assembly morphology.
The study conducted by Yu et al.19 demonstrated that
employing different concentrations of poly(acrylic acid)
(PAA) yielded diverse crystal morphologies of calcite, such
as, plates, rectangles, ellipsoids, and cubes. Ji et al.20 utilized
poly(ethylene glycol) (PEG) and sodium dodecyl sulfate
(SDS) as a template for growth of hollow CaCO3 micro-
spheres. Bastakoti et al.21 demonstrated that micelles formed
by the triblock copolymer poly(styrene-b-acrylic acid-b-ethyl-
ene glycol) (PS-b-PAA-b-PEG) could serve as a template for
the fabrication of hollow nanosphere CaCO3. In another study,
Yu et al.22 observed that by increasing the concentration of
poly(styrene-alt-maleic acid) (PSMA) during the synthesis of
SrCO3, the morphology of carbonate materials changed from
bundle-like aggregates to dumbbells and eventually to perfect
spherical particles. In their work, Sreedhar et al.23 illustrated
that the organic functional groups present in gum acacia, a
natural polymer, interacted with strontium and carbonate ions,
leading to a modification in the morphology of strontium
carbonate. By employing various concentrations of gum acacia,
the researchers successfully obtained a range of morphologies,
including rods, flower-like shapes, cross-like structures, dough-
nut shapes, and rice grain shapes. Xu et al.24 showed that
strontium carbonate crystals synthesized with polymers with
hydroxyl groups as a regulator exhibited a needle-shaped
morphology. Conversely, strontium carbonate crystals synthe-
sized with carboxyl groups as regulators displayed a short-bar
morphology.
While it is shown that the presence of polymers (and

glycerol) can affect the growth and morphology of SrCO3,
there has been no comprehensive study of the role of glycerol
during the formation of strontium carbonate. Glycerol is a
great green solvent for synthesizing nanomaterials.25 It is
nontoxic, nonflammable, biodegradable, and can mix with
water and organic solvents easily.26 Here, we studied the
formation of urchin-like strontium carbonate from strontium

Figure 1. SEM images of solvothermally synthesized materials viewed at different magnifications: (a−c) strontium acetate dissolved in isopropyl
alcohol (without glycerol) heated for 10 h at 180 °C in an autoclave, (d−f) synthesized material obtained by the solvothermal mixture of strontium
acetate, isopropyl alcohol, and glycerol with 1 h reaction time at 180 °C, and (g−i) with 10 h reaction time at 180 °C.
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glycerolates. A mechanism is proposed for the formation of
such a morphology of strontium carbonate in the presence of
glycerol and CO2. In addition, the effect of reaction time on
the morphology of strontium carbonate was studied.

■ RESULTS AND DISCUSSION
The morphology of the as-synthesized materials was evaluated
using scanning electron microscopy (SEM) imaging. Figure 1
shows the SEM images of three batches of specimens prepared
by solvothermal synthesis. Figure 1a−c represents the
morphology of the specimens without the presence of glycerol.
It can be seen that the morphology of these specimens is the
agglomeration of plate-like particles, and the high magnifica-
tion image of these clusters is presented in Figure 1c. Figure
1d−f shows the morphology of solvothermal synthesized
specimens in the presence of glycerol at a reaction time of 1 h.
As compared with Figure 1a, the morphology of the particles
changes from plate-like to spherical due to the presence of
glycerol. This shows that adding glycerol affects the
morphology of the synthesized particles.27 The effect of the
synthesis time on the morphology of particles can be seen in
Figure 1g−i. These figures show that the spherical particles
shown in Figure 1f are changed to urchin-like particles by
increasing the solvothermal synthesis time. It has been found
that the size, shape, and morphology have a strong effect on
the material properties.28 Urchin-like strontium carbonate,
characterized by its larger surface area and controlled charge
distribution, holds promise for diverse applications, such as
catalysts,29 capacitors,28 and sensors,30 creating advantageous
microenvironments compared to spherical morphology.31

Notably, Wang et al.28 demonstrated that the electrochemical
performance of urchin-like strontium carbonate surpasses that
of spherical counterparts, exhibiting a specific capacitance of
41.7 F·g−1 at a current density of 1 A·g−1 marking a 2.5 times
improvement. Additionally, in a study by Fang et al.,30 urchin-
like strontium carbonate nanocrystals embedded in collagen
films showcased potential applications in flexible piezoelectric
sensors. The developed device exhibited a voltage and current
of 0.7 V and 80 nA, respectively, under the bending mode,
suggesting its suitability for miniature actuators and electronic
skin sensors.
It is obvious that the presence of glycerol is the key for the

formation of an urchin-like morphology in particles. Interest-
ingly, the reaction time in Figure 1a is the same as in Figure 1i
(both 10 h of reactions), but the morphology of the sample has
changed from plate-like to urchin-like with addition of glycerol.
In recent years, glycerol has become a desired green solvent for
the synthesis of nanomaterials.6 Glycerol is a nontoxic,
noninflammable, and biodegradable product of the biodiesel
industry. The high boiling point of glycerol (290 °C) makes it
a proper choice to use in synthesis with reactions at high
temperatures without losing the solvent by evaporation.6 Also,
low vapor pressure (0.01 Pa at 25 °C) and miscibility in water
and most of organic solvents make glycerol an excellent choice
for solvothermal synthesis.26 In addition, glycerol is a green
solvent that is environmentally friendly, and considering
conventional synthesis methods of SrCO3 mainly using urea,
it would be a green replacement.28 Urea has been considered
to cause uremia, which is a serious medical condition
happening when the urea accumulates in the blood. It also
can directly promote cell death and calcification in blood
vessels.32 Cyanate (OCN−) is a reactive decomposition of urea
(CH4N2O) that could cause endothelial dysfunction where the

cyanite reduces the expression of endothelial nitric oxide
synthase (an enzyme that produces nitric oxide, a molecule
that helps regulate vascular tone and blood flow), and
endothelium (i.e., inner lining of blood vessels) is not able
to perform its functions such as regulating vascular tone, blood
flow, and coagulation.33 Bone tissue engineering is one of the
potentially promising applications of strontium carbonate,34

and changing urea to glycerol in the synthesis of it, could
potentially help to have more cytocompatibility and less
toxicity of strontium carbonate. Table S2 represents some
detailed information on the precursor, solvent, and reagent of
strontium carbonate of the solvothermal synthesis of strontium
carbonate, compared to our synthesis method. It is interesting
to note that the reaction time in most of the other studies on
the solvothermal synthesis of strontium carbonate is at least
twice35 (in two cases even 4 times28,36) as the time we used in
our research. It can be considered that the method of our
synthesis will use less energy (compared to other studies) for
the fabrication of strontium carbonate by reducing the reaction
time of the synthesis.
To gain a better understanding of particle morphology

evolution during solvothermal synthesis, the SEM images of
solvothermal synthesized particles in the presence of glycerol at
reaction times of 30 min and 5 h are presented in Figure S2.
Comparing the SEM images of particles obtained after 30 min
reaction (Figure S2a) with the ones produced after 1 h
reaction time (Figure 1f), we can see a similarity between the
morphologies of these two specimens. In addition, the
morphology of the sample with a 5 h reaction time resembles
the particles with 10 h reaction time, and the only difference is
that the number of spherical particles are higher in the sample
after 5 h reaction time. There are several studies discussing
how glycerol could change the morphology and structure of
nanomaterials when used in the synthesis process.27 Metal-
glycerolates with different morphologies (such as the sphere37

and flower-like38) can be prepared by the reaction of a metal
salt with glycerol at elevated temperatures.39 Most of the
materials synthesized using glycerol, have a uniformly
distributed sphere-like morphology but the type of metal ion,
concentration of glycerol, and presence of cosolvent could
affect the morphology and structure of these materials.25

On this matter, Kim and Jang40 demonstrated that reducing
the concentration of glycerol using isopropyl alcohol could
favor the growth of hedgehog titanium-glycolate crystals rather
than the rod-like shape crystals during a microwave heating
process. In another research Li et al.,41 indicated that using
glycerol as a solvent (in combination of ethanol and ethyl
ether) would result in the formation of mesoporous TiO2
nanosheet-based hierarchical tubular superstructure as a
product of calcination of solvothermally synthesized Ti-
glycerolate; while using only ethanol and ethyl ether would
result in the formation of irregular aggregated pure anatase
TiO2 particles. Zhou et al.,42 studied the effect of solvent on
the formation of hierarchical ZnO particles. Using different
solvents, such as ethanol, water, and glycerol, in a template-free
solvothermal synthesis, they concluded that using glycerol as a
solvent will result in the formation of nanosheets and
nanoparticles with different shapes and sizes, while using
water as a solvent would form irregular-shaped nanosheets and
replacing glycerol with ethanol would result in formation of a
three-dimensional net structure of interconnected ZnO
nanosheets. Yang et al.43 showed that using water as a solvent
for the hydrothermal synthesis of Ni(OH)2 would yield only
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irregular nanosheets, while adding glycerol to the solvent water
at a ratio of 1:23 (glycerol/water) would form Ni(OH)2
carnation-like particles.
In the next step, X-ray diffraction (XRD) was used as the

primary bulk characterization approach to study and compare
phases formed after synthesis. Figure 2a shows the XRD result
for particles obtained by dissolving strontium acetate in
isopropyl alcohol without the presence of glycerol and after 10
h of heating at 180 °C in an autoclave. By comparing the
patterns in Figure 2a, one can see that the most intense peak
(2θ ≈ 8.5°) in the XRD data (pattern III) of the
solvothermally obtained specimen without glycerol is not
present in the particles synthesized with glycerol after 1 and 10
h of reaction time (patterns IV and V). Figure 2a (I,II)
represents the standard XRD patterns of strontium carbonate
and strontium hydroxide, respectively. Figure 2a(IV) show-
cases the XRD result for particles synthesized after 1 h of
reaction in an autoclave at 180 °C. Figure 2a (III) showcases
the XRD result for solvothermal synthesized particles after 10
h at 180 °C. The XRD peaks for particles synthesized after 10
h are in good accordance with the XRD pattern of
orthorhombic strontium carbonate,44 as the main peaks of
orthorhombic strontium carbonate are present in the 2θ =
25.2, 29.7, 31.6, 36.3, 41.5, 44.2, 46.8, 50.1, and 63.9°, which
are assigned to the planes (111), (002), (012), (112), (220),
(221), (202), (113), and (312), respectively, similar to pure
orthorhombic strontianite, a natural mineral of strontium
carbonate [mp-3822]. It is important to note that the XRD
result of sample with 1 h reaction time has the most major

peaks of orthorhombic strontium hydroxide [mp-27425] and
only the two peaks near 17° are missing [these peaks represent
planes (011) and (002), respectively]. Other main peaks at 2θ
= 23.3 (012), 27.1 (110), 28.6 (111), 29.1 (102), 31.0 (013),
31.1 (021), 38.8 (121), and 47.1 (123) can be characterized in
the XRD pattern. Notably, the two peaks are missing, and the
most intense peak has been changed from (111) to (012). This
can be assigned to the preferred orientation of strontium
hydroxide particles, and also, due to the morphology of the
samples (urchin-like) it seems reasonable to have the preferred
orientation.45 The other phenomenon happening here is peak
broadening, which can be a result of having finer particles and
residue of organic materials (such as polyglycerol) after the
washing process.46 The XRD pattern of sample with 5 h
reaction time is shown in Figure S3. Analyzing this pattern
shows the major peaks at 2θ = 25.2 and 36.3° that can be
assigned to the (111) and (112) planes of the strontium
carbonate [mp-3822] and reveals that after 5 h of reaction, the
main phase has changed from strontium acetate to strontium
carbonate.
The detection of strontium carbonate instead of strontium

glycerolate is interesting. One of the main characteristics of
glycerolate materials is the XRD peak at around 2θ = 10°,47
which is not present in the XRD pattern of strontium
carbonate. Also, the XRD pattern of strontium carbonate
shows a high degree of crystallinity, while the XRD pattern of
most metal-glycerolate materials has no major peaks except an
intense peak at 2θ = 10°. There are several reports in the
literature showing that under similar solvothermal synthesis

Figure 2. XRD and STEM characterizations of solvothermally synthesized particles in the presence and absence of glycerol. (a) Standard XRD
patterns of strontium carbonate [mp-3822] (marked as I), and strontium hydroxide [mp-27425] (marked as II), and XRD results of strontium
acetate dissolved in isopropyl alcohol (without glycerol) heated for 10 h at 180 °C in an autoclave (marked as III), solvothermally synthesized
product of mixture of strontium acetate, isopropyl alcohol, and glycerol with 1 h reaction time (marked as IV), and solvothermally synthesized
product of mixture of strontium acetate, isopropyl alcohol, and glycerol with 10 h of reaction time (marked as V). (b−e) HAADF-STEM images of
the material obtained by solvothermal synthesis of mixture of strontium acetate, isopropyl alcohol, and glycerol with 10 h of reaction time with
glycerol, and (f) STEM-EDS results of strontium carbonate particles synthesized with glycerol with a reaction time of 10 h.
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conditions metal glycerolates from Ni,48 Fe,49 Mn,50 and Zn51

can form.
In order to better clarify the role of glycerol on the

crystalline phase of solvothermally prepared specimens, the
XRD data of as-received strontium acetate and strontium
acetate dissolved in isopropyl alcohol (without glycerol) after
10 h of heating at 180 °C in an autoclave are shown in Figure
S4. The results show that in the absence of glycerol, the
reaction led to the formation of strontium acetate, and
although some small peaks in the XRD pattern of specimen
without glycerol can be related to the strontium carbonate,
most of the peaks are exactly similar to the XRD pattern of as-
received strontium acetate, showing that synthesis in such a
condition (with no added glycerol) would not form the
strontium carbonate.
In the next step, the hydrothermally synthesized particles

were studied by scanning transmission electron microscopy
(STEM) and energy-dispersive spectroscopy (EDS) to gain a
better understanding of their local chemistry and phase
structure. The high-angle annular dark field (HAADF) images
of the specimen after 10 h of reaction time in the presence of
glycerol are shown in Figure 2b−d. Figure 2b,c demonstrates
the urchin-like structure of the strontium carbonate, which can
be seen in the SEM images (Figure 1i). The high-resolution
STEM-HAADF image of the selected area in Figure 2c and the
corresponding FFT spectra confirm the polycrystalline nature
of the formed branches (Figure 2d). This finding contradicts
earlier studies52 that suggested the single-crystalline nature of
needle-shaped strontium carbonate due to a directional growth
mechanism. Additionally, the dashed-line box highlights a
single crystalline domain with atomic columns in the [32̅1̅]

zone axis (Figure 2d). Figure 2e shows the FFT and inverse
FFT images of the dashed line box in Figure 2d. The FFT and
IFFT patterns indicate (111), (012̅), and (121̅) planes of
strontium carbonate in the [32̅1̅] zone axis.
Subsequently, STEM-EDS was used for identifying the

composition and elemental distribution of strontium carbonate
specimens. Figure 2f shows the elemental distribution of
particles synthesized after 10 h of solvothermal reaction in the
presence of glycerol. The distribution of oxygen and carbon are
in good agreement with the distribution map of strontium
indicating that the particles are made of strontium, carbon, and
oxygen. These maps were collected from specimens distributed
on a lacy carbon grid explaining why carbon is present in areas
outside of particles.
In order to study the initial growth steps of strontium

hydroxide particles, in situ TEM was used in this research. In
situ graphene liquid cell (GLC)-TEM has become an essential
tool for imaging the nucleation and growth of particles at the
nanoscale.53 As seen in the time-lapsed TEM data (Figure 3a
and Video S1), the solution of strontium acetate, isopropyl
alcohol, and glycerol at the starting point (t = 0 s) showed no
obvious formation of particles. Under electron beam
irradiation, some small size nuclei precipitated where one is
highlighted with a red circle at t = 15 s. These particles are
initially small but over time, they grow and become larger
(marked with the red circle during the time frames of 15 to
120 s). The morphology of these particles is consistent with
the particles that interact with polyglycerol to form polymer-
templated strontium carbonate. As can be seen, the size of
particles is increasing, while the number of particles is
decreasing. This indicates the agglomeration of early-stage

Figure 3. In situ liquid cell TEM and EDS characterization of the mixture of strontium acetate, isopropyl alcohol, and glycerol: (a) time-dependent
in situ GLC-TEM images of nucleation and growth of strontium hydroxide (the red circle demonstrates an example of the particles that are forming
and growing under the electron beam) and (b) EDS results collected from a nanoparticle of strontium hydroxide.
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particles to form larger irregular-shaped particles that could be
a transient stage of the nucleation and growth of the
intermediate phase, i.e., strontium hydroxide. Also, it is
interesting to mention that the morphology of the formed
particles during the in situ GLC microscopy appears as
assembly of the particles in the matrix of glycerol. It is
speculated that the e-beam irradiation could trigger the
polymerization process of glycerol, and the formed polyglycer-
ol could interact with strontium particles to form an assembly
similar to the initial steps of urchin-like strontium carbonate
fabrication.
To confirm the formation of strontium hydroxide during the

in situ GLC-TEM imaging, the EDS maps were collected from
the particles. The EDS maps in Figure 3b show that in areas
where strontium is detected, oxygen is also present and the
signals of C are coming from the grid. This suggests that
during the in situ GLC TEM imaging, strontium hydroxide
particles form, and become insoluble in the solution. The
atomic percentage values of elements calculated using the
STEM-EDS spectrum and the spectrum are shown in Figure
S5. The results of the EDS spectrum show that the at. % of
carbon, oxygen, and strontium are 77.1, 16.8, and 6.1%,
respectively. These atomic percentages could match with the
composition of Sr(OH)2 because the ratio of O and Sr in the

EDS spectrum is around 2.75. Considering that the TEM grids
have a carbon support, the atomic percentage calculated for
carbon is not reliable for quantification.
The formation of strontium carbonate during the

solvothermal synthesis was puzzling considering there is
significant body of literature on metal glycerolates produced
under similar conditions.47 In order to verify the formation of
metal glycerolates under the synthesis conditions leading to
strontium carbonate particles, zinc glycerolate materials were
synthesized by dissolving 2.5 mmol of zinc acetate in IPA and
glycerol and keeping the reaction at 180 °C in an autoclave for
10 h. The results confirmed the formation of Zn-glycerolate
and are discussed in the Supporting Information document. It
is interesting that strontium acetate under a hydrothermal
synthesis with glycerol forms strontium carbonate but zinc
acetate under exact synthesis conditions form Zn-glycerolate.
This observation points to the high reactivity of Sr with other
species and is discussed later in this work (Figure 4).

Proposed Pathway for the Formation of Strontium
Carbonate. Here, we propose a pathway for the nucleation
and growth of strontium carbonate in this solvothermal
process (Figure 5a,b). This mechanism consists of two steps,
and glycerol plays a major role in that process. Initially, it is
important to mention that glycerol can undergo the polymer-

Figure 4. DFT calculation results illustrating the formation of SrCO3 (central image) from the initial adsorbate structure of glycerol and CO2 over
the (32̅1̅) surface of Sr(OH)2 (left). The far-right image illustrates obtained electron density of optimized structure further proving the formation of
SrCO3 as a result of CO2 interaction with the Sr(OH)2 surface. The gray spheres represent carbon atoms, the red spheres are oxygen atoms, the
white spheres are hydrogen atoms, and the green spheres are Sr atoms.

Figure 5. Proposed reaction pathway for the strontium carbonate formation: (a) chemical reactions involving the formation of hyperbranched
polyglycerol and conversion of strontium acetate to strontium carbonate and (b) schematic demonstration of the formation and growth of urchin-
like strontium carbonate.
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ization process at reaction conditions (10 h in 180 °C)54,55
forming hyperbranched polyglycerol (HB-PG). This is known
as polyglycerolation, where glycerol can be converted into
hyperbranched polyglycerol. This process is typically done
using a catalyst, such as dolomite (CaO·MgO),56 Ca(OH)2,

57

and acetic acid,58 and a high temperature (between 100 and
240 °C) and reduced pressures (between 26 kPa to
atmosphere).59 During polyglycerolation, the catalysts facilitate
the addition of multiple glycerol molecules to a growing
polyglycerol chain. This results in a hyperbranched structure,
with multiple branches coming off the main chain. The degree
of branching can be controlled by adjusting the reaction
conditions, such as the reaction temperature, pressure, and the
type and amount of catalyst used.60 Acetate ions can be used as
a catalyst in the polyglycerolation of glycerol to form
hyperbranched polyglycerols. Acetate ions can act as a Lewis
base catalyst, which means that it can donate a pair of electrons
to the glycerol molecule and form a complex with the
intermediate in the reaction.61 This complex can then undergo
a nucleophilic attack on glycerol, leading to the formation of a
glycerol molecule with an ester bond to the acetate ion. This
process can be repeated multiple times, leading to the
formation of a hyperbranched polyglycerol.58

Also, it is important to note that the polymerization of
glycerol produces water.62 Once strontium acetate, Sr(CH3
CO2)2, is dissolved in isopropyl alcohol, it can be dissociated
into ions of strontium and acetate. In the next step, strontium
ions react with water, produced from the polymerization
process of glycerol, and the product of this reaction is expected
to be strontium hydroxide and hydrogen ions.63 Then, the
strontium hydroxide is likely to produce strontium carbonate
in a reaction with dissolved carbon dioxide.64 The air contains
around 0.04% carbon dioxide, and during the synthesis this
carbon dioxide is dissolved in the stirring solution of strontium
acetate, isopropyl alcohol, and glycerol (the solubility of
carbon dioxide in isopropyl alcohol at room temperature and
atmospheric condition is around 1400 ppm and the solubility
of carbon dioxide in glycerol at standard temperature and
pressure (STP) conditions is 133,000 ppm).65 Previous
research showed that strontium hydroxide can react with
CO2 from the environment and form strontium carbonate.66 It
is worth mentioning that strontium hydroxide is a known
adsorbent of carbon dioxide forming strontium carbonate after
adsorption of CO2.

52,67 This reaction is likely to happen in our
synthesis condition because the formation of strontium
carbonate from strontium hydroxide and carbon dioxide is
thermodynamically favorable (ΔG° = -4.4 kJ/mol in room
temperature).68 After the formation of strontium carbonate
particles, the presence of hyperbranched polyglycerol within
the SrCO3 acts as a template matrix for the material to form
the urchin-like strontium carbonate.
A comprehensive DFT study was conducted to understand

the conversion of strontium hydroxide to strontium carbonate
in the presence of glycerol and CO2. Following the above
presented experimental results (cf., Figure 2), we have created
(32̅1̅) Sr(OH)2 and SrCO3 surfaces from the unit cell of a
corresponding compound, as shown in Figure S9. Con-
sequently, glycerol and CO2 interactions over those surfaces
were studied using DFT calculations. Figure 4 shows the DFT
computational outcomes, illustrating both the initial and
optimized configurations of a glycerol molecule accompanied
by three proximate CO2 molecules on the (32̅1̅) surface of
Sr(OH)2. In the initial atomic configuration (left-most image

in Figure 4), the individual molecules of glycerol and three
CO2 are randomly placed, while the central picture showcases
their optimized positions obtained in the present DFT. It
could be clearly observed that the formation of SrCO3 for the
two CO2 molecules’ interaction with Sr(OH)2, while the one
CO2 in the background does not lead to SrCO3 formation and
, however, still strongly adsorbs over the surface. Furthermore,
the right-most image, with its superimposed electron density
contours, provides compelling evidence of the formation of
SrCO3 on the Sr(OH)2 surface. Upon adsorption of CO2 onto
the Sr(OH)2 surface in the vicinity of glycerol, the resultant
formation of SrCO3 is observed. This transformation is not
only supported by the optimized structural alignment but is
further corroborated by the electron density distribution, as
illustrated in Figure 4 (right-most image). The discernible
electron density patterns around the Sr−O−C bonds, in
particular, substantiate the formation of SrCO3.
The implication of this SrCO3 formation from Sr(OH)2 is

profound. It suggests a potential mechanism wherein the
Sr(OH)2 surface, in the presence of glycerol, can facilitate the
capture and conversion of CO2, thereby forming stable
carbonate structures. This observation paves the way for
potential applications in CO2 capture and sequestration
methodologies, leveraging the Sr(OH)2 substrate’s ability to
engage and immobilize CO2 molecules effectively. Further-
more, the role of glycerol as a mediating molecule in this
process offers intriguing avenues for further exploration,
particularly in enhancing the efficiency and specificity of the
CO2 conversion on metal hydroxide surfaces.
We have further studied glycerol and the interaction of CO2

with the Sr(OH)2 surface separately. Panel (a) of Figure S10
demonstrates the initial configuration of a glycerol molecule
absorbed alone onto the Sr(OH)2 (32̅1̅) surface and its
corresponding optimized configuration. Notably, the optimi-
zation retains the adsorbed position of glycerol, suggesting a
stable interaction. This stability is further underscored by the
electron density plots on the right, revealing a significant
overlap in regions around the glycerol molecule and the
Sr(OH)2 surface atoms, indicating strong bonding interactions.
In contrast, panel (b) of Figure S10 showcases the adsorption
dynamics of CO2 on the (32̅1̅) surface of Sr(OH)2. The initial
configuration depicts the CO2 molecule in proximity to the
surface, but the subsequent optimized configuration suggests
desorption of CO2, reverting it to the gas phase. This
highlights the inherently unstable nature of the adsorption of
CO2 on the Sr(OH)2 (32̅1̅) surface in the absence of glycerol.
To confirm the role of carbon dioxide in the formation of

strontium carbonate, a control experiment was conducted. In
this experiment, argon bubbling was used while the solution of
strontium acetate, isopropyl alcohol, and glycerol was stirred.
This was done to minimize the dissolution of carbon dioxide in
the solution. Then, the solution was placed in an oven at 180
°C for 10 h. The selected area diffraction (SAD) pattern is
then used to measure the d-spacings of the crystals in the
produced powders. The SAD patterns of strontium compound
(synthesized without CO2) and strontium acetate (as-received
precursor salt) are compared in Figure S6. The results show
that the sample without CO2 has most of the d-spacings (=3.9,
3.6, 3.2, 2.7, 2.5, 2.0, 1.9, 1.8, 1.7, and 1.4 Å) that can be found
in the as-received strontium acetate. This confirms that carbon
dioxide plays a significant role in formation of strontium
carbonate during the hydrothermal synthesis.
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Evidently from Figures 4 and S10, the adsorption of CO2 on
the Sr(OH)2 surface results in the formation of SrCO3
occurring only when glycerol is present. This hints at a
potential catalytic or facilitative role played by glycerol in
promoting the chemisorption of CO2 and its subsequent
reaction with Sr(OH)2 to form SrCO3. To elucidate further,
glycerol could be functioning as a coadsorbent or catalyst,
enhancing the adsorption energy or providing necessary active
sites for CO2, thus facilitating its interaction with Sr(OH)2 and
culminating in the stable formation of SrCO3. Analyzing the
electron density obtained in the present DFT calculations, it
could be concluded that the presence of glycerol on the
Sr(OH)2 surface induces polarization effects, leading to charge
redistribution. This can enhance the electrostatic attraction
between CO2 and the surface, facilitating SrCO3 formation.
We believe the formation of strontium hydroxide is the

outcome of glycerol polymerization, where water is produced
as a byproduct. This explains the preference for strontium
acetate instead of strontium carbonate when glycerol is not
present in the solution medium. This is confirmed by the XRD
results obtained from particles when strontium acetate was
dissolved in isopropyl alcohol and subjected to hydrothermal
synthesis of 10 h at 180 °C. As seen in Figure 2a(I), the XRD
peaks match well with strontium acetate phase and only a
minor phase of strontium carbonate was detected.
We have compared the interaction of glycerol and CO2 over

the Sr(OH)2 surface with the corresponding interaction over
the SrCO3 (32̅1̅) surface. Figure S11 illustrates the DFT results
of one glycerol and one CO2 molecule adsorbates stability over
the SrCO3 surface. Similar to the results of the Sr(OH)2
surface (cf., Figure 4), the left atomic arrangement shows the
initial configuration, where both glycerol and CO2 tightly
positioned on the surface of SrCO3, while the right image
illustrates the optimized structure. As can be observed,
optimization leads to the slight desorption of both molecules,
indicating a metastable configuration of adsorbates over the
SrCO3 surface. These results indicate that SrCO3 is more
thermodynamically stable and cannot be further transformed
as in the case of Sr(OH)2.
To gain further insights about the experimentally observed

phenomena, we conducted AIMD simulations to investigate
the behavior of glycerol over the Sr(OH)2 surface. The AIMD
simulations were performed for 500 fs at 393 K placing one
molecule of glycerol over the (32̅1̅) Sr(OH)2 surface. We
aimed to observe if CO2 can be formed from the glycerol
interaction over the Sr(OH)2 surface. The AIMD simulation
results (Figure S12) show that glycerol is likely not to
dissociate over the Sr(OH)2 surface even at elevated
temperatures. This indicates that CO2 from air might indeed
be adsorbed over the surface leading to SrCO3 formation,
while glycerol acts as a mediator.
We found only one prior work on the synthesis of strontium

glycerolate69 confirming that it may be possible to fine-tune
our synthesis procedure for direct synthesis of strontium
glycerolate instead of strontium carbonate. However, we
should highlight the differences in the synthesis procedure
between the current work and the work of Lisboa et al.69

According to Lisboa et al.,69 strontium monoglycerolate was
synthesized by mixing strontium oxide with glycerol in
methanol and heating at 120 °C for 7 days. One difference
is that we used strontium acetate as a precursor instead of
strontium oxide. Strontium oxide is a high-temperature
adsorbent of carbon dioxide (activation energy of 64 kJ/mol

at 800 °C); however, SrO carbonation in temperatures lower
than 700 °C is kinetically very slow.70 Additionally, SrO is not
dissolved in glycerol and methanol, while in our work the
formation of Sr2+ from strontium acetate dissolution is
expected to lead to the formation of strontium carbonate.

■ CONCLUSIONS
In summary, this research proposes a mechanism for the
formation of urchin-like strontium carbonate through glycerol-
based solvothermal synthesis in the presence of CO2. The
study highlights that the polymerization of glycerol is a crucial
step in shaping the urchin-like morphology, and the presence
of dissolved CO2 redirects the reaction pathway toward the
formation of strontium carbonate instead of strontium
glycerolate. According to the XRD results, there was a
preferred orientation phenomenon and the formation of
strontium hydroxide as an intermediate phase. In situ TEM
imaging of the precursor solution provides insights into the
initial stages of strontium hydroxide formation as an
intermediate phase of strontium carbonate synthesis. These
images reveal that initially, strontium acetate is soluble in
isopropyl alcohol, but as glycerol polymerizes and converts to
polyglycerol, the small particles of strontium hydroxide
become insoluble in the medium. In addition, SEM images
depict that the morphology of the synthesized material changes
from sphere to urchin-like with increasing the reaction time.
Notably, glycerol plays a vital role in the formation of urchin-
like strontium carbonate, as the product of the synthesis
without using glycerol was strontium acetate with a plate-like
morphology. Overall, the formation of urchin-like strontium
carbonate particles is a time-dependent process driven by the
polymerization of glycerol and its high reactivity with dissolved
CO2 at elevated temperatures. In our comprehensive DFT
study utilizing the VASP and comparing it to experimental
results, we discerned a pivotal role of glycerol in facilitating the
stable formation of SrCO3 from CO2 adsorption on the
Sr(OH)2 surface. Specifically, glycerol likely functions as a
coadsorbent or catalyst, enhancing CO2’s adsorption energy
and guiding its interaction with Sr(OH)2. Furthermore, the
inherently unstable nature of the adsorption of CO2 on
Sr(OH)2 is mitigated in the presence of glycerol. Compara-
tively, SrCO3 manifests higher thermodynamic stability,
resisting further transformations. AIMD simulations reinforced
these findings, indicating glycerol’s mediator role without
undergoing dissociation on the Sr(OH)2 surface at elevated
temperatures. This research is suggested to significantly
contribute to the time-dependent synthesis of urchin-like
strontium carbonate by shedding light on the role of glycerol in
the process.
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(25) Gonçalves, J. M.; Ghorbani, A.; Ritter, T. G.; Lima, I. S.;
Tamadoni Saray, M.; Phakatkar, A. H.; Silva, V. D.; Pereira, R. S.;
Yarin, A. L.; Angnes, L.; Shahbazian-Yassar, R. High-Entropy Metal-
Glycerolate as a Precursor Template of Spherical Porous High-
Entropy Oxide Microparticles. J. Colloid Interface Sci. 2023, 641, 643−
652.
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