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ABSTRACT: The interactions of organic hereditary materials (i.e.,
DNA and RNA) with inorganic minerals are of key importance in
many fields of research, from archeology and paleontology to
medicine. It was previously shown that the building blocks of the
main structural biomacromolecules, amino acids and monosac-
charides, can be incorporated into the crystal lattice of calcium
carbonate (CaCO3), the most abundant biomineral. Here, we
continue this reductionist approach and study how the mineral host
is affected when grown in the presence of mono- or triphosphate
nucleotides�the building blocks of nucleic acids. We show that the
nucleotides facilitate the stabilization of the amorphous polymorph
of CaCO3, as well as promote the formation of vaterite, its least
thermodynamically stable anhydrous crystalline phase. We use high-resolution powder X-ray diffraction, and a variety of chemical
analysis tools, to demonstrate the mechanism by which nucleotides become incorporated within the vaterite lattice.

■ INTRODUCTION
Calcium carbonate (CaCO3) is the most abundant bio-
mineral.1 While geological calcite is considered to be brittle,
its biogenic counterpart can be much harder and tougher.2,3

Living organisms achieve this improvement in mechanical
properties by various strategies, one of which is by means of
additives, which are incorporated into the CaCO3 lattice and
therefrom induce internal stresses, hence hindering cracks from
propagating.4 The available additives for the organisms to use
can be divided into two groups: (i) inorganic additives, usually
divalent metal cations, substituting for Ca+2,5−8 and (ii)
organic additives, in the form of proteins and polysaccharides,
occluded inside the biomineral structure.9−13

The field of bio-inspired crystal growth encompasses
research that aims at developing novel materials using
strategies found in Nature.14,15 In the realm of CaCO3, efforts
were made to understand the impact of various crystallization
conditions and additives on the resulting structure, shape, and
physical properties of the crystals. For the last decade, our
group,16−20 as well as others,5,21−29 have shown that calcite
and vaterite, two of the anhydrous polymorphs of CaCO3, can
incorporate both organic and inorganic additives. Specifically,
it was demonstrated that the building blocks of proteins and
polysaccharides, namely, amino acids (AAs)16,29,30 and
monosaccharides (MSs),19 respectively, can be incorporated
into the crystal lattice of the host, and induce changes in its
lattice parameters. For both AAs and MSs, it was proven that
the carboxylic (acidic) moiety plays a key role in the
incorporation process. Such incorporation was shown to
induce changes in the crystal structure,17,30 morphology,17,19

thermal expansion coefficient,17 and mechanical properties30 of
the CaCO3 host.
Although they do not embrace any structural role, the

significance of nucleic acids (NAs: DNA and RNA) as
biomacromolecules is undeniable, as they encode the genetic
information of all living organisms.31 The interaction of DNA
and DNA-like molecules with different minerals was deeply
studied over the years. It was shown that DNA can be
adsorbed on the surface of natural minerals, mostly
hydroxyapatite32−35 and clay.36,37 The adsorption can induce
NAs polymerization,38,39 as well as provide protection from the
natural degradation of the NAs over time.40−44 Some
researchers even dared to correlate nucleotide−mineral
interactions with the origin of life.45−47 Moreover, the presence
of extracellular DNA, and even individual nucleotides, was
shown to have an effect on mineral formation.48−50 As for the
interaction of NAs with synthetic CaCO3, it was mainly
studied for purposes of controlled gene delivery.51−54 More-
over, it was shown that the presence of DNA during CaCO3
synthesis enables controlling the morphology of the resulting
calcite microcrystals55−57 and inhibits its growth.58,59
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In this work, we aim to study how the structure of synthetic
CaCO3 is affected when grown in the presence of the building
blocks of NAs, namely, nucleotides. Do they solely affect the
microstructure and morphology or rather also the polymorph?
Do they get incorporated into the crystal host lattice? To this
end, we selected a nucleotide of each type of nucleobase:
adenosine (a purine, which creates two hydrogen bonds in
DNA) and cytosine (a pyrimidine, which creates three
hydrogen bonds in DNA).60 Moreover, to study the effect of
the phosphate moiety of the nucleotide, for each case, we used
both mono- and triphosphate derivatives.

■ RESULTS AND DISCUSSION
We synthesized CaCO3 in the presence of two nucleobases,
adenosine and cytosine, chemically linked to a ribose ring and
one or three phosphate groups. The CaCO3 samples were
grown in the presence of three different concentrations (1, 5,
10 mM), of four different nucleotides: adenosine mono-
phosphate (AMP), adenosine triphosphate (ATP), cytosine
monophosphate (CMP), and cytosine triphosphate (CTP, see
Figure S1 for chemical structures, and the Experimental
Section for more details).
Our first objective was to determine whether the presence of

nucleotides during CaCO3 precipitation results in their
incorporation into the mineral’s structure. To this end, we
used inductively coupled plasma optical emission spectroscopy
(ICP-OES) to detect phosphorus. These measurements were
performed only after a bleaching treatment, which allows us to
assume that the phosphorus detected within the samples
originates solely from incorporated organic molecules, rather
than from molecules adsorbed on the crystal surface (see the
Experimental Section for more information). The concen-
tration of the nucleotide molecules in the crystals was
calculated according to eq 1

[ ] = [ ]
[ ]

×
N

Nuc
P

Ca
1

cryst
P (1)

where [P] and [Ca] are the measured concentrations of
phosphorus and calcium, respectively (in M), and NP is the
number of P atoms in the nucleotide (NP = 1 for AMP and
CMP, and NP = 3 for ATP and CTP).
As presented in Figure 1a, the concentration of nucleotides

within the crystals monotonically increases with the increase in
their amount added to the crystallization solution. The
correlation between the ICP-OES results and the quantifica-
tion of nitrogen atoms, as was performed using CHNS analysis
(Figure 1b), proves that the measured signal of P atoms indeed
arises from the nucleotide molecules, rather than from
decomposed (inorganic) phosphate anions, if any. It is worth
mentioning that the variation in the measured nucleotide
concentration in each sample can stem from their inhomoge-
neity (each sample contains up to three different polymorphs,
as will be shown later). This is even more pronounced due to
the low sampling volumes required for ICP-OES and CHNS
analyses. Considering that nucleotide molecules contain
different amounts of phosphate groups, it becomes evident
that those possessing three phosphates (ATP and CTP) are
incorporated at a higher level than that of the monophosphate
molecules (AMP and CMP). Moreover, when comparing
molecules with different nucleobases, one can conclude that
the adenosine-based molecules are incorporated at higher
levels than that of the cytosine-based ones.

As CaCO3 can be found in several crystalline phases,61,62 we
were interested to investigate whether the addition of
nucleotides influences its polymorph selection. To this end,
we employed high-resolution powder X-ray diffraction (HR-
PXRD). Figure 2 presents HR-PXRD patterns collected from
samples grown in the presence of different nucleotides in
solution. It is clear that as the concentration of nucleotides
increases in the solution, the amount of vaterite formed
increases. In the case of the highest concentration of ATP and
CTP (10 mM), vaterite is the predominant polymorph that
forms (98 wt %).
Figure 2b confirms that the relative amount of vaterite

increases with the concentration of added nucleotides (for full
and indexed diffractograms, refer to Figure S2). We believe
that this case corroborates previous reports, in which
negatively charged organic molecules, when added to the
precipitation solution of CaCO3, were shown to stabilize
vaterite.63−68 It should be noted that the presence of
nucleotides during precipitation induces a reduction in its
crystallinity. The latter can be concluded from the observation
that the background signal of the diffraction patterns, and
especially the broad diffraction peak at low 2θ angles,
intensifies with an increase in the amount of ATP and CTP
(Figure S3). Broad diffraction peaks of this sort are known to
attest the presence of amorphous materials, specifically

Figure 1. Chemical analysis of CaCO3 crystals grown in the presence
of selected nucleotides: (a) Concentration of nucleotides within the
crystals based on ICP-OES, as a function of nucleotides concentration
in the crystallization solution. (b) Comparison between the
concentration of occluded nucleotides measured by ICP-OES and
CHNS analyses. These results were obtained for crystals grown with
[Nuc]sol = 10 mM.
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amorphous calcium carbonate (ACC).69−71 The presence of
ACC was further confirmed using Fourier transform infrared
(FT-IR) spectroscopy. As presented in Figure 3, both the
stretching (ν) and bending (δ) characteristic bands of the O−
H bonds, as well as the shoulder in the ν3 band of CaCO3,
appear in the spectrum of the nucleotides-incorporated
samples and are absent in that of the reference sample (Figure
3). The latter three IR bands are commonly characteristic of
ACC.72 Moreover, due to the formation of vaterite, the ν3 band
is slightly shifted to a higher wavenumber in the case of the
samples containing nucleotides (compared to the reference
sample).73 The stabilization of ACC is known to prevail when
organic additives,71,74−76 and, in particular, phosphate-rich
species,77,78 are introduced.
Since vaterite is the major phase among the resulting CaCO3

polymorphs (Figure 2), we further studied how the
incorporation of nucleotides (Figure 1) affects its crystalline
structure. Although the exact structure of vaterite is still a
matter of debate,79−81 it is established that its substructure,

which is responsible for the majority of its Bragg reflections,
possesses a hexagonal unit cell, with lattice parameters of a ≈
4.1 Å and c ≈ 8.5 Å.79

We calculated the lattice distortions in our samples by
comparing the lattice parameters of the nucleotide-incorpo-
rated samples with those of the control samples (grown
without the addition of nucleotides to the solution), extracted
from the HR-PXRD measurements using Rietveld refinement
(Table S1), and according to eq 2

= =a
a

a a
a

c
c

c c
c

,N C

C

N C

C (2)

where aN and cN are the lattice parameters of the nucleotide-
incorporated samples, and aC and cC are those of the control
samples, respectively (which also contained small amounts of
vaterite�2.706% wt, as was calculated using Rietveld refine-
ment).
The calculated lattice distortions are presented in Figure 4.

While the distortions along the a and c directions are similar in
magnitude, they are opposite in sign: the incorporation of
nucleotides induces a contraction of the a-parameter (Figure
4a), and an elongation of the c-parameter (Figure 4b).
Apparently, different nucleotides demonstrate a similar
behavior trend, i.e., the magnitude of the induced lattice
distortions depends on the amount of the incorporated
nucleotide, rather than on its molecular structure. This trend
is demonstrated in Figure S4, where the (100) reflection,
which represents the a-parameter, is shown to shift to higher
2θ values (corresponding to a smaller d-spacing).82 On the
contrary, the (002) reflection, which represents the c-
parameter, shifts to lower 2θ values (corresponding to a
higher d-spacing). Upon heating (300 °C for 3 h, under an
ambient atmosphere), the organics degrade16 and the induced
strains relax (Figure S6a,b). Moreover, partial crystallization of
the ACC occurs as well, as the background of the diffraction
patterns decreases, while the intensity of the (104) reflection of
calcite increases at its expense (Figure S6c,d).
We used high-resolution scanning electron microscopy (HR-

SEM) to observe the morphology of the crystals. Figure 5
presents the resulting HR-SEM micrographs. Without any
additives, the crystals exhibit the characteristic rhombohedral
morphology of calcite.17,19,30 When nucleotides are added, the
spherical morphology of vaterite appears in the shape of the
crystals.18 Furthermore, employing energy-dispersive spectros-

Figure 2. Phase analysis of CaCO3 crystals grown from solutions
containing nucleotides: (a) HR-PXRD patterns (λ = 0.3542 Å),
showing the crossover from calcite to vaterite stabilization with the
addition of nucleotides. The blue and red lines at the bottom
represent the theoretical reflections of calcite (ICDD card #00-005-
0586) and vaterite (ICDD card #00-060-0483), respectively. (b)
Relative amount of vaterite as a function of nucleotide concentration
in crystallization solution calculated via Rietveld refinement.

Figure 3. FT-IR spectra of selected samples demonstrating the
presence of ACC in the nucleotide-incorporated samples solely.
Bands relevant to ACC are labeled.
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copy (EDS) in the SEM confirmed that P atoms can indeed be
detected within the vaterite crystals (Figure S8). It can be also
seen that the crystal size is smaller in the case of the AMP- and
CMP-incorporating samples, and even further reduced when
ATP and CTP are incorporated. This reduction in crystallite
size is confirmed when calculating the coherence length of the
samples by fitting the (101) diffraction peak of each sample to
a Voigt function (see Figure S5).10,83 Figure 5, as well as the
low-magnification micrographs in Figure S9, reveals that the
nucleotide-incorporated samples appear with two different
morphologies�micron-sized spheres and nano-sized aggre-
gates with no definite shape. These morphologies are
characteristic of vaterite18 and ACC,71 respectively, as we
also confirmed using Raman spectroscopy (Figure S7).

To further confirm the incorporation of nucleotides, as well
as to study the thermal behavior of the crystals, we employed
thermogravimetric analysis (TGA, Figure 6). As expected, the

weight of the nucleotides-incorporated samples decreases upon
heating up to 600 °C, while for the reference sample, it remains
rather constant. These results support our previous conclusion
that the organic nucleotide molecules are indeed incorporated
into the CaCO3 structure. A greater weight loss is observed in
the case of incorporation of triphosphates (compared to
monophosphates), and in the case of adenosine (as compared
to cytosine, Figure 6a). Moreover, a higher concentration of
incorporated nucleotide molecules results in a larger weight
loss upon heating (Figure 6b).
It can be noted that the total weight loss can be generally

assigned to the two main contributions: (i) decomposition of
the incorporated organic molecules and (ii) water evaporation,

Figure 4. Structural changes in nucleotides-incorporated vaterite
crystals. Lattice distortion along the (a) a-parameter and (b) c-
parameter of vaterite, calculated using Rietveld refinement. Dashed
black lines represent the general trend.

Figure 5. HR-SEM micrographs of (a) control sample and nucleotide-incorporated samples ([Nuc]sol = 10 mM): (b) AMP, (c) ATP, (d) CMP,
(e) CTP.

Figure 6. Thermal analysis of the nucleotides-CaCO3 crystals: TGA
curves of (a) samples with the same amount ([Nuc]sol = 10 mM) of
different nucleotides in solution and (b) samples with different
amounts of the same nucleotide (ATP).

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.3c00367
Cryst. Growth Des. 2023, 23, 5117−5125

5120

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c00367/suppl_file/cg3c00367_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c00367/suppl_file/cg3c00367_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c00367/suppl_file/cg3c00367_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c00367/suppl_file/cg3c00367_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00367?fig=fig6&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c00367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


originating solely from the ACC phase.84 In our case, the
samples lose their weight upon heating due to the two main
events (see Figure S10 for the derivatives of the plots). The
first event occurs at around 100−150 °C and is ascribed to the
evaporation of water from the surface of the crystals as well as
structural water from the ACC. The second event, at 200−300
°C, can be attributed to the decomposition of organics.
We further attempted to understand the mechanism by

which nucleotides get incorporated within the vaterite unit cell
during crystallization. Considering the synthesis procedure, we
can assume that when the nucleotides are set to dissolve in a
Ca+2-containing solution, dissolved Nuc-Ca ion (pre-nuclea-
tion) clusters can be formed due to the strong phosphate−
calcium coulombic interaction.85,86 While in the case of AMP
and CMP the phosphate−Ca interaction is relatively weak, a
significant complexation of Ca+2 may occur in the case of ATP
and CTP.87−89 A stronger phosphate−Ca binding could
explain the elevated levels of incorporation in the case of
triphosphate molecules (Figure 1). In addition, the Nuc-Ca ion
clusters may act as nucleation sites for the formation of ACC,
which later may transform into vaterite. Further, the
transformation of the vaterite into calcite is inhibited by the
presence of the phosphate groups of the nucleotide
molecules.90

Akin to the incorporation of aspartic acid30 and acidic
monosaccharaides19 into calcite, which was shown to be
facilitated via their carboxylic moiety,19 it is reasonable to
assume that the incorporation of nucleotides into vaterite
occurs via substitution of a negatively charged phosphate
group for a carbonate anion in vaterite. It was indeed shown in
the past that single (inorganic) phosphate anions can be
incorporated into calcite91,92 and vaterite.93 According to
Kennard et al.,76 the distance between two oxygen atoms in
ATP, which are connected to the same phosphate (Oi-Oii, i =
1,2,3), is approximately 2.495 Å.94 The Ca−O bond lengths in
vaterite vary in the range of 2.26−2.9 Å.61 By adding two Ca−
O bonds, we obtain a Ca−Ca distance of the Ca-Oi-P-Oii-Ca
chain varying in the range LCa−Ca = 7.015−8.295 Å. This
distance is somewhat shorter than the Ca−Ca distance along
the [2̅21] crystallographic direction in vaterite (L[2̅21] = 8.315
Å). Hence, such incorporation should induce macroscopic
strain of the lattice. In particular, it can result in a lattice
shrinkage caused by contraction of the a-axis, accompanied
with the elongation of the c-axis (see Figure 7 showing a
schematic representation, and Figure S11 presenting the unit
cell volumes). Calculations of elastic strains induced by the
incorporation of nucleotides and the resulting lattice
distortions showed that the nucleotide-incorporating vaterite
crystals undergo an internal equiaxial tensile stress of ∼30 MPa
(see Supporting Information). Given that the atomic packing
factor of vaterite is only ∼50.3%,95,96 we envisage that the
organic moiety of the nucleotides (i.e., the ribose ring and the
nucleobase) is interstitially occluded, while the total unit cell
volume is reduced due to the phosphate−Ca interactions
(Figure S10). This occlusion behavior warrants an answer as to
why the concentration of incorporated ATP is higher than of
that CTP (and similarly, AMP is higher than that of CMP, see
Figure 1), even though the adenosine molecule is bigger in size
than cytosine (Figure S1). One possible reason for this is the
folding ability of ATP, shown to occur both in the solid state94

and in solution.97 CTP, on the other hand, contains a double-
bonded oxygen atom on its cytosine ring, which electrostati-
cally repels the phosphate group(s). Hence, CTP is less likely

to fold compared to ATP (and the same for AMP as compared
to CMP), which makes AMP and ATP fit better within the free
space of the vaterite unit cell. Note that more advanced
calculative tools are required in order to decipher this
hypothesis.

■ CONCLUSIONS
This study represents a thorough investigation of the
interaction of nucleotides with CaCO3 mineral. We showed
that the presence of nucleotides during CaCO3 growth
promotes the formation of both ACC and vaterite�two of
its metastable forms. While the effect of nucleotides on the
resulting CaCO3 polymorph was recently shown,68 in this
current study, we proved for the first time, via HR-PXRD, that
the nucleotides can get incorporated into the vaterite crystal
lattice, and induce anisotropic lattice strain. This strain is
manifested by an expansion along the c-axis and a contraction
along the a-axis of the hexagonal vaterite unit cell. The level of
incorporation depends on the molecular structure of the
incorporated nucleotides: ATP, which contains an adenine
nucleobase and three phosphate groups, was incorporated at
the highest level (>3%mol). However, the lattice distortions
induced by the incorporation depend solely on the
concentration of the nucleotides, rather than their structure.
Finally, we suggested a mechanism by which the nucleotide-
incorporating vaterite crystals form. According to this model,
pre-nucleation Nuc-Ca clusters form in the solution and
initiate the formation of ACC. This amorphous phase further
transforms into metastable vaterite, whose further trans-
formation to the thermodynamically stable calcite is inhibited
by the presence of the negatively charged phosphate moieties.
We believe this research can shed light on the complicated

organic−inorganic interactions in living organisms, and
specifically, on the synergy between biominerals and hereditary
materials. It can explain the mechanism by which nucleic acids
are preserved, probably via incorporation within minerals,
along with the effect of mineralization inhibition which occurs
due to extracellular nucleotides. Moreover, the results
presented in this study may open new routes for gene delivery
applications via CaCO3 as a mineral hosting nucleic acids.

Figure 7. Schematic representation of the vaterite unit cell (a) before,
and (b) after the incorporation of a nucleotide molecule. Color
legend: blue, Ca; black, C; red, O; yellow, P; purple, ribose and
nucleobase rings. The covalent bonds of the nucleotide molecules and
the Ca−O interactions are marked with solid and dashed green lines,
respectively. The orientation of the carbonate anions was randomly
chosen.
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■ EXPERIMENTAL SECTION
Calcium Carbonate Precipitation. A 0.2 M Ca+2 stock solution

was prepared by dissolving calcium chloride dihydrate (CaCl2*2H2O,
Spectrum) in DI water. 50 ml of the solution was transferred to a 100
ml glass beaker, and the required amount of nucleotide (0, 1, 5, 10
mM) was added to the beaker and stirred for complete dissolution.
The nucleotides used were adenosine 5′-monophosphate 99% (AMP,
Acros Organics), adenosine triphosphate 95% (ATP, Angene),
cytidine 5′-monophosphate disodium salt 99% (CMP, Alfa Aesar),
and cytidine 5′-triphosphate disodium salt 97% (CTP, Alfa Aesar).
Control (reference) samples were prepared the same way, without
adding nucleotides to the Ca+2 solution. The beakers were covered
with Parafilm with 3 holes in it and placed in a sealed desiccator,
together with ∼5 g of ammonium carbonate ((NH4)2CO3, Sigma-
Aldrich), for 1 week. During this time, the (NH4)2CO3 spontaneously
decomposes according to

+ +(NH ) CO 2NH H O CO4 2 3(s) 3(g) 2 (l) 2(g) (3)

Then, the formed CO2 diffuses into the aqueous solution and initiates
CaCO3 precipitation

+ + ++ +Ca CO H O CaCO 2H(aq)
2

2(g) 2 (l) 3(s) (aq) (4)

After 1 week, the resulting powder samples were filtrated, washed
several times with DI water, and left to dry in air.
Samples Bleaching. A small amount of each sample was

transferred to an Eppendorf tube. Then, ∼1 mL of sodium
hypochlorite solution (NaOCl, ∼5%, Alfa Aesar) was added, and
the tube was sealed and shaken for one minute. This way, the organic
molecules on the surface of the crystal decompose, and the
incorporated ones are not affected. Then, the tubes were centrifuged
(10 000 rpm, 10 min) and the liquid was disposed of. This process
was repeated three more times with DI water and then once with
ethanol in order to remove all NaOCl residue. Then, the samples
were left to dry overnight in a vacuum oven at 50 °C.
Phosphorus (P) Determination. P atoms were determined by

inductively coupled plasma optical emission spectroscopy (ICP-OES),
using an iCAP 6300 Duo ICP-OES spectrometer (Thermo Scientific)
for elemental analysis. The dry bleached samples were dissolved in
<3% HNO3 solution (in DI water) and were measured using ICP-
OES for the detection of Ca and P.
Nitrogen (N) Determination. N atoms were determined by

CHNS Elemental analysis, using a Flash 2000 Organic elemental
analyzer (Thermo Scientific). Around 2 mg of each bleached sample
was weighed together with 8−10 mg of vanadium (V) in a tin (Sn)
crucible and was inserted into the CHNS analyzer. The combustion
temperature was set to 950 °C, the carrier gas was He (99.999%), and
the flow rate was 140 mL min−1. Combustion was initiated by adding
oxygen gas (O2) at 250 mL min−1, for 5 s.
High-Resolution Powder X-ray Diffraction. HR-PXRD was

performed in the European Synchrotron Radiation Facility (ESRF,
Grenoble, France).98 Each powder sample was finely ground and was
filled inside a borosilicate capillary (0.5 mm in diameter). The
capillary was sealed using wax and mounted on a brass holder. Each
sample was scanned using radiation with a wavelength of 0.3542 Å.
To accurately determine lattice parameters and microstructural
features, Rietveld refinement99,100 was used, using the GSAS-II
software.101

Fourier Transform Infrared Spectroscopy. FT-IR spectroscopy
was performed using a Thermo Scientific Nicolet iS50 spectrometer,
as a few milligrams of each selected sample were scanned in the
wavenumbers range of 500−4000 cm−1.
Raman Spectroscopy. A small amount of each selected sample

was dispersed on a microscope glass slide and was placed in a
LabRAM HR Evolution Micro-Raman. For each sample, the area of
interest was selected using an optical microscope, then scanned in the
range of 100−1500 cm−1, using a 532 nm laser.
High-Resolution Scanning Electron Microscopy. HR-SEM

micrographs were taken using a Zeiss Ultra+ FEG-SEM. The energy
of the primary electrons was set to 1.5 keV.

Energy-Dispersive Spectroscopy. EDS was performed in the
Ultra+ SEM. Samples were carbon coated prior to the measurement
to avoid electrical charging. From each sample, spectra were taken at
three different points.
Coherence Length Calculation. The (101) diffraction peak (the

most intense reflection of vaterite) of the selected samples was fitted
to a Voigt function using the OriginLab software. Then, the
coherence length was calculated based on the Lorentzian portion
(WL) of the diffraction peak full width at half-maximum
(FWHM).10,83

Thermal Analysis. Thermogravimetric analysis (TGA) was
performed using a Mettler Toledo TGA/DSC 3+ instrument. 10−
20 mg of each sample was transferred to an alumina crucible, which
was placed in the instrument. The weight of each sample was
recorded in the range of 25−600 °C, as the heating rate was set to 10
°C min−1.
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