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Abstract

As the most unstable crystalline form of calcium carbonate, vaterite is rarely found in nature
due to being highly prone to phase transitions. However, its high specific surface area,
excellent biocompatibility, and high solubility properties have led to a research boom and
the following breakthroughs in the last two decades: (1) From primitive calculations and
spectroscopic analyses to modern multidimensional research methods combining calcula-
tions and experiments, the crystal structure of vaterite has turned from early identifications
in orthorhombic and hexagonal crystal systems to a complex polymorphic structure within
the monoclinic crystal system. (2) The formation process of vaterite not only conforms
to the classical crystal growth theory but also encompasses the nanoparticle aggregation
theory, which incorporates the concepts of oriented nanoparticle assembly and mesoscale
transformation. (3) Regardless of the conditions, the formation of vaterite depends on an
excess of CO32™ relative to Ca®*, and its stability duration relates to preservation conditions.
(4) Vaterite demonstrates significant value in biomedical applications—including bone
repair scaffolds, targeted drug carriers, and antibacterial coating materials—leveraging
its porous structure, high specific surface area, and exceptional biocompatibility. While
it also shows utility in environmental pollutant adsorption and general coating technolo-
gies, the current research remains predominantly concentrated on its medical applications.
Currently, the rapid transformation of vaterite presents the primary limitation for its in-
dustrial application. Future research should prioritize investigating its formation kinetics
and stability.

Keywords: vaterite; crystal structure; formation mechanism; stability regulation; microbial
mineralization; application

1. Introduction

Vaterite, a metastable polymorph of calcium carbonate (CaCO3), has become a focus of
research in mineralogy and materials science due to its unique physicochemical properties,
such as high specific surface area and multistage pore structure [1]. Its crystal structure has
long been controversial, with early studies proposing a hexagonal crystal system model
based on X-ray diffraction (XRD) [2]. Only in 2023 did San et al. [3] establish a polymorphic
structure model based on the coexistence of monoclinic modules (space group C12/cl,
cell parameters a = 12.17 A, b=7.12 A, and ¢ =947 A, B =118.37°) through deep neural
network potential function simulations, subsequently validated by Okumura et al. [4],
possibly ending the century-long crystallographic debate. In practical applications, vaterite
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particles characterized by a hollow or porous morphology (pore size: 3-50 nm) and large
specific surface area [5] demonstrate significant utility in functional materials. For example,
as fillers in coatings, they substantially enhance hardness [6,7]; in the biomedical field, their
high solubility and biocompatibility promoted the development of drug carriers [8-10].
However, compared with calcite and aragonite, which are widely present in nature, vaterite
is relatively rare and is mainly distributed in biological mineralization systems, such as
ascidians [11], nacre [12], and fish otoliths [3]. In recent years, vaterite has also been found
on plant leaves [13]. However, such a scarcity of vaterite is not sufficient to support its
application in daily life and industrial fields. Therefore, laboratory preparation and its
potential industrial production have become crucial [14].

Since the first report of the mineral by the German mineralogist Vater in 1897 [15],
vaterite research has progressed through three phases: the period of structural exploration
(1900s-1960s), the period of mechanistic analysis (1970s-2000s), and the period of expand-
ing applications (2010s—present). Bibliometric analysis (Figure 1) shows that 3108 papers
were published in the Web of Science (WoS) database between 1990 and 2024, with 61.84%
published in the last decade; research topics are now heavily focused on practical applica-
tions. Overall, crystal structure (accounting for 33.62%), formation mechanism (accounting
for 15.99%), and application development (accounting for 21.69%) constitute the three core
research directions. In this paper, we systematically review the breakthroughs in recent
years, focusing on the unified model of monoclinic crystal structure, non-classical crystal-
lization pathways, and interdisciplinary application scenarios, with the aim of providing
theoretical frameworks and technological insights for the development of the field.
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Figure 1. International research on vaterite.

2. Crystal Structure: From Controversy to Consensus

Since R. E. Gibson first clearly distinguished the crystal structures of vaterite, calcite,
and aragonite through X-ray diffraction (XRD) in 1953 [16], the crystallographic study of
vaterite has emerged as a central topic within this field. So far, a variety of information
regarding the crystal structure of vaterite has been presented (as shown in Table 1). In early
theoretical explorations, Olshausen (1925) [17] proposed that vaterite might have hexagonal-
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symmetry cells by mathematical derivation, but for a long time, this hypothesis was not
supported by any experimental evidence. It was not until 1959 that Meyer first proposed
the orthorhombic cell model (space group Pbnm, cell parameters a =4.13 A, b=7.15 A, and
c =848 A) based on XRD data, which laid the experimental foundation for the study of
vaterite’s structure [18]. However, this model was soon challenged by Kamhi (1963), who
proposed a hexagonal crystal system (space group Pé3/mmc; a =b =4.13 A, c = 8.49 A)
and pointed out that disordered carbonate ion distribution was the source of structural
complexity, using the same XRD experiments [2]. In subsequent research, Meyer (1969) [19]
further discovered diffuse streaks and satellite reflections in the diffraction patterns, he
speculated that vaterite might form a dynamically disordered structure through glide
reflections and spiral stacking. Unfortunately, however, Meyer did not provide a detailed
atomic-level analysis of this structure. Consequently, the controversy surrounding the
crystal structure of vaterite remained unresolved.

In the late 20th century, spectroscopic techniques became a key tool for deciphering
the structural controversy, but the experimental results for vaterite were contradictory. The
experimental results of infrared spectroscopy by Sato (1969) [20] and Gabrielli (2000) [21]
support Kamhi’s hexagonal model and Meyer’s orthogonal model, respectively, but the
Raman spectra of Behrens (1995) [22] detect two symmetric scaling modes, which were
incompatible with either Kamhi’s or Meyer’s structural models. These disparate experi-
mental results suggest that variations between samples or sample defects may introduce
data bias, highlighting the limitations of traditional experimental methods and prompt-
ing researchers to combine theoretical calculations with experimental techniques [23,24].
Wang et al. (2009) [25] and Mugnaioli et al. (2012) [15] used the Density Functional Theory
(DFT) and Automated electron diffraction tomography (ADT), respectively, to propose dif-
ferent vaterite crystal structures (space groups P6522 and C12/c1). Wang et al. emphasized
for the first time the critical role of the carbonate interlayer hydrogen bonding network
on structural stability. Mugnaioli et al. (2012) [15] first revealed the monoclinic symmetry
of vaterite. However, they did not combine theoretical calculations with experiments,
that is, the theoretical calculations and experiments did not yield a consistent vaterite
crystal structure.

In 2019, Steciuk et al. [26] identified the modulation and polycrystalline properties of
vaterite for the first time using electron diffraction experiments. Based on Steciuk’s ideas,
San et al. [3] proposed a “polymorph coexistence” model through molecular dynamics
simulations driven by a deep neural network potential function (DNN), achieving an error
of only 0.3% compared to experiments and successfully explaining the phase transition
behavior of vaterite. It is proposed that the pseudohexagonal symmetry of vaterite is
actually caused by the slip stackings with different periodicities along a specific direction,
and the slight difference in the orientation of carbonate groups leads to the phenomenon
of polymorphism. This result was directly observed by Okumura’s team using scanning
transmission electron microscopy (STEM) combined with annular dark-field imaging
(ADF) [4], which verifies the accuracy of the San model and may mark the end of the phase
of controversy regarding the vaterite structure.

From primitive calculations and spectroscopic analyses to modern multidimensional
research methods combining calculations and high-resolution TEM and electron diffrac-
tion experiments, the crystal structure of vaterite has turned from early identifications in
orthorhombic and hexagonal crystal systems to a complex polymorphic structure within
the monoclinic crystal system. Despite the remarkable progresses, the complexity and
controversial nature of vaterite’s structure still need further exploration with the aim to
provide a more solid theoretical basis for applications [27].
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Table 1. Summary of the crystal structure models proposed for vaterite.
Space Group Lattice Parameters Proposed by Method
Pbnm a=413b=7.15¢c¢=848 Meyer H. J. [18] XRD, Microtwinning Hypothesis
P63 /mmc a=413b=413c=849 Kamhi S. R. [2] XRD, Microtwinning Hypothesis
First-principles calculations
a=7.290b=7.290 (Density Functional Theory (DFT),
P6s22 c=25.302 Wang J. [29] Plane-wave pseudopotential
method)
Amad a=84721b=7.1575 Le Bail A. [23], Microtwinning Hypothesis, DFT
c=4.1265 Demichelis R. [24] (all-electron quantum mechanics)
P6 a=7.1120b=7.1120
5 - -
c = 25.4089 Demichelis R. [24] DFT (all ele(}::crop quantum
301 a=7.1239 b =7.1239 mechanics)
2 ¢ =25.3203
a=4.3668 b =6.5831
Paiz c=8.4282
Electron diffraction (ED) data
a=12170b=7.120 acquisition based on Automated
C12/c1 c=9.470 Mugnaioli E. [15] electron diffraction tomography
B =118.37° (ADT) and precession electron
diffraction (PED)
a=12353b=7.102
C1 c=25.733
B =99.78°
a=12245b=7.197
C121 ¢=9.305 Demichelis R. [24]
B =115.16°
a=12281b=7.142
Clcl c=9.371
B =115.48°

3. Mechanism of Formation: Integration of Classical and
Non-Classical Theories

As one of the metastable crystalline forms of calcium carbonate, vaterite has long
been the focus of the research on crystallography, mineralogy, and biomineralization due
to its non-equilibrium crystallization behavior and complex morphological formation
mechanism [28]. Among the existing theoretical systems, the Classical Crystallization
Theory (CCT) and Nanoparticle-mediated Non-Classical Crystallization Theory (NCCT)
constitute the two core frameworks to explain its formation mechanism [29]. Although
both models have made important progress in describing vaterite’s nucleation, growth
pathways, and morphological regulation, their theoretical boundaries and implications for
applications still need further clarification.

3.1. Vaterite Formation Mechanism from the Perspective of the Classical Crystal Growth Theory

Based on the traditional Gibbs free energy-driven crystallization model, the CCT
suggests that vaterite formation follows a continuous nucleation-growth process. The
core idea emphasizes that (1) the nucleation phase is triggered by a single critical nucleus;
and (2) the growth phase is characterized by crystal amplification through the layer-by-
layer deposition of ions/molecules at lattice sites [29]. The typical spherical morphology
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of vaterite aggregates can evolve through two patterns: One is the radial fiber growth
pattern (Figure 2A), that is, crystal fibers starting from the common crystallization core
are symmetrically arranged radially to form polycrystalline aggregates; the second one
is the filamentous fiber bundle growth pattern (Figure 2B), characterized by the fibers
extending from both ends of the crystallization core forming a spherical configuration
through helical entanglement or bifurcation in a three-dimensional space [30]. Although the
theory successfully explains the phenomenon of the directional growth of regular spherical
crystals under laboratory conditions, its linear growth assumption makes it difficult to
elucidate the following issues: (1) the mechanism of formation of internal cavities in
hollow vaterite; (2) the genesis of asymmetric, heterogeneous surface structures; and (3) the
self-organization behavior of multi-level substructures under environmental perturbations.

) Nanoparticle aggregation
(2) Fiber bundles form at both ends of the aggregate
) The fiber bundles converge toward the center

(@ Forming spherical particles
(5 Porous structures develop from interfiber spacing within vaterite cross-sections

Figure 2. Diagrams of two growth modes of spherical vaterite: (A) radial fiber growth pattern;
(B) filamentous fiber bundle growth pattern.

3.2. The Interpretation of Complex Morphology by the Non-Classical Crystallization Theory

Compared with the CCT, the NCCT addresses the CCT’s limitations by introducing the
concepts of Oriented Attachment (OA) and Mesocrystal Transition (MT) (Mesocrystal Tran-
sition: during the crystallization process, particles form highly ordered structures through
mesoscopic transitions). This provides a new theoretical framework for understanding
mesocrystal formation [31]. The formation of vaterite may go through the multi-stage
process of “nanoprecursor — mesocrystal cluster — crystal reorganization”: (1) Primary
nanoparticles (approximately 5-20 nm in diameter) undergo directional arrangement
through surface charge interactions or molecular templating; (2) At the mesoscopic scale,
interfacial fusion or epitaxial growth between nanoparticles forms metastable mesocrys-
talline structures; and (3) Ostwald maturation or lattice rearrangement occurs within the
mesocrystals, eventually creating to crystals with specific morphologies [32].

3.2.1. The Morphology Control Mechanism of Double-Hydrophilic Block Copolymers

Double-hydrophilic block copolymers (DHBCs), as a key factor for vaterite morphol-
ogy regulation, the structure—activity relationship between their molecular design (such
as block length and functional group distribution), and crystal growth have become a
research hotspot. The mechanism covers two principles: interfacial energy control (where
selective crystallographic adsorption reduces interfacial energy and inhibits growth on
dominant crystal faces) and spatial confinement (where micellar templates direct the ori-
ented assembly of nanoparticles) (Figure 3) [33,34]. Taking the poly(ethylene glycol)-block-
poly(ethylene imine) (PEG-b-PEI) system as an example [33], the longer PEI block pro-
motes hierarchical growth on specific CaCOj crystal facets through a high positive-charge
density that expands the adsorption area. Conversely, the shorter PEI block combined
with high-density PEG stabilizes vaterite and inhibits secondary nucleation via interfacial
charge shielding.
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Figure 3. Schematic diagram of interfacial control and spatial confinement effects by DHBCs on
vaterite. (A) -COOH in the solution attaches to the vaterite crystal surface and binds with Ca2* ions
on its specific crystal planes, thereby hindering the transformation of vaterite; (B) Vaterite nanosheets
adsorb onto DHBC and grow along them, forming particles with diverse morphologies.

3.2.2. Interfacial Control of Crystallization Pathways

The mechanistic role of solution surface tension (y) in regulating vaterite morphol-
ogy has been studied throughout the century-long history of colloid chemistry and crys-
tallography. Seminal early work applied the Gibbs adsorption theory, establishing that
Y dominates crystallographic selection by modulating nucleation activation energy (AG «
v3). This laid the theoretical foundation for interfacial control research [32]. In low-y sys-
tems (for example, with surfactant addition), reduced interfacial energy causes (Figure 4)
(1) enhanced CO, bubble stability providing more heterogeneous nucleation sites; (2) increased
nanoparticle Brownian motion that increases collision-aggregation probability; and (3) a dimin-
ished density difference between nascent crystals and solution, slowing sedimentation.

: .. / o L
ke v
L 4 i
'
L ® - 'Preclplmnonslowly #
e & g *
Enhanced brownian motion ”
of vaterite nanosheets

Faster Brownian motion Settle to the bottom at a reduced rate

Q ' L]
Vaterite Nanoshects g

More CO, bubbles serve as nucleation sites

More nucleation sites

Figure 4. Effect of low interfacial energy on vaterite particle assembly. (A) Increased CO; bubbles
serve as nucleation templates; (B) enhanced Brownian motion of vaterite nanosheets elevates the
probability of collision-induced nucleation; (C) newly formed vaterite nanosheet aggregates in the
solution settle to the bottom of the liquid at a reduced rate.
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The variation in the surface tension of the solution may contribute to the diverse
morphologies observed in vaterite. As illustrated in Figure 5, the initially formed small
vaterite particles undergo secondary nucleation driven by local supersaturation at the
upper interface. When the surface tension of the solution is elevated, the precipitation rate
of vaterite aggregates is relatively slow, allowing for greater aggregation among vaterite
particles and facilitating the formation of hollow vaterite structures. Conversely, when
the surface tension is reduced, the sedimentation rate of vaterite aggregates increases
significantly. Upon settling at the bottom of the solution, it becomes challenging for
additional vaterite particles to accumulate on their surfaces, resulting in semi-closed vaterite
formations. Additionally, some smaller vaterite particles can form hollow structures by
adhering to CO, bubbles present within the solution.

Nanosphere vaterite particles

o)

)

Q.

S Wiy,

ler p, asg

=
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@
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Z

[}

2%
E
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=
=2

Mer,

7

Py, 1y,
Sig,

F

When gravity acting on the When gravity acting on the CO, bubbles within the liquid
polymer not exceeded the polymer outweighs the solution's

solution's surface tension, surface tension, a semi-circular

a circular profile forms profile forms

CO, bubbles at the liquid surface

Figure 5. Surface tension effects on vaterite’s morphology and schematic of the CO, bubble tem-
plating method for hollow vaterite synthesis. (A) Vaterite nanoparticles aggregate around the
CO; bubble interfaces at the liquid surface; (B) particles accumulate; (C) further particle aggrega-
tion proceeds continuously; (D) surface tension drives the formation of quasi-spherical aggregates;
(E) when interfacial tension overcomes gravitational force on the aggregate, it develops into a perfect
sphere through structural refinement; (F) when gravitational force dominates interfacial tension,
hemispherical aggregates settle to the bottom. The diminished probability of particle adhesion on
their surfaces results in stabilized hemispheres. (a) Vaterite particles adhere to CO, bubble surfaces
(CO, bubble serving as mineralization templates); (b) disintegration of CO, bubbles occurs; (c) hollow

vaterite microspheres.



Minerals 2025, 15, 796

8 of 18

At the beginning of the 21st century, major breakthroughs in surfactant technology
significantly reduced the required surface tension (y) of systems, prompting a shift in the
research focus on the dynamic and precise regulation of low-y systems. In this context,
DHBCs with their unique amphiphilic structure and tunable interfacial behaviors rapidly
became the core strategy for the controlled synthesis of vaterite, establishing a dominant
paradigm in this research field [35-37].

4. Stability Regulation: From Molecular Design to Engineering Practice

The structural stability difference between vaterite and calcite is rooted in their crys-
tallographic nature [31]: the carbonate groups of vaterite are arranged parallel to the
C-axis (Figure 6B) and compared with the vertically oriented groups in calcite (Figure 6A);
it has a lower lattice packing density [3]. This forms an open framework. According
to the Born stability criterion (Born stability criterion: the core criterion for judging the
mechanical stability of an ideal crystal under static conditions), the low symmetry of
the monoclinic crystal system (space group C12/c1) makes its Gibbs free energy higher
than that of calcite in the trigonal crystal system, which explains the metastable prop-
erties of vaterite. Temperature modulation of stability is nonlinear. Low temperatures
(<190 K) trigger secondary-phase transitions and symmetry break-down, reducing the lat-
tice vibrational entropy by 40%, which significantly enhances stability. High temperatures
(>320 K), although thermodynamically favorable, accelerate the transition to calcite due to
a surge in the rate of dissolution-re-crystallization [3,38—40].

o:Ca QOQc ©o

Figure 6. Crystal structures of calcite and vaterite: (A) calcite crystal structure; (B) vaterite crystal structure.

4.1. Synergistic Regulation of pH and Ionic Effects

AtpH 85 and Ca?* concentrations <10 mM, the half-life of vaterite is up to 72 h—only 24 h
under neutral conditions. This stabilization is attributed to decreased CO32™ activity, resulting in
a nucleation free-energy difference of AG vaterite—calcite = —2.3 kJ/mol [41]. However, at Ca%*
concentrations >10 mM, the heterogeneous nucleation of calcite dominates (nucleation barrier
reduced by 30%), making it difficult to suppress the phase transition even at a low pH. The
stabilization mechanisms of metal ions are more diverse: the formation of (Mn,Ca)COj3 solid
solution by the lattice substitution of Mn?* (ionic radius difference Ar = 0.15 A) increases the
solvation activation energy from 45 k] /mol to 62 kJ/mol [42]; La3*, on the other hand, is formed
by surface coordination into a La-O -Ca network (coordination number = 8), which completely
blocks the dissolution interface reaction at adsorption densities >2.5 pmol/ m? [41].
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4.2. Anisotropic Response of High-Pressure Behavior

The compression of vaterite at pressures in the range of 0-5 GPa shows significant
anisotropy, with the a-axis compressing 2.3-times faster than the c-axis. This leads to a
transition to the calcite-II phase at lattice mismatches reaching 1.7% [43]. Although Raman
spectroscopy of specific carbonate minerals (e.g., calcite and aragonite) under high-pressure,
high-temperature conditions has been extensively studied, systematic investigations of
vaterite in comparable extreme environments remain significantly lacking [44,45].

4.3. Crystallization Kinetics Regulation Strategy

To address the thermodynamically metastable nature of vaterite, researchers have
performed its stabilized preparation through multi-scale strategies (utilizing additives,
interface modification, and biomimetic mineralization) [46]. Relevant advances have
already transitioned from laboratory exploration to engineering applications.

4.3.1. Inorganic Additive Modulation

e I Metal ions: dual role of lattice doping and interface modulation

Metal ions (e.g., Mg?*, Mn?*) synergistically induce the formation and enhance the
stability of vaterite through lattice doping and interface energy modulation. In the case of
Mg2+, for example, its smaller ionic radius (0.72 A vs. Ca2* 0.99 A) allows it to replace Ca?*
sites in the vaterite lattice, forming the [MgOg¢] octahedral structure. This structure has a
longer bond length (2.08 A) than that of [CaOg¢] by 13.3%, triggering lattice distortion and
increasing the solvation activation energy from 45 kJ /mol to 68 k] /mol [47-49]. Synchrotron
X-ray absorption spectroscopy (XAS) showed that Mg?* preferentially occupies the Ca(1)
site, enhances lattice rigidity by shortening the Mg-O bond length (A = 0.32 A), and
suppresses phase transition kinetics [48]. Meanwhile, Mg?* adsorption on the crystal
surface reduces the solid-liquid interfacial energy to 25 mN/m, which prioritizes the
nucleation of vaterite over calcite by reducing AG by 20%.

e II. Non-metal ions: supersaturation drive and kinetic regulation

Non-metal ions (e.g., CO3%~, NH;") induce vaterite nucleation by modulating the
solution chemical environment [50]. The urea decomposition system (NH,CONH, + H,O
— 2NHj + CO») is exemplified by [51]: when the decomposition rate is controlled at
0.12 mmol/min, the increase in CO32’ concentration from 2 to 12 mM and the increase
in pH from 7.4 to 9.2 result in a vaterite nucleation rate (1.5 x 1022 m~3s~!) far exceeding
that of calcite (3 x 102! m—3s~!), with a yield of 92%. In situ Raman spectroscopy confirms
that NHj; stabilizes ACC precursor clusters with a diameter of ~2 nm through a hydrogen
bonding network (bonding energy~15 kJ /mol), thereby retarding Ostwald ripening [52,53].

4.3.2. Organic Molecular Regulation: From Amino Acids to Proteins

The regulatory efficacy of amino acids is highly correlated with their isoelectric point
(pI): when solution pH =~ pl, glutamic acid (pI = 3.2) selectively adsorbs on the vaterite (001)
side via -Ca-OOC-chelating, suppressing its growth rate from 1.5 nm/s to 0.4 nm/s while
the (110) side is maintained at 1.2 nm/s, inducing a hexagonal lamellar morphology [54].
Molecular dynamics simulations show that the V interaction energy of the -CH,- group
of glycine with the oxygen atoms on the surface of vaterite (—28 kJ/mol) is significantly
higher than that of calcite (—15 kJ/mol), which reduces the nuclear energy barrier for
vaterite formation by 17% [55]. For protein modulation, silk fibroin protein containing
B-fold conformation precisely matches the vaterite Ca* lattice (lattice mismatch <2%) by
periodic carboxylate arrays (spacing of 4.7 A), which improves the stability by 3-fold when
the 3-sheet content exceeds 60% (the half-life is prolonged from 7 days to 21 days) [56-58].
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4.3.3. Polymer Template Modulation: Space Constraints and Synergistic Adsorption

Hydrophilic block copolymers modulate the crystallization process through space
constraints. When the percentage of hydrophobic chain segments is >40%, the dielectric
constant of the micellar core is close to that of the organic solvent environment, which
reduces the critical radius for CaCOs3 nucleation [33,34]. Synergistic adsorption also plays
a key role in the stabilization of vaterite. For example, the PAA /SDBS composite system
works through the mechanism of “synergistic adsorption”: the sulfonic acid group of SDBS
is preferentially adsorbed on the (001) side, while the carboxylic acid group of PAA stabilizes
the (110) side through Ca?* bridging, and this two-site adsorption greatly enhances the
activation energy of the phase change in vaterite and prevents the transformation of vaterite
to calcite.

5. Microbial Mineralization: Metabolic-Interfacial Synergistic
Control Mechanism

In nature, some microorganisms are capable of inducing the precipitation of calcium
carbonate minerals. Not only do many microorganisms promote the formation of vaterite,
but biogenic vaterite is more stable than abiogenic vaterite [59,60], and the microbial-
mediated mineralization of vaterite is not a strain-specific phenomenon, but is a widespread
biomineralization process in different microbial groups [59].

5.1. Kinetic Regulation of Vaterite Formation by Microbial Metabolic Activities

Microorganisms alter microenvironmental physicochemical parameters through
metabolic pathways, significantly affecting the kinetic processes of calcium carbonate
crystallization [60-63]. First, NHj released by heterotrophic microorganisms metab-
olizing nitrogenous organic matter leads to an increase in local microenvironmental
pH [59,64]. Typical representatives of urease-producing bacteria bring the environmental
pH to an alkaline range of 9.2-9.8 through the following urea decomposition reaction:
CO(NHy); + HyO — 2NH3 + CO;. This alkaline microenvironment not only significantly
enhances the activity of carbonate ions (CO327) but also reduces the solubility of Ca®",
which together promote the formation of calcium carbonate supersaturation [50].

Second, CO, produced by microbial metabolism is slowly dissolved into the solution
system through a gas-liquid mass transfer process to establish a dynamically balanced carbonate
buffer system [65,66]. This process regulates the steady-state concentration of CO, in solution
through the reaction chain CO, + H,O = H,CO3; = H* + HCO3~ = 2H* + CO52, and this
controlled ion release mechanism effectively inhibits the rapid crystallization of calcite, thereby
promoting the preferential formation of the vaterite phase.

Microbial extracellular secretions (EPSs) regulate crystallization at the molecular
scale [67-69]. EPSs rich in ligand groups, such as carboxyl and hydroxyl—for example,
acidic amino acids, like glutamic and aspartic acid—form stable complexes with Ca?*
through chelation. This process not only reduces the nucleation activation energy of
vaterite, but also inhibits the selective growth of calcite crystal surfaces via spatial site-
blocking effects [70,71]. Fourier transform infrared spectroscopy (FTIR) analysis confirms
the specific binding of some EPS components to vaterite [59,72-74]. For instance, amide
groups tightly bind to the vaterite surface through NH-O hydrogen bonding, which can
control vaterite’s long-term stability [75,76].

5.2. Nucleation Template Effect Mediated by the Microbial Cell Interface

Microbial cell surfaces act as active interfaces for biomineralization, mediating crystal
nucleation processes through chemical interactions. In bacterial secretions, low-molecular-
weight amino acids, especially those containing carboxylated glutamic acid and aspartic
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acid, typically exhibit negative surface Zeta potentials. Abundant anionic groups, such
as carboxyl groups (-COOH), on these surfaces adsorb Ca?* via electrostatic interactions,
creating a localized ionic concentration gradient that promotes vaterite formation [77-79].

When the system is in a neutral or weakly acidic environment, the carboxyl group
on the bacterial surface carries a negative charge due to deprotonation, which effectively
attracts Ca?* in solution, leading to a significant increase in Ca?* concentration near the
interface. At this time, if CO32~ is introduced, it combines with the surface-enriched Ca2* to
form structurally stable “bound nuclei”, whereas partially unbound Ca®* from the bacterial
surface combines with CO32~ to form energetic “free nuclei” [80]. Both types of nuclei
can develop into vaterite crystals. However, free nuclei not affected by bacterial action
transform into calcite through rapid growth and phase transformation driven by their high
surface energy. Conversely, bound nuclei adsorbed on bacterial surfaces are stabilized
by the organic matrix—specifically, organic molecules secreted by microorganisms that
reduce vaterite’s surface energy through interfacial adsorption. This effectively slows down
further crystal growth and the phase transformation process.

6. Application Frontiers: Environment, Medicine, and Materials

o I Selective adsorption of vaterite and its application in environmental remediation

With its unique porous structure and large specific surface area, vaterite exhibits a
good adsorption capacity, which has led to its reputation as an efficient adsorption material
in the field of environmental sciences (Table 2).

Table 2. Adsorption capacity of vaterite for various pollutants.

Pollutants Maximum Adsorption Amount mg/g Maximum Removal Rate
Cd?* [81-86] 1704.4 99.50%
Pb?* [82,84,85,87] 2066 99.90%
Zn2* [82] 587.3 90.40%
Cu?* [83,85,88] 178.57 95.00%
Fe?* [85] 99.30%
Ni?* [83] 270.27 75.00%
Phosphates [87,89] 91.08%
Congo Red [86,90] 89 79.93%
Crystalline Violet [91] 316.8
Methylene Blue [91] 68.8

In practice, when spherical vaterite was put into a mixed solution containing a variety
of pollutants, it showed different adsorption preferences for different types of pollutants.
Its adsorption capacity for organic pollutants is significantly better than that of metal ions,
which may be due to the stronger interaction of organic pollutant molecules with the surface
of vaterite. For metal ions, the adsorption capacity of vaterite showed a certain pattern,
with the adsorption capacity decreasing in the order of Pb%* > Cu?* > Ni** > Cd?*. Such
differentiated adsorption characteristics enable vaterite to preferentially adsorb specific
pollutants when treating complex polluted water bodies, thus improving the efficiency and
effectiveness of water purification. In addition, the adsorption process of vaterite is usually
accompanied by complex surface reactions, such as electrostatic adsorption and chemical
bonding; the synergy of these mechanisms further enhances its ability to capture pollutants.
In actual water pollution control, vaterite is not only used alone but also compounded
with other materials to achieve synergistic effects in addressing different types of pollution
challenges, providing an effective solution for the remediation and protection of the water
environment [92,93].
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e II Triple advantages of vaterite and its application in biomedicine

As a metastable crystalline phase of calcium carbonate, vaterite has attracted
widespread attention in biomedical fields in recent years due to its unique physicochem-
ical properties [94-96]. This material system exhibits three key advantages: (1) excellent
biocompatibility, which effectively reduces host immune rejection; (2) a multi-level pore
structure and surface charge properties that synergistically enhance drug loading capacity;
and (3) thermodynamic instability, providing a design basis for material functionalization
and modulation. These properties demonstrate dual application potential in drug delivery
systems and bone tissue regeneration [10].

In the construction of drug-controlled release systems, researchers have established
three typical functionalization strategies [10]. Using a surfactant-mediated crystallization-
kinetics modulation strategy, vaterite microspheres with a gradient porous structure were
successfully prepared; their specific surface area increased by more than 40% compared to
conventional structures, significantly enhancing the physical adsorption loading efficiency
for hydrophobic drugs [97]. Molecular-level complexation of drug molecules with a cal-
cium carbonate matrix was realized during crystal growth by the in situ co-precipitation
loading technique, which can effectively maintain the conformational integrity of bioactive
molecules [98]. The chitosan/calcium alginate composite coating system constructed by
layer self-assembly technology not only reduces the drug sudden release rate from 65% to
12%, but also endows the carrier with pH-responsive release characteristics, demonstrating
the advantages of the design of a intelligent drug delivery system [97].

In bone tissue engineering applications, vaterite achieves multidimensional biological
modulation through a dynamic phase transition mechanism. Vaterite can be spontaneously
converted to hydroxycarbonate apatite (HCA) in a physiological environment (pH 7.4, 37 °C),
the conversion pathway is highly similar to the mineralization process of natural bone matrix,
and the formation of an osteoapatite/ collagen-like composite structure provides an ideal mi-
croenvironment for bone regeneration [99]. From the perspective of ion release, continuously
released Ca”* promotes osteoblast differentiation by activating the calcium-sensing receptor
(CaSR), while CO3%~ enhances osteoclast activity by regulating the local microenvironmental
pH. This bionic regulatory mechanism creates a dynamic equilibrium of bone metabolism [100].
At the cellular interaction level, the micro-nanotopography on the material surface upregulates
integrin o531 expression in mesenchymal stem cells (MSCs) and induces osteogenic differentia-
tion via the Wnt/ 3-catenin signaling pathway [101,102]. Animal experimental data showed
that 8 weeks after the implantation of BMP-2-loaded vaterite scaffolds into rat cranial defects,
the newly formed bone volume fraction reached 68.3 & 5.1%—significantly higher than that in
the hydroxyapatite control group (42.7 &= 4.8%) [103,104].

e III. Surface modification of vaterite coating and its application in biomaterials

In the field of biomaterial surface modification, substantial progress has been made
in researching vaterite coatings [7,105-107]. Chemical deposition of vaterite coatings
onto biologically inert materials can systematically modulate surface physicochemical
properties [108]. These coatings significantly improve material hydrophilicity, for example,
on polypropylene (PP) substrates, the contact angle decreased from 127° to 107° (depending
on deposition parameters), while surface energy increased substantially. These altered
surface properties enhance cell-material interface interactions, and the elevated surface
roughness of modified materials provides additional anchoring sites for cell adhesion. In
shell-less hen’s egg models, vaterite-coated PP triggered no observable toxic reactions,
confirming the strategy’s biosafety [99]. The synergistic effects of these properties establish
vaterite coating technology as an effective means to enhance osseointegration of orthopedic
implants and endothelialization efficiency of cardiovascular stents.
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7. Challenges and Prospects

1.  Research Status on Formation and Transformation Mechanisms

As a metastable polymorph of calcium carbonate, the formation pathway and phase
transition mechanisms of vaterite remain critical scientific questions. Current research
indicates that its crystallization process may follow a non-classical nucleation pathway.
For instance, in high-concentration solutions of calcium nitrate and sodium carbonate,
the initially formed amorphous calcium carbonate (ACC) precursor undergoes structural
reorganization over several minutes to yield vaterite [28]. This discovery challenges the
traditional theory of direct ion-by-ion nucleation and suggests that the solution’s chemical
environment plays a definitive role in polymorph selection.

Regarding the mechanism of vaterite-to-calcite transformation, the solution-mediated
dissolution-recrystallization model is widely accepted. However, systematic studies on phase
transition behavior at solid-gas interfaces under atmospheric exposure remain limited.

2. Technical bottlenecks for controlled preparation and large-scale production

Although the short-term stable preparation of vaterite has been realized in the lab-
oratory, their industrial application is still limited by two challenges: long-term stability
control and morphology regulation [109]. Temperature experiments show that vaterite can
be formed preferentially in the 2040 °C range, while calcite phase transition occurs above
40 °C, suggesting that temperature gradient control can be an effective means of crystal
shape regulation [110].

In terms of stability enhancement, surface modification strategies show remarkable
effects: the introduction of metal ions (e.g., Mg?*, Mn?*) can reduce the solubility of vaterite
by forming surface solid solutions or occupying active sites. However, the current research
is mostly limited to small batch preparation, and the problems of mass and heat transfer
control and the uniform dispersion of additives during continuous production have not
been solved yet, which requires the development of a new reactor design and on-line
monitoring technology to realize large-scale preparation.

3. The contradictory relationship between stability and the synergistic optimization of function

The functional application of vaterite needs to solve the contradiction between stability
enhancement and surface activity maintenance. Taking the biomedical field as an example,
the multistage pore structure of vaterite can significantly increase the drug loading rate,
but if crystallinity is too high, it will lead to a decrease in the drug release rate [111].
This calls for the development of smart-responsive carriers, e.g., by surface grafting of
environmentally sensitive moieties for controlled release.

Bio-mineralization studies may provide new ideas for synergizing the stability and
functionality of vaterite [112]. Biomimetic synthesis with organic matrix modulation can
significantly enhance vaterite stability, but requires the precise control of the coverage
of the active sites on the surface. Future research should focus on the establishment of
a quantitative structure-stability—functionality model to meet the customized needs of
different applications.

4. From Isotope Tracing to Agricultural Innovation: Vaterite Phase-Transition-Inspired
Controlled-Release Fertilizer

In nature, vaterite and aragonite spontaneously transform into calcite. It is widely ac-
cepted that this transformation occurs in solution via a dissolution—reprecipitation process.
However, it remains unclear whether isotope fractionation occurs during the dissolution—
reprecipitation process of the vaterite-to-calcite transformation. Furthermore, synthetic
vaterite is primarily produced through two main pathways: chemical precipitation and
microbially induced mineralization. Due to their distinct formation mechanisms, it is also
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currently unknown whether vaterite produced by these two methods exhibits differences
in isotopic composition. Based on this, we hypothesize that both the synthesis method of
vaterite and its transformation process to calcite may influence its isotopic composition.

Presently, environmental pollution issues are of significant concern. In agricultural
production, although fertilizer application is unavoidable, its misuse or overuse can lead to
varying degrees of environmental pollution. While its environmental impact is generally
less severe than industrial pollution, it still warrants serious attention. Notably, plants
secrete acidic substances during growth that are sufficient to dissolve calcium carbonate.
Based on this, we propose the following concept: utilize vaterite’s porous structure to
adsorb fertilizer, then embed it into the soil, where acids secreted by plant roots induce
the slow dissolution of vaterite, thereby achieving a controlled release of the fertilizer.
Theoretically, this approach offers the following multiple potential advantages: reducing
excessive fertilizer application, lowering environmental pollution risks, and potentially
preventing seedling death caused by localized high fertilizer concentrations.
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