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Introduction

Formation and properties of spindle-shaped
aragonite mesocrystals from Mg-bearing
solutionst

Zsombor Molnar, () *@° péter Pekker,? Aleksander Re¢nik® and Mihaly Pdsfai 22
The formation of aragonite under ambient conditions is typically linked to Mg-rich aqueous environments.
The grains that form in such environments show peculiar properties such as aggregate-like appearance
and mesocrystalline character. We tested the effect of dissolved Mg?* ions on the formation of aragonite
mesocrystals by synthesizing aragonite with an automatic titrator at constant pH and at different dissolved
Mg : Ca ratios, and by studying the properties of the precipitated material with various scanning trans-
mission electron microscopy (STEM) techniques. At all studied Mg: Ca ratios the firstly condensed car-
bonate phase was Mg-bearing amorphous calcium carbonate (Mg-ACC) that transformed into aragonite
during the synthesis experiments. The aragonite grains had typically aggregate-like appearance and
spindle shapes, with the external morphologies of the spindles unaffected by variation in solution chem-
istry. The alignment of the nanocrystals within the aggregates was crystallographically highly coherent,
the [001] directions of nanocrystals showing only a small misorientation with respect to one another;
however, both parallel and twin assembly of neighbouring crystals occurred. An increase in the dissolved
Mg concentration decreased the crystallographic coherence between the aragonite nanocrystals,
suggesting an important role of Mg2+ ions in the assembly of aragonite spindles. Whereas the mesoscale-
ordered arrangement of nanocrystals implies a particle-mediated assembly, the observed differences in
particle size and composition between the amorphous precursor and the crystalline end-product suggest
that the crystallization includes at least partial dissolution and re-precipitation. These findings provide
insight into the formation of aragonite and could contribute to the understanding of important aspects of
the formation of mesocrystals and hierarchically structured biogenic minerals.

Aragonite particles that form in Mg-rich aqueous media
have a peculiar spindle-like appearance. They are composed of

Among the three anhydrous CaCO; polymorphs, orthorhombic
aragonite is typically described as the most stable phase at
high pressure." Nevertheless, it forms abundantly under
surface conditions, typically in aqueous environments charac-
terized by either high dissolved Mg”* concentrations or elev-
ated temperatures.”” Despite its abundance and geochemical
importance,*” the abiotic formation of aragonite is less
studied than that of calcite.®
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a large number of nanosized crystals that collectively produce
single-crystalline electron diffraction patterns, implying a
mesocrystalline character.”™® These properties have been
observed in both natural’® and synthetic samples, the latter
including both abiotically®®'"'*?** and biomimetically syn-
thesized aragonite.'*>**” Whether they formed homoge-
neously'® or in the presence of additives (such as polyaspartic
and amino acids,”® solely amino acids,”® polyamides,"” or
swelling clay minerals''), the mesocrystalline characters of ara-
gonite aggregates were similar. Despite their widespread occur-
rence, the formation mechanism of aragonite spindles is not
clearly understood, even though such an understanding could
shed light on important aspects of the formation of
mesocrystals.

The formation of mesoscopically structured crystals (meso-
crystals), especially the cohesion between their fundamental
units is a widely studied yet puzzling phenomenon.”
According to the original definition,?® mesocrystals form by
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the attachment of nanocrystals, a process regulated by the
interactions of their different facets, and potentially mediated
by organic polymers or gels.** However, Zhu et al**
suggested that mesocrystals could alternatively be produced
via conversion of amorphous nanoparticles into nanocrystals
near mineral surfaces, in a process that involves both dis-
solution-re-precipitation and oriented attachment. Regardless
of their assumed formation mechanism, the properties of
mesocrystals differ from those of bulk single crystals,*® e.g.,
have larger surface area and porosity, making them effective
substrates for adsorption.>®

With respect to the possible role of an amorphous precur-
sor in the formation of aragonite mesocrystals, Walker et al.*°
performed cryo-TEM analysis on freshly precipitated aragonite,
synthesized in ethanol-rich aqueous media. They showed the
formation of spindle-shaped aragonite mesocrystals in co-
occurrence with ACC. The authors suggested that the for-
mation of the spindles was initiated by the aggregation of ACC
nanoparticles, and the crystallization of aragonite started
within the amorphous aggregate from independent centres,
with the amorphous to crystalline transformation taking place
in solid state. Huang et al®® and Nahi et al'® studied the
effect of amino acids and the combined effects of polyamines
and dissolved Mg”" ions on the formation of aragonite. Both
studies reported similar aggregates of aragonite nanocrystals
with a typical spindle-shaped external morphology, and
observed the presence of small ACC globules on the surfaces
or even within the cavities of aragonite aggregates. Based on
the crystallographically highly oriented assembly of aragonite
nanocrystals, the authors of both studies concluded that the
spindle-shaped aragonite aggregates formed via the oriented
attachment of nanocrystals. Nevertheless, they assumed that
ACC was a precursor of aragonite.

While there are several reports in the literature on the for-
mation of spindle-shaped aragonite aggregates, only a few
studies addressed the specific role of Mg>" ions.® Since Mg** is
present (in highly variable concentrations) in almost all types
of natural waters, it probably affects contemporary aragonite
formation in various environments. In addition, the variation
of Mg : Ca ratio over the history of Earth in both marine®” and
freshwater systems®® serves as a proxy for environmental
changes; thus, knowing the roles of Mg in aragonite formation
has importance for paleoenvironmental reconstructions as
well.

In this work, laboratory studies were conducted under
environmentally relevant conditions to examine the mecha-
nism of aragonite formation in alkaline (pH 9.00), low-ionic-
strength (0.02-0.08 M), Mg-rich aqueous media at ambient
temperature (20 °C), with a focus on the transition of amor-
phous precursors into crystalline phases and the roles of dis-
solved Mg>" ions. The experiments were conducted with
various dissolved Mg : Ca ratios and the products were studied
using transmission electron microscopy (TEM) techniques. We
demonstrate that the firstly precipitated Mg-bearing ACC pre-
cursor transforms rapidly into aragonite, and aragonite meso-
crystals form by attachment and subsequent crystallization of
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amorphous particles on the surfaces of crystalline nuclei.
Further, we show that an increase of the Mg: Ca ratio slows
the formation of aragonite and affects the size and orientation
of the nanocrystalline building blocks within mesocrystals.

Materials and methods
Synthesis of aragonite

Aragonite mesocrystals were synthesized from aqueous solu-
tions by titrating a carbonate buffer solution with mixtures of
Mg and Ca chloride solutions under ambient conditions and
constant pH. Firstly, 20 mL, 0.01 M Na,CO; buffer solution
was prepared, and the pH set to 9.00 by adding a sufficient
amount of 1 M HCL In order to study the effect of Mg>" ions,
we prepared the Mg-rich titrant solutions as mixtures of
aqueous MgCl, and CacCl, solutions with 0.01: 0.01, 0.04 : 0.01,
0.06:0.01 and 0.08 M : 0.01 M dissolved Mg : Ca ratios, respect-
ively. For the preparation of the solutions, we used analytical
graded reagents and double distilled ultra-pure water with 18.2
MQ resistivity as a solvent.

The titrants were dosed into the buffer solutions by a
Metrohm 805 Dosimat automatic titrator. The dosing unit was
5 uL and the dosing speed 0.05 mL min~". The pH of the solu-
tion was kept constant at 9.00 (+0.02) by the dynamic titration
of 0.1 M NaOH with a Metrohm 888 Titrando instrument, and
measured using a combined, glass pH electrode, with a
measuring interval of 2 s. The reactions were monitored by the
amount of the dosed NaOH solution. The point of nucleation
of solid phases was defined by the concentration where the
shape of the titrant curve of the NaOH solution changed from
linear to exponential. Each experiment was repeated five
times, and the results we present are the mean values for each
dissolved Mg : Ca ratio.

The saturation indices (SI) of calcite, aragonite, ordered
dolomite and Mg-bearing ACC (Mg-ACC) phases were calcu-
lated using the PHREEQC software.?® The known ionic compo-
sitions of the solutions at the point of nucleation, and the pre-
viously reported log(Ksp) values of calcite, aragonite, dolomite,
pure-ACC and Mg-ACC were used for the calculations.
References for the applied log(K,) values are included in
Fig. S1.1

In parallel experiments, we sampled the precipitated
materials first at the point of nucleation, then at the point
where the volume ratio of the titrant and buffer solutions
reached 1, and finally after aging for 2 months. Sampling was
done by filtering the whole solution through a 0.45 pm MCE
polymer membrane filter with a vacuum pump, then washing
the filtered solid materials with 20 mL isopropanol in order to
avoid their crystallization upon drying. Four specimens were
prepared and analysed for each used Mg : Ca ratio, in order to
make sure that incidental drying artefacts (such as individual
NaCl or MgCl, crystals) are recognized. We did not observe the
occurrence of such salt phases on the surfaces or in the pores
of aragonite crystals.

Nanoscale, 2024, 16, 2012-2021 | 2013


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr04672a

Open Access Article. Published on 09 January 2024. Downloaded on 5/3/2026 5:51:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Material characterization

Samples for transmission electron microscopy (TEM) analyses
were prepared by gently touching the surface of the wet filter
paper with a carbon-coated lacey Cu grid immediately after the
filtering procedure, and drying the grid at room temperature.
For TEM analysis we used a Thermo Fisher Talos F200X G2
scanning transmission electron microscope (STEM) that could
be operated in both conventional and scanning TEM mode, at
200 kV accelerating voltage. We studied the morphologies of
solid particles in bright-field (BF) images, selected-area electron
diffraction (SAED) patterns and high-resolution TEM (HRTEM)
images for structural characterization of the grains. The beam
current was around 80 pA in TEM mode. Elemental maps were
obtained in STEM spectrum imaging mode by collecting
energy-dispersive X-ray (EDX) spectra in each pixel of the image,
using a four-detector SuperX Si drift detector system. In STEM
mode the beam current was around 200 pA. The obtained data
were processed and evaluated using Velox 2.14 software.

Electron tomography measurements were carried out in
STEM mode using the high-angle annular dark-field (HAADF)
detector for imaging. The chosen grain was tilted in 1° steps in
a tilt series between —62° to 60°. We used Inspect3D software
for 3D reconstruction and the Avizo software for the visualiza-
tion of particle morphologies.

Results

In our experiments designed to precipitate aragonite a carbon-
ate buffer was titrated with mixtures of Mg and Ca chloride
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solutions, while the pH was kept constant by the dosing of
NaOH. The measured curves of the dosed amount of NaOH
solution showed a typical sigmoidal shape in each experiment,
indicating a pH change within the solution that was balanced
by the addition of the NaOH titrant (Fig. 1A). The general
equation of solid CaCOj; formation is expressed by eqn (1).

Ca®t + HCO3; 2 Ca*' + CO3*” + H' — CaCO; +H™ (1)

According to the law of mass action and the principle of
mass preservation, HCO;™ is the dominant form of carbonate
at pH 9.00 (92 mol%), and CO;>~ occurs as a minor species
(5 mol%). When HCO,~ dissociates into CO;>~ and solid
CaCoO; forms, H' ions are liberated that decrease the pH of the
solution. Adding NaOH maintained the initial pH 9.00, and
the amount of added NaOH solution provided a proxy for iden-
tifying the nucleation of CaCO;. We refer to the point where
the increment of the dosed NaOH solution started to increase
as the point of nucleation.

Increasing the dissolved Mg : Ca ratio shifted the point of
nucleation slightly, lengthening the pre-nucleation limb of the
titration curves (Fig. 1A); thus, the solid phases formed at
larger ionic strength (at 0.024, 0.031, 0.037 and 0.071 M for the
1:1,4:1, 6:1 and 8:1 dissolved Mg: Ca ratios, respectively;
see Fig. S11). We used the ionic compositions of the solutions
at the point of nucleation for calculating the saturation indices
(SI) of possible solid phases (Fig. 1B). The SIs suggested that
the solutions were supersaturated with respect to calcite, ara-
gonite and dolomite, slightly supersaturated or undersaturated
with respect to pure ACC, depending on the used log(Kyp)
value (not shown in Fig. 1B), but undersaturated with respect
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Fig. 1

(A) Measured curves of the amount of dosed NaOH solution for four carbonate precipitation experiments with different dissolved Mg: Ca

ratios. On each curve a rectangle marks the point where the increment of the dosed solution started to increase, indicating the starting point of the
nucleation of carbonate solids (for details see Fig. S17). (B) Calculated saturation indices (Sl) of calcite, aragonite, dolomite, ACC (using two different
Ksp values) and Mg-ACC (50 mol% Mg content) at the point of nucleation. The Sls indicate that the solution was undersaturated with respect to Mg-

ACC and around the saturation state with respect to ACC.
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to Mg-bearing ACC in every case (assuming 50 mol% Mg
content in the amorphous phase and using the K, value of
Purgstaller et al.*°). The calculated SIs for calcite and aragonite
were essentially unaffected by the Mg: Ca ratio (1.2 and 1.1,
respectively) (Fig. 1B and S17).

TEM study of the samples that were taken from the solu-
tions immediately after the point of nucleation revealed co-
existing Mg-ACC and aragonite particles. Mg-ACC particles
were a few tens of nm large, their shapes spherical or
elongated-globular; some individual globules also occurred,
but they typically formed small groups in intimate association
with aggregates of aragonite nanocrystals at every used Mg: Ca
ratio (Fig. 2A). As expected, the groups of Mg-ACC showed
amorphous character in both SAED patterns and fast Fourier
transforms (FFTs) obtained from HRTEM images, producing
diffuse intensity maxima (see the FFT of area 1 in Fig. 24;
Fig. S2 and S3t) with d-values corresponding to those reported
by Molnér et al.*' Mg-ACC particles contained a significant
amount of Mg (Fig. 2B-C and Fig. S3t) but their Mg : Ca ratio
was lower than that of the solution (ie., 0.45-0.55 vs. 4,
respectively). On the other hand, no Mg could be detected in
the aragonite aggregates, suggesting that Mg is not incorpor-
ated into aragonite even at an initial stage of formation
(Fig. 2C). The smallest, presumably incipient aragonite par-
ticles were already aggregates that consisted of <10 nm nano-
crystals; the entire aggregate produced SAED and FFT patterns

[FFTarea 1
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reminiscent of single-crystal diffraction (see FFT of area 2 in
Fig. 2A). Images such as in Fig. 2A and 3 suggested that arago-
nite aggregates grew by the attachment of Mg-ACC. Even
though we sampled the solution at the point of nucleation,
irregular-shaped aggregates (as in Fig. 2A) were rare (we
observed about ten particles); instead, the typical aragonite
aggregates resembled spindles (Fig. 3A, B and 4A), with
specific morphologies and structures.

Aragonite spindles had uniform aspect ratios (length to
width, l/w = 3.6), independent of the Mg : Ca ratio of the solu-
tion (Fig. 4A and B; 15 particles were measured for each dis-
solved Mg : Ca ratio). The combination of granular texture and
single-crystal-like diffraction displayed by the spindles implied
a mesocrystalline character. High-resolution study of spindle
nanotexture showed that the spindles were composed of few
tens-of-nm-large nanocrystals that maintained their mutual
orientation relationship with respect to one another, with their
c-axis approximately aligned in the direction of the long axis of
the spindle (Fig. 4A and 5A-B). The interfaces between the
individual nanocrystals were indistinct, with either amorphous
material or pores separating the crystalline units, as is charac-
teristic for mesocrystal assemblies.

As is also typical for mesocrystals, the alignment of the con-
stituting nanocrystals is imperfect. Typical SAED patterns
suggest angular dispersions of nanocrystals, manifested in the
intensity maxima appearing as short arcs (Fig. 5A and B). The
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Fig. 2 Globular Mg-ACC particles with aragonite crystals. (A) HRTEM image with the corresponding FFTs of Mg-ACC and aragonite particles in the
inserts, from the areas marked in the main panel. (B) STEM EDX elemental map and (C) corresponding EDX spectra extracted from the marked areas,
showing significant Mg in Mg-ACC and almost none in aragonite. The small Mo K, peak arises from stray radiation from the sample holder.
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Fig. 3 Globular Mg-ACC particles on spindle-shaped aragonite aggre-
gates. (A) BF image and (B) STEM EDX elemental map from the same
area of the same particle, suggesting that Mg-ACC globules (marked by
white arrows) appear only on the surface of the aragonite spindle.

lengths of the arcs belonging to particular intensity maxima,
e.g., to the 002 reflection, increase with the Mg : Ca ratio of the
solution (with the arc angle changing from 5 + 0.5° to 8 + 0.3°
as the Mg : Ca ratio increases from 1:1 to 8:1) (Fig. 5C; 10 par-
ticles were measured for each dissolved Mg:Ca ratio). The
trend of increasing misalignment of nanocrystals is probably
related to the decrease of particle size with increasing Mg : Ca
ratio (Fig. 4C). We measured the perimeters of the nanocrystals
in random positions within the aggregates. The average per-
imeters of the nanocrystals were 122, 84 and 44 nm in the
spindles precipitated from solutions with 1:1; 4:1 and 8:1
dissolved Mg : Ca ratios, respectively (Fig. 4C; 80 particles were
measured for each dissolved Mg : Ca ratio).

SAED patterns and FFTs of HRTEM images obtained from
aragonite spindles often show double periodicity along the
[110]* directions (Fig. 5D-F; Fig. S47). Reflections appear that
are incompatible with the conventional Pmcn space group of
aragonite, since they would have to be assigned non-integer
indices (e.g:, 1,3,0). Similar reflections have been observed in
synthetic aragonite, and interpreted as superstructure reflec-
tions.*” In places HRTEM images show neighbouring nano-
crystals in [100] and [110] orientations (Fig. 6), with their [001]
directions almost parallel, suggesting a twin relationship
between the two crystals. Based on our observations, two self-
assembly modes, (i) lateral (110)[001]||(110)[001] and (ii) twin

2016 | Nanoscale, 2024, 16, 2012-2021
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Fig. 4 Morphology of spindle-shaped aragonite. (A) BF TEM image
showing that the particles have aggregate-like appearance, consist of a
large number of nanocrystals and have typical spindle-like morphology.
Individual aragonite nanocrystals are framed by white dashed lines and
marked by white arrows. (B) The external morphology of the spindle-like
aggregates was uniform at every used dissolved Mg: Ca ratio, with the
aspect ratio (length-to-width) of the aggregates around 3.6:1 (15 par-
ticles were measured for each dissolved Mg: Ca ratio). (C) The sizes of
the individual nanocrystals (characterized by their perimeter) that build
up the aggregates decreased with increasing dissolved Mg : Ca ratio (80
particles were measured for each dissolved Mg : Ca ratio).

(110)[001]||(110)[001] are identified. Similar observations were
reported for other minerals, such as magnetite®® and rutile.*?
We suspect that the above two structural features, ie., the
appearance of half-integer reflections and the presence of
twinning, might be related; however, conclusive evidence for
this is still lacking.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Structure analysis of spindle-shaped aragonite aggregates. (A) BF image of a spindle with (B) corresponding SAED pattern that shows
elongated, arc-shaped intensity maxima. (C) The arc length of the 002 refection increased with increasing dissolved Mg : Ca ratio (10 particles were
measured for each dissolved Mg : Ca ratio). (D) BF image of a spindle with (E) and (F) corresponding FFTs (the marked area shows the places of the
two HRTEM images from where the FFTs were calculated, for the original HRTEM images see Fig. S37), displaying small misorientations between the
constituent nanocrystals and the appearance of extra periodicity (marked by yellow arrows) that is inconsistent with the structure of aragonite.

Fig. 6 (A) HRTEM image with (B), (C) and (D) corresponding FFTs, obtained from the external part of an aragonite spindle. Two main projections,
[110] and [100] were observable for the nanocrystals but their [001]* directions were almost perfectly aligned.

The typical spindle-like morphology of the aragonite aggre-
gates is preserved up to an equal titrant to buffer volume ratio
(approximately 3 hours after the nucleation). However, inter-
grown spindles and more complex, star-like aggregates

This journal is © The Royal Society of Chemistry 2024

become more abundant with processing time (Fig. 7A). STEM
tomography shows a lamellar morphology of the intergrown
spindles (Fig. 7B and Fig. S5 and S6 movies 1-2t). The angles
between the long axes of intergrown spindles seem to be

Nanoscale, 2024, 16, 2012-2021 | 2017
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Fig. 7 Size and morphology changes during the aging of spindle-shaped aragonite aggregates. (A) TEM BF image and (B) tomographic reconstruc-
tion of freshly precipitated aragonite particles consisting of two or more intergrown spindles. (C) TEM BF image of aragonite crystals aged for two
months; the mesocrystal-like appearance of the firstly formed aragonite particles vanished and perfect single crystals appeared.

specific at first glance, potentially suggesting a twin relation-
ship; however, when measured from the STEM tomographic
reconstruction the angles appear to be incidental (Fig. S57).
The tomographic measurements also confirm the presence
of holes of various sizes (up to tens of nm) within the arago-
nite aggregates, located at random positions (Fig. 7B and
S6 movie 37).

After two months aging, the spindles transformed into
assemblies of several-um-long, well-facetted, lath-shaped ara-
gonite crystals (Fig. 7C) that typically showed the half-integer
reflections when viewed along [110] projection (Fig. S77).
These aggregates were loosely bound, and after 120 s ultra-
sonication disaggregated into individual aragonite crystals.

Discussion

Our study confirmed the results of earlier research regarding
two important aspects of aragonite formation, namely that (i)
increasing the Mg:Ca ratio of the solution delays the for-
mation of the first solid, and (ii) Mg-ACC is a precursor of ara-
gonite. In our experiments nucleation started at increasing
ionic strength as the dissolved Mg : Ca ratio increased (Fig. 1A
and S1f), as was also observed earlier,”>** and the firstly
formed phase was Mg-ACC that later transformed into arago-
nite (Fig. 2). In general, the formation of crystalline CaCO; is a
multistep process involving both liquid and solid precursors.
The first solid is typically ACC that transforms into less
soluble, crystalline phases via either solid-state transformation
or dissolution and re-precipitation processes (DRP), or a com-
bination of both.*” Both in situ TEM*® and SAXS/WAXS*’
experiments showed that in the absence of Mg®* ions ACC par-
ticles could transform into vaterite and then to calcite, in
agreement with the Ostwald-step rule and as the solubility of
the given CaCO; phases would suggest. As discussed above, in
our experiments the solid-state transformation of Mg-ACC can
be excluded. On the other hand, a scenario involving its dis-
solution offers an explanation for the polymorph selection.

2018 | Nanoscale, 2024, 16, 2012-2021

Once the dissolution of Mg-ACC has started and the dissolved
Ca®" concentration reaches supersaturation with respect to
both calcite and aragonite, a new CaCO; phase is formed.
However, the dissolved Mg>" ions kinetically hinder or decele-
rate the formation of Mg-bearing calcite crystals via poisoning
the growth of calcite nuclei,>*’ thereby enhancing the for-
mation of aragonite,” the second-least-soluble form of CaCO;.

Morphological features of aragonite spindles (Fig. 4) and
the specific crystallographic orientation relationship between
their component nanocrystals (Fig. 5 and 6) imply that the
spindles formed by particle attachment, i.e., in a non-classical
crystallization process, as was also suggested by previous
authors.>'>'%?%3> The formation of mesocrystals via the
attachment of crystalline nanoparticles in a crystallographi-
cally co-aligned fashion was widely described, e.g., in titanium
oxides,*>*® iron oxides,>****° and calcium sulphates.’™>"?
However, the rapid oriented attachment of aragonite nanocrys-
tals is unlikely after their burst nucleation at room tempera-
ture, in a weak electrolyte solution, at slightly alkaline pH;
moreover, we never observed individual aragonite nanocrystals
in our samples. On the other hand, at the initial stages of
spindle formation the presence of Mg-bearing ACC on the sur-
faces of aragonite spindles appeared to be common (Fig. 2 and
3), whereas this phenomenon was absent with increasing reac-
tion time. These observations indirectly suggest that the arago-
nite spindles grew by the attachment of Mg-ACC particles.

For the growth of aragonite spindles previous studies pro-
posed three models, all of which assumed a particle-mediated
growth processes, with their main differences being whether
amorphous or crystalline particles are assembled, and where
the amorphous to crystalline transformation happens relative
to the growing spindles. Walker et al.'® suggested that assem-
bly of amorphous particles is followed by their transformation
into aragonite in solid state. Others'>'>?®?® claimed that the
growth of the spindles is dominated by the attachment of ACC
onto the surfaces of pristine aragonite nanocrystals, with the
ACC transforming in solid state and inheriting the structure
and orientation of the substrate aragonite nanocrystal. A third

This journal is © The Royal Society of Chemistry 2024
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model'® suggested that crystalline aragonite nanoparticles
attached to one another in a crystallographically well-oriented
manner; nevertheless, even in this case the ACC was con-
sidered a precursor phase. Our observations support the
model by Zhu et al.>* concerning the attachment of Mg-ACC to
pre-existing aragonite; however, we assume the amorphous to
crystalline transition takes places via a dissolution-reprecipita-
tion process, as discussed above. While the attachment of Mg-
ACC to preformed aragonite aggregates is well documented by
our TEM images, much less is known about the nucleation of
the first nanocrystals. Images obtained from the smallest, pre-
sumably incipient aragonite aggregates (Fig. 2A) suggest that
once nanocrystals form, they align along the c-axis (Fig. 2)
according to an oriented self-assembly mechanism.*>**"?

Compared to the oriented attachment of nanocrystals that
are homogeneously precipitated from supersaturated
solutions,*®>® the driving forces behind interface-driven
nucleation®* are less understood. According to our obser-
vations, Mg-ACC is continuously dissolving, thus losing its
initial Mg content. Along with this process, new aragonite
nanocrystals form in the vicinity of spindles. It remains to be
understood why the nanocrystals form in the vicinity of
mineral surfaces (i.e., not in direct contact with them), and
why they are assembled into mesocrystals instead of growing
into single crystals via classical crystal growth.>® In fact, the
observed mechanism is not too different from conventional
mesocrystal assembly, where nanocrystals are attracted and
aligned via van der Waals (vdW) forces, and surface inter-
actions control their oriented attachment.®® However, in the
case of aragonite spindles these vdW forces may be also
involved in the oriented near-surface crystallization of the
nanoparticles, when the amorphous precursor reaches the
immediate vicinity of the mineral surface.>* At the same time,
surface ligands hold the new nanocrystals in a stable separ-
ation from the existing crystalline surface, preventing their
merging via classical pathways.*® According to the Lifshitz for-
mulation of vdW interactions,>® orientational dependency orig-
inates from the anisotropy of bulk dielectric properties defined
by structure-dependent dielectric tensors of interacting
materials, which conduct force fields that convey structural
information beyond the phase boundary, thus aligning the
interacting nanocrystals.>* Such forces may be responsible for
the oriented, near-surface amorphous-to-crystalline transform-
ation, as was also observed for iron oxides.*® The misalign-
ment of nanocrystals and the mesocrystalline structure (Fig. 5
and 6) of the aragonite spindles support the mechanism of
oriented near-surface nucleation.

The highly anisotropic shape of the spindles suggests that
the rate of particle attachment is higher along the [001] direc-
tion than perpendicular to it. Some authors observed that the
amorphous particles prefer a distinct direction with respect to
their attachment;> indeed, newly formed crystalline particles
were shown to preferably attach to the tips of the spindles.®*
This could be explained by the tendency of the material to
maintain its equilibrium crystal shape, as has also been
observed in other mesocrystals.® The measured uniform
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length-to-width ratio of the spindles (3.6: 1) suggests that this
morphology is typical for the early stages of aragonite for-
mation, and the dissolved Mg content does not affect the exter-
nal shape of the aggregates (Fig. 4B).

The common co-occurrence of the [100] and [110] orien-
tations (Fig. 6), accompanied by the appearance of half-integer
Uo-type reflections suggest the presence of superperiodicity
along [110] (Fig. 5E, S4 and S77). Our findings indicate that
double periodicity along the [110]* direction could appear
already in the nucleation stage (Fig. S31). Some analogies can
be drawn between aragonite and oxides: in situ TEM studies of
iron oxides showed that either the same or twin crystallo-
graphic orientations are favoured during the particle attach-
ment process.*® Similarly, both parallel and twin assembly of
nanoparticles have been reported for rutile.’® In the case of
aragonite, the Mg content of the solution appears to affect the
particle attachment process, since Mg was suggested to be
responsible for either the formation®” or the enhancement of
twin boundaries.”’ Thus, the non-integer reflections could
possibly arise from nanoscale twinning or polytypism;
however, neither could be confirmed from our HRTEM images
in the studied projections.

Another feature observed in our products is the angular dis-
persion of reflections in SAED patterns, associated with meso-
crystal assembly. The increasing angular length of 002 with
increasing dissolved Mg: Ca ratio of the solution (Fig. 5A-C)
possibly originates from the size reduction of the aragonite
nanocrystals with the increasing Mg content (Fig. 4C).
Interestingly, previous studies on biogenic aragonite (nacre)
also reported that small misorientations of the [001] zone axis
occurred,”® suggesting that growth by particle attachment
could be a prevalent strategy in biomineralization.>*%°
Moreover, Lew et al.®® showed that the orientational differ-
ences between CaCO; nanocrystals could be essential for
increasing the fracture toughness of the mineralized frame-
works of corals, seashells and various other organisms. Our
observations suggest that even without biological control or
organic additives, simply the Mg content of the solution could
affect the crystallographic texture of the product carbonate, in
addition to controlling the polymorph selection. Thus, while
our observations provide important details for a better under-
standing of the formation of mesoscopically ordered materials
in abiotic systems, they also have implications for biominerali-
zation processes.

Conclusions

Aragonite formation from Mg-rich aqueous solutions involves
the precipitation of a transient form with a peculiar, spindle-
shaped, aggregate-like appearance and mesocrystalline attri-
butes. While our study focused on the properties and assembly
of these spindles, our results also revealed the complexity of
aragonite formation, and identified several stages in the
process. We found that Mg-rich amorphous calcium carbonate
(Mg-ACC) globules precipitate first from the solution. In the
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next stage, elongated, few tens-of-nm-large aggregates of arago-
nite nanocrystals appear; we assume they form from Mg-ACC,
and immediately merge and align along their c-axis, forming
the nuclei of spindles. Then, further Mg-ACC particles are
attached to the incipient spindles. Once the Mg-ACC particles
reach the aragonite spindle, they transform into aragonite
nanocrystals, with this transition accompanied by the loss of
Mg, suggestive of a dissolution-reprecipitation process. As the
process of attachment and conversion of Mg-ACC particles
continues, the individual spindles develop into complex aggre-
gates, consisting of two or more spindles, apparently inter-
grown in a crystallographically unspecified manner. In the last
stage of aragonite formation, the morphology of the spindles
is reshaped by Ostwald ripening, resulting in lath-shaped
single crystals approaching the equilibrium crystal mor-
phology of aragonite.

Aragonite spindles are also observed in biologically con-
trolled mineralization, and their formation is typically attribu-
ted to the controlling effects of organic compounds. Our
results show that spindle-shaped mesocrystal assemblies of
aragonite can form in weak electrolyte solutions without
organic additives. Instead of organics, the properties of arago-
nite mesocrystals, such as the development of the typical
spindle morphology and the crystallographic coherence
between their component nanocrystals, are affected by the
presence and concentration of dissolved Mg>" ions, respect-
ively. These results imply a possible control mechanism by
which living organisms could regulate the properties of the
forming mesocrystals, bringing us a step closer to understand-
ing aragonite biomineralization.
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