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ABSTRACT: Calcium carbonate precipitation at different
values of the nominal ionic activity product (IAP) is studied in
nanoliter and picoliter droplets at (20 ± 2 °C). Experiments
are carried out through direct mixing of equimolar reactant
solutions using two different setups: first, droplet-based
microfluidics using Teflon capillaries (nanoliter experiments)
and second, the microinjection technique under oil (picoliter
droplets). Instantaneous precipitation of a metastable CaCO3
phase is initially observed. This phase is stabilized in time by
reducing the initial volume of the experiments from the nano-
to picoliters range and when the CaCl2/Na2CO3 ratio approaches 1. Further analysis by X-ray diffraction, transmission electron
microscopy, and selected area electron diffraction confirms the first nucleated phase is CaCO3·6H2O (ikaite) and in few droplets
ikaite plus CaCO3·H2O (monohydrocalcite). No evidence of amorphous calcium carbonate (ACC) is found even in conditions
where the IAP exceeds the solubility product of this phase. The in vitro finding of ikaite formation and stabilization due to
volume confinement is an unexpected result since it is the first time that this hydrous phase is stabilized at room temperature (it
is normally found at near 0 °C) in the absence of additives. This result can be of interest for those biomineralization processes
occurring in the confined volumes of intracellular vesicles and for biomimetic materials science in general.

1. INTRODUCTION

Nowadays the use of confinement in small volumes for
preparing both inorganic and organic crystals is attracting
increasing scientific and technological interest. Since the
probability of observing the formation of a crystal during a
nucleation process is very low due to its stochastic nature,1

confinement in small droplets permits the location of
nucleation events in space, and thus it makes their observation
possible.1−4 Nucleation of calcium carbonate (CaCO3) in small
confined volumes is a widespread natural and environmental
phenomenon. Thus, in many biomineralization processes,
mineral is formed in compartmentalized well defined volumes
such as intracellular vesicles5 and at relatively high super-
saturations.6−8 In the conservation of cultural heritage,
restoration of weathered carbonate stones in monuments and
statuary can be carried out by bacterially induced calcium
carbonate mineralization in small stone pores.9 In geological
storage of CO2, precipitation of CaCO3 is produced at high
supersaturations by injecting pressurized CO2 in the small
pores and cracks of deep permeable geological formations.
Here it reacts with earth alkali ions found in solution to form
alkali earth carbonates and concretely with calcium ions to form
CaCO3.

10 In such a context, the precipitation of calcium
carbonate may have an important impact on the permeability of
the geological formation, as well as on its long-term storage
capability. For these reasons, nucleation of CaCO3, and the

possible effects that confinement in small volumes exerts on it,
is nowadays of increasing social and environmental interest.
Controlled-pore glasses, membranes, and other nanoporous

materials have been reported to date as confining environ-
ments. These materials are generally in contact with the bulk
solution, limiting the availability of reactants and generating the
depletion of free molecules when the nucleation events take
place.11−13 Microemulsions have also been used to produce
confinement in droplets, in order to measure nucleation rate
and critical nucleus size via a thermal method.14,15 Generation
of small droplets1−4 offers the possibility of volume
discretization and spatial confinement. It permits the control
of nucleation events in a particular space that can be directly
observed and monitored. To this end, regular arrays of
microdroplets have been generated on patterned self-assembled
monolayers as substrates to investigate the polymorphism of
some organic compounds,3,16,17 reaching supersaturation
through controlled evaporation of undersaturated droplets
and finding access to different polymorphs by very high
evaporation rates. Related to this work is the use of small
droplets (or droplet-based methods) to study nucleation and
polymorphism of calcium carbonate (CaCO3) at low super-
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saturations.18,19 CaCO3 is one of the main compounds involved
in the biomineralization and scaling process. It is also of great
interest for its industrial applications as filler in plastics, rubber,
paper, paints and pigments, and the food and pharmaceutical
industry, in addition to the plastisol industry for car underbody
paints, among many others.20−22 For both, natural and
industrial processes, the control of either the calcium carbonate
nucleating phase and/or its growth is essential for determining
not only the necessary or desired polymorph, morphology, and
size distribution of the crystals but also the subsequent
properties of the natural (biomineral) or manufactured
composite materials.
When CaCO3 precipitates from highly supersaturated

solutions in a batch process, it is known that amorphous
metastable calcium carbonate (ACC) nucleates first and
transforms to more stable phases according to the Ostwald’s
step rule.23,24 The initial formation of an ACC phase has been
explained through both classical and nonclassical approaches.
The classical approach assumes a lower nucleation barrier for
amorphous than for crystalline phase, therefore kinetically
favoring the formation of the metastable phase,25 while the
nonclassical one suggests that nucleation occurs through
aggregation of prenucleation clusters.26 Evidence of structural
preformation and the nucleation of different ACC species
which later transform into vaterite or calcite was found at
different pH conditions.26 In addition, it was shown that within
narrow supersaturation conditions in which ACC solubility is
not reached, it is possible for other hydrated metastable CaCO3

phases to precipitate.27 CaCO3 hydrated crystalline phases are
ikaite (IK, CaCO3·6H2O) and monohydrocalcite (MHC,
CaCO3·H2O). IK is known to precipitate steadily at low
temperatures or high pressures.28,29 In nature and in the
laboratory, the mineral readily crystallizes from solution at
temperatures near 0 °C. At temperatures below 25 °C IK was
obtained as a transient phase that rapidly transformed into
vaterite and/or calcite, although it could be partially stabilized
by using triphosphate.30 On the other hand, the stability of
MHC has long been debated.31 Generally, MHC is formed
from ACC and transforms to calcite and/or aragonite,31−33

although it was found to be stable for centuries in natural
ancient sediments.34,35

This paper presents experiments performed in additive-free
solutions at room temperature and medium to high values of
the nominal ionic activity products in which ikaite (not ACC)
is the first nucleating phase. The IK phase is stabilized in time
by the effect of confinement and stoichiometric mixing ratio of
the reactants. This finding can be relevant in the field of
biomineralization and biomimetic materials science. Biomineral
deposition in the confined volume of intracellular vesicles5

proceeds by the nucleation of an ACC as a disordered transient
precursor that later transforms to the anhydrous calcite8 or by
the coexistence of two ACC precursors, one hydrated (ACC·
H2O) and the other not.36 The in vitro finding of IK formation
due to volume confinement suggests that this phase might be
explored as an alternative in vivo transient precursor for the
formation of calcite biominerals. In parallel, IK by itself is
proposed as an accessible CaCO3 material at room temperature
or as a transient precursor for the preparation of calcite- or
vaterite-based biomimetic materials with tailored physicochem-
ical and morphological properties.

2. EXPERIMENTAL SECTION
2.1. Reagents and Solutions. Sodium chloride (NaCl, ACS

reagent, ≥99.0% purity), calcium chloride dihydrate (CaCl2·2H2O,
Bioxtra, ≥99.0% purity), and sodium carbonate monohydrate
(Na2CO3·H2O, ACS reagent, 99.5% purity) were supplied by Sigma-
Aldrich. FC-70 fluorinated oil and paraffin oil were supplied by
Hampton Research. Ultrapure water (0.22 μS, 25 °C, Milli-Q,
Millipore) was used to prepare all the solutions. Na2CO3 and CaCl2
solutions of concentrations ranging from 10 to 200 mM were prepared
by dilution of corresponding 1 M stock solutions and filtered by using
0.22 μm Millipore membranes. Ionic strength was adjusted by adding
the necessary amount of NaCl (afterward solutions were refiltered).
Speciation, nominal ion activity product (IAP) and saturation index
(S.I. = log IAP/Ksp) with respect to the calcite phase of solutions
obtained by mixing equimolar volumes of Na2CO3 and CaCl2 were
determined by using PHREEQ-C software37 considering chloride
mean-salt ionic activity-coefficient data38 in the Debye−Hückel
equation and equilibration of all solutions with atmospheric CO2.

2.2. Droplet-Based Microfluidic Experiments (Nanovo-
lumes). Experiments in nanoliter droplets (2−3 nL) whose nominal
IAPs range in the interval from 2.82 × 10−8 to 5.25 × 10−6 mol2·L−2

(S.I. from 0.9 to 3.18), were performed in HPFA (Teflon polymer)
capillaries of 150 μm internal diameter. Equimolar solution volumes of
Na2CO3 and CaCl2 were pumped through a PEEK T junction and
mixed in a capillary (2.8 cm long). This capillary is connected to a
second T-junction (for a more detailed description see refs 4 and 39),
where the oil used as the carrier fluid (fluorinert oil FC-70) arrives to
generate the droplets (see Figure S1a, in the Supporting Information).
In each experiment, an array of nanoliter droplets was generated inside
the Teflon capillary (as shown in Figure S1b). After the two reagent
solutions were mixed, an initial precipitate was formed almost
instantaneously in the capillary before the T-junction with oil. Then,
this precipitate transformed to a more stable phase. We thus optimized
the flow rates of both reagent solutions and oil in order to observe this
transition within the generated droplets and not inside the capillary
connecting the first T-junction. The total mixing flow rate for the
experiments was 6 mL/h, representing a residence time of 0.5 s in the
connecting capillary. Monitoring was carried out through direct
observation with a Wild Heerbrugg M420 Makroskop and a Nikon
Diaphot inverted microscope at room temperature (20 ± 2 °C). In
situ observations were performed from the moment of mixing the
initial solutions to the end of the experiments (which lasted from
several hours to several days).

2.3. Microinjection Experiments (Picovolumes). Experiments
in picoliter droplets (from 800 pL to 30 pL) with CaCl2/Na2CO3

molar ratios between 0.25 and 3.0, whose IAPs range from 6.16 × 10−9

to 3.09 × 10−7 mol2·L−2 (S.I. from 0.27 to 1.97), were carried out
using a Femtojet microinjector (Eppendorf). Solutions were first
introduced on different femtotips (Eppendorf) and then injected
under a 30 μL droplet of paraffin oil. A schematic representation of the
set up and images of the injection tip and droplet arrays are shown in
Figure S2 in the Supporting Information. Arrays of picoliter droplets of
CaCl2 solutions were deposited over a plastic coverslip. Then, Na2CO3

equimolar picoliter droplets were added with a second tip to the first
droplets in different volume ratios, thus generating droplet mixtures
with different molar ratios, directly in a confined space. Afterward,
water slowly diffuses from the crystallization droplets through the layer
of paraffin oil, resulting in an increase of the IAP. Femtotips, attached
to a capillary holder, were controlled by a homemade micro-
manipulator consisting of three miniature translation stages MS30
(Mechonics AG) in X, Y, and Z with a displacement of 18 mm in the
three directions by steps of 16 nm.40 Experiments were monitored
with a Zeiss Axio Observer D1 inverted microscope, and initial and
mixed volumes were determined through image analysis of the
microdroplets, following a model reported elsewhere.41 In situ
observation of the precipitation process was carried out from the
time of initial droplets mixture until complete crystallization of the
droplets (which lasted from 15 to 24 h).

Crystal Growth & Design Article

dx.doi.org/10.1021/cg401672v | Cryst. Growth Des. 2014, 14, 792−802793



2.4. Characterization. Characterization: High resolution trans-
mission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) experiments were performed with a JEOL 3010
instrument and a JEOL JEM-2010 both operating at 200 kV. The
samples were prepared recovering the precipitates from the droplets
under oil with the help of a capillary and depositing them over
copper−carbon TEM grids lying on an adsorbent tissue. A droplet of
hexane was immediately added over the grids to dissolve and remove
the remaining mineral oil. SAED patterns analyses were performed by
comparing measured distances and related measured angles among
them with the help of CaRIne 3.1 crystallography software.42 d-
spacings were assigned to their corresponding reflections under the
criteria of the best fit with respect to reported d-spacings and related
angles for calcium carbonate phases, that is, IK (Crystallography Open
Database, COD, ID: 9008306, monoclinic), MHC (COD ID:
9010479, trigonal), aragonite (COD ID: 9000229, orthorhombic),
vaterite (COD ID: 9007475, hexagonal), and calcite (COD ID:
9009667, trigonal). Field emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy (EDS) analyses
were performed with a JEOL 6320F over the same grids after HRTEM
analysis but coating them with a carbon thin film.
X-ray diffraction (XRD) patterns of precipitates obtained in

nanoliters droplets were collected on a Mar Research single crystal
rotating anode diffractometer (Cu Kα, λ = 1.5418 Å) equipped with a
mar345 Image plate detector. Precipitates were fished from the
droplets with the help of a nylon loop. XRD patterns of precipitates
were collected in different images with an exposition time of 60 s/
image, in a total rotating angle of 360°. Additionally, XRD patterns of
precipitates obtained in picoliter droplets (microinjection experi-
ments) were collected on a Bruker D8 Venture single crystal
diffractometer equipped with a high brilliance incoatec micro source
(Cu Kα, λ = 1.5418 Å) and a Photon100 detector at 2θ = 0, 10, 20,
and 30°. The frames were added and integrated with the Bruker
APEX2 suite and the help of XRD2EVAL plug-in.
A Mach−Zehnder interferometer was used to characterize the

mixing of droplets containing the reactant solutions. The experiment
was performed in a Hele−Shaw43 type cell composed by two parallel
glass plates separated by a 200 μm gap. A laser diode beam (20 mW,
633 nm) was first passed through a Faraday isolator, so as to avoid any
back-reflection toward the semiconductor laser cavity. A movable short
focal length lens and a rotating ground glass diffuser allowed tuning
the spatial coherence of the beam. The beam was subsequently divided
in the reference and the sample (test) beams by means of a
beamsplitter. The sample beam propagated through the experimental
volume before being recombined with the reference beam. The result
of the recombination is the generation of interference fringes
(interferogram) at the imaging plane. The interferogram carries the
information of the variation of the optical path between the object and
the reference beam. A laser diode controller, CCD, and a temperature
sensor for gathering the room temperature during the experiments
were all controlled by means of Labview based scripts developed ad
hoc for the application. For a qualitative description of the mixing, the
concentration profiles for Ca2+ and CO3

2− ions were simulated for the
first instants of mixing, in a first approach, applying Fick’s Law of
diffusion.44 For diffusion coefficient calculations, ionic radii of 0.99 Å
and 1.73 Å were respectively considered for Ca2+ and CO3

2− ions.45

3. RESULTS

3.1. Calcium Carbonate Precipitation in Nanoliter
Droplets (Microfluidic Setup). 3.1.1. Optical Microscopy
Monitoring. A sol composed of ultrafine particles describing
Brownian motion was detected in all nanoliter droplets since
the very beginning irrespective of their nominal IAP. The
precipitates showed birefringence under crossed polarizers,
increasing in intensity during the first minutes. This
precipitation occurred instantaneously, just after the reactant
solutions in the capillary were mixed. Subsequently, in most of
the observed droplets (∼95% of the total), few calcite crystals

appeared while the first precipitate dissolved. The period of this
transition was increased from a few minutes to several hours as
the initial S.I. decreased from 3.18 to 0.9. To illustrate the
precipitation process, Figure S3a,b is presented in the
Supporting Information. In few droplets (∼5% of the total),
in addition to the faceted calcite crystals, polycrystalline
spherulitic aggregates of different sizes, morphologically
assigned to vaterite, were also found.

3.1.2. Identification of the Precipitates. SEM micrographs
of precipitates withdrawn after the first minutes show hollow
hemispheres formed at the solution−oil interface by
aggregation of ∼200 nm spherulites (Figure 1a,b) as well as
few calcite crystals displaying the typical (104) and (110) faces.
EDS analysis of hemispheres confirms they contain Ca.

Moreover, HRTEM images over similar spherulites (Figure
2) identified a d-spacing of 2.54 Å corresponding to the (2̅ 2 3)
ikaite crystallographic plane. For precipitates obtained in an
array of identical nanoliter droplets (IAP 5.25 × 10−6 mol2·L−2,
S.I. = 3.18), the collected XRD patterns were analyzed and d-
spacings were measured and assigned to different phases. The
data are presented in Table S1 of the Supporting Information.
It is noteworthy that the presence of vaterite is negligible, as
confirmed by SEM and optical microscopy observations.46,47

Additionally, no morphological evidence of the presence of
aragonite was found by optical or SEM microscopies,46,47 so
both phases were not considered for the assignment. We clearly
identified the (0 0 6) calcite plane, the (2 1 1) CaCO3·H2O
(MHC) plane, and the (3̅ 1 2) CaCO3·6H2O (IK) plane. Other
reflections were also found but are shared by more than one
calcium carbonate phase (see Table S1 of the Supporting
Information). Finally, for experiments lasting more than 30

Figure 1. (a, b) SEM micrographs of precipitates obtained after the
first minutes in a 3 nL droplet containing 50 mM CaCl2 and 50 mM
Na2CO3 (nominal IAP 5.25 × 10−6 mol2·L−2, S.I. = 3.18). Micrographs
show hollow hemispheres (1−3 μm) composed of 200 nm spherulites
(panel b) and rhombohedral calcite (arrows). Scale bars = 1 μm.
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days, XRD patterns of the precipitates revealed the presence of
calcite only.
3.2. Calcium Carbonate Precipitation in Picoliter

Droplets (Microinjector Setup). 3.2.1. Optical Microscopy
Monitoring. We found the following results: first, in all
droplets, irrespective of the initial nominal IAP, the nucleation
of thousands of ultrafine particles undergoing Brownian
motions (a viscous sol) occurred during the first few minutes
of the experiment (Figure 3a−d). This precipitate remained
stable in many of the droplets until their complete evaporation
(∼2/3 from a total of ∼120 experiments). Second, in ∼1/3 of
the droplets precipitates were stable for several minutes/hours
until the appearance of few rhombohedral calcite crystals (or
vaterite in a few droplets at the lowest IAPs). These phases
grew by forming around a radial area of depletion of the first
precipitate (Figure 3e−h), thus suggesting a solvent-mediated
phase transition (SMPT), as previously reported.48 Third, once
the second and more stable phase appeared, the sol completely
disappeared in a short period, from a few seconds to a few
minutes. No direct relationship between time to complete the
phase transition and initial nominal IAP was observed, but the
CaCl2/Na2CO3 ratio has an effect. It is observed, in general,
that longer transition periods occur for mixing ratios closer to 1.
This is related to the number of crystals per droplet (Figure
4c): the lower the crystals number, the longer the phase
transition.
For instance, we observed a lower tendency for the

transformation of precipitate at a molar ratio of 1 (in 24 of
38 experiments first precipitate do not transform (Figure 4a)),
whereas a higher tendency is observed for a molar ratio of 0.5
(in 31 of 43 experiments precipitate transforms (Figure 4b)).

These observations indicate lower nucleation frequencies of the
stable phase for a molar ratio of 1 than for a molar ratio of 0.5.
In order to confirm that the stability of the first precipitated

sol is related to the absence of nucleation of a stable phase (and
not to an unlikely inhibition of the precipitate dissolution),
calcite single crystals were seeded in droplets with a micropipet
where the sol remained stable for several hours. Micrographs of
the process are shown in Figure 5. Once the crystal gets in
contact with the solution inside the droplet, dissolution of the
precipitate and growth of the calcite crystal take place
concomitantly generating a depletion area surrounding the
crystal (Figure 5c−e). Finally, the particles composing the sol
completely dissolved (Figure 5f).

3.2.2. Characterization of Solution. With a view to
understand the mixing process, Mach−Zehnder interferometric
experiments were performed in 2 μL droplets. No clear
interferences were observed in experiments performed by
mixing CaCl2 and Na2CO3 solutions due to their similar
density. Nevertheless, a clear mixing front, generating a small
interference (depicted in Figure 6a - 1 s by arrows) was drawn
at the interface generated between the two reactant solutions
due to precipitation of a CaCO3 metastable phase. This front,
clearly defined by the opacity of the first precipitate, appeared

Figure 2. (a) TEM image of a precipitate collected few minutes after
starting the experiment in a 3 nL droplet containing 50 mM CaCl2 and
50 mM Na2CO3 (nominal IAP 5.25 × 10−6 mol2·L−2, S.I. = 3.18). (b)
Zoom of the spherulitic particle and measured d-spacing (2.54 Å
corresponding to (2̅ 2 3) ikaite crystallographic plane).

Figure 3. Time sequence of micrographs showing the course of
precipitation in a 400 pL droplet containing 100 mM CaCl2 and 100
mM Na2CO3 (nominal IAP = 3.16 × 10−7 mol2·L−2, S.I. 1.98): (a) t =
0 s, a viscous sol is first formed (arrow); (b) t = 10 min; (c) t = 20
min; (d) t = 80 min; (e) t = 112 min; a calcite crystal nucleates; (f) t =
115 min, the depletion area surrounding the crystal starts to increase;
(g) t = 118 min, growth of calcite crystal consumes most of the solute
coming from the dissolution of the fine particles composing the sol;
(h) t = 120 min, the growth of calcite stops few seconds after complete
dissolution of the sol particles.

Crystal Growth & Design Article

dx.doi.org/10.1021/cg401672v | Cryst. Growth Des. 2014, 14, 792−802795



spontaneously and subsequently disappeared when the
metastable precipitate completely transformed into the more
stable phase, while the density of this phase increased forming a
cloud around the interface (depicted by an oval in Figure 6a -
25 min and also present in the subsequent frames).
As the diffusivities of both reactants in water are similar, a

supersaturation gradient is formed symmetrically around the
mixing front in both directions generating, as a result, the
nucleation of a metastable phase in the mentioned mixing front,
where local supersaturation is maximum, as well as crystals of
the stable phase (characterized by optical microscopy as
calcite). It is worth noting that nucleation is taking place at
the interface of the two solutions, therefore at a higher IAP than
the nominal one calculated for an ideal mixing of the two
reactants. This initial IAP value is very close to the one given by
the sum of reactant concentrations of the two droplets. For a
qualitative description, Figure 6b depicts simulated concen-
tration profiles of Ca2+ and CO3

− ions during first instants of
mixing. It can be appreciated that for a mixing time of only 10
ms the concentration in the mixing front (around ±1 μm

thickness) is 90% of the initial ion concentration of each
droplet. To illustrate the diffusive regime of the mixing, two
solutions of different densities were mixed to obtain clear
interferometric bands. A sequence of frames is shown in Figure
S4 of the Supporting Information. A higher number of
interferometric bands along the mixing interface during the
first moments (Figure S4) reveal a maximum concentration
gradient and a diffusion of the more concentrated droplet to
the less concentrated one.

3.2.3. Identification of the Precipitates. XRD patterns
collected from initial precipitates after mixing the reactant
solutions in ∼200 pL droplets with S.I. ≃ 1.4 are shown in
Figure 7. Figure 7d shows in green a diffractogram collected at
room temperature in which 2 0 2/3 ̅ 1 1 and 3̅ 1 5 IK reflections
(PDF card file 370416) are well observed. Particles from three
different experiments were independently diffracted showing
the same diffractogram. To increase the number of reflections
by diffracting a higher number of particles, whole droplets were
fished from underneath the oil and instantaneously quenched
to 100 K under N2. This prevented the droplets from slipping

Figure 4. For the same molar ratio, the Y-axis represents: (a) number of experiments (droplets) where the first precipitate remained stable (two-
thirds of the total) and Gaussian fitting of the distribution centered at a molar ratio of 1.053 ± 0.096; (b) number of experiments (droplets) in which
a phase transition is observed (one-third of the total); (c) average number of crystals precipitated after the phase transition in each experiment
(droplet). No significant number of experiments were performed at molar ratios higher than 2.0.

Figure 5. Micrographs represent a time sequence showing the dissolution of the first precipitate and the growth of a calcite seed. A calcite single
crystal, marked with a black arrow in image (a), was seeded in the droplet with a micropipet, as shown in (b). Subsequently, dissolution of the
precipitate and growth of the calcite crystal take place concomitantly generating a depletion area surrounding the crystal, as shown in panels (c−f).
The droplet contained 20 mM CaCl2 and 20 mM Na2CO3 solution. The whole sequence lasted 5 min.
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down when locating them vertically in the diffractometer and
prevented their fast evaporation. Samples were also recovered
from three other independent experiments, immediately
quenched and placed on the diffractometer, and showed similar
patterns among them. Diffractograms are shown and compared
in Figure 7, panel a (red), b (purple), and c (blue) in order to
provide a higher number of reflections. An important number
of the characteristic IK reflections are displayed in the patterns
(PDF card file 370416). However, it is noteworthy that XRD
experiments were performed over a small number of particles,
and, therefore, it is not possible to observe the reflections
corresponding to all the crystallographic planes of IK, as not all
of them were found in diffraction conditions.
HRTEM analyses of first precipitates in picoliter droplets

show the presence of a crystalline CaCO3 phase displaying
similar spherulitic morphology and size to those particles found
in the experiments performed in nanoliter droplets. These
particles collapse under the electron beam when high energy
electrons are applied (200 keV) and transform to a polycrystal-
line particle. This transformation has been found to happen
with other materials and is explained by the loss of structural
H2O molecules due to the energy applied.49 Figure 8 shows the
transformation of two of these particles under the electron
beam and the corresponding SAED patterns, before and after a
short period under the electron beam. To better show this
phenomenon, Figure 8a shows a time sequence for the
transformation of a crystalline particle close to a calcite crystal,

which remains stable under the electron beam. SAED analyses
(Figure 8b,c) are also in agreement with our previous
experiments of samples from nanoliter experiments, revealing
the presence of IK. In addition, more images of spherulitic
particles are shown in Figure S5 of the Supporting Information
confirming the presence of IK. It is worth noting that SAED
patterns are not perfectly oriented, as the intensity of equivalent
spots is not the same. Since the lifetime of the crystallite under
the beam is very short, this does not allow us to reorient the
sample before the crystallite is completely transformed.

4. DISCUSSION

In this paper, the effects of confinement on the nucleation of
calcium carbonate in the volume range from nanoliters to
picoliters (droplets radius from around 100 to 20 μm) with two
different set ups for droplet generation were studied. The
CaCl2/Na2CO3 ratio of the mixed droplets is controlled by
changing the ratio of the volumes of the two reactant droplets
in the picoliter setup. In each set up, the micromixing processes
exerts a crucial role in how supersaturation is generated.
Indeed, by using the nanoliter microfluidic set up, micromixing
can be seen to take place at the contact between two solutions
flowing in a laminar regime, while in the picoliter microinjector
setup micromixing takes place by diffusion of the reagents
through the mixing plane. In both cases, at the contact plane
the local IAP is higher than the nominal one, and as a

Figure 6. (a) Series of eight frames selected from the interferometric experiment (time scale, 7 frames/s) corresponding to the mixing of a 1 μL
droplet 100 mM CaCl2 with a 1 μL droplet 100 mM Na2CO3; (b) simulation of concentration profiles for Ca

2+ and CO3
2− ions corresponding to the

mixing of micrometer-sized droplets with the same concentration of experiments in panel a. x = 0 is considered as an infinite source of reactants from
each side, in order to simplify the calculations.
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consequence the Ks of the metastable phase is overtaken
(supersaturation is generated), leading to its precipitation.
The characterization by SAED and XRD confirms that the

formed precipitate consist of crystalline hydrated forms of
CaCO3 such as IK and in few cases MHC. Moreover, no
evidence of the initial precipitation of ACC was found. The
hydrated phase remains stable for different periods of time: in
most of the picoliter droplets it remains stable until complete
droplet evaporation. However for some droplets, the
stabilization time depends on the initial CaCl2/Na2CO3 ratio,
becoming maximal as this ratio approaches 1. Afterward, calcite
(sometimes vaterite) nucleates and grows at the expense of the
hydrated phase. This SMPT process leads to one or two calcite
crystals at a molar ratio of 1.
The nucleation and stabilization of the first metastable phase

seems to be promoted by the combined effect of three
parameters which has been previously studied. These are (high)
supersaturation,3,16,50,51 stoichiometry,52−58 and (reduction of)
volume.59,60 These three aspects are considered and discussed
below

4.1. Effect of Mixing of Reactants Solutions on
Nucleation of Metastable Phases. XRD and SAED
experiments confirm the SMPT process (Figures 3 and 5).
Nucleation of the metastable phase occurs followed by
nucleation of the stable phase and its growth at the expense
of the dissolution of the first precipitate. Thus, as no calcite
reflections were detected in the XRD experiments, the first
precipitation of nanocrystals of calcite undergoing ripening can
be ruled out. In addition, the experiment presented in Figure 5
confirms that metastability can be broken by seeding with a
more stable phase. The metastable phase has been identified as
a hydrated phase, IK and in few cases MHC. Thus, the solution
has to be supersaturated with respect to at least MHC (IAP >
Ks(MHC)). It is noteworthy that when IAP < Ks(MHC), the

Figure 7. XRD diffractograms collected from precipitates obtained just
after mixing reactants in ∼200 pL droplets (S.I. ≃ 1.4). All the peaks
correspond to IK reflections (PDF card file 370416). The red line in
(a−d) shows the same diffractogram. Panels b, c, and d are an enlarged
view of the red diffractogram (a), compared with other three different
XRD diffractograms, in different colors, in which other reflections
appear providing complementary information.

Figure 8. (a) Transformation sequence of a crystalline particle under the electron beam and close to a faceted calcite crystal which remain unaltered.
(b, c) Transformation of a crystalline particle under the electron beam and collected SAED patterns at the first instants of the experiments and
during its transformation. The pattern in the first instants is collected along the [0 0 1] direction, showing the orientation of axis a* and b* in the
reciprocal lattice, corresponding to the lattice parameters of IK (a = 8.79 Å, b = 8.31 Å, c = 11.02 Å, α = 90°, β = 110.5°, γ = 90°). SAED pattern in
(c) is representative of a polycrystalline material, due to the decomposition of the single crystal into smaller crystallites, under the electron beam.
Measured d-spacings correspond to 0 4 0 and 0 2 1 ikaite reflections, equal to 2.06 Å and 3.82 Å respectively.
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solution remains metastable and the precipitation does not
occur instantaneously.27 However, as soon as the IAP overtakes
the Ks(MHC) nucleation occurs spontaneously. Nonetheless, in
most of the experiments performed, spontaneous nucleation
has been observed (Figure 3), despite the initial nominal IAP <
Ks(MHC). IAP is calculated for an ideal homogeneous reactant
solution; that is to say, mixing is considered instantaneous.
However, as it has been demonstrated (Figure 6), the mixture
of the reactant solutions is not instantaneous, and therefore, the
chemical conditions in a microliter-sized droplet cannot be
considered homogeneous.61 For the microfluidic experiments
in Teflon capillaries, the mixing occurs through a micrometer-
sized channel in which laminar flow generates a diffusive
interface between reactant solutions, in the absence of
convective forces.2,62 On the other hand, in microinjection
experiments, mixing takes place when two micrometer-sized
droplets containing the reagents come into contact, generating
an instantaneous nucleation front, corresponding to the first
contact interface between both droplets, and later homogeniz-
ing by diffusion, as confirmed by interferometric experiments
(Figure 6 and Figure S4, Supporting Information). The
formation of local supersaturation maxima in the mixing front
of the solutions explains why nucleation of an hydrated phase
occurred when nominal IAP < Ks(MHC) but the local IAP >
Ks(MHC). For the same reasons, we found crystals with rounded
or lobulated morphologies, corresponding to the vaterite phase,
for some droplets where the nominal IAP < Ks for vaterite
(1.336 × 10−8 mol2·L−2). This occurred in 11 out of 18
experiments after the dissolution of the first precipitated
metastable phase. To further illustrate these findings, Figure 9
shows the initial nominal IAP values as a function of the mixing
CaCl2/Na2CO3 ratio (Figure 9a) for all droplets generated by
microinjection in the picoliter range (from 800 to 30 pL) and
the initial IAP calculated in the mixing front at t = 0 for the
different reactant concentrations. This IAP overcomes Ks(MHC)
for most of the microinjection experiments.
4.2. Ikaite as a Transient Precursor Phase. The phase

diagram of CaCO3 is rich. Starting from the least stable phase
to the most stable one, it is composed of ACC, IK, MHC,
vaterite, aragonite, and calcite. The solid characterization has
provided evidence for three phases IK or MHC and in some
experiments calcite (and in few cases vaterite) at the end
(Figure 3). If the first phase to nucleate is metastable, in
agreement with the Ostwald’s step rule, the final concentration
corresponds to the solubility of this phase, but the solution is
still supersaturated for more stable phases to nucleate and for
SMPT to proceed (growth of the stable phase at the expense of
the metastable phase). Hereafter, we discuss the possible
nucleation of metastable phases. First, if ACC has nucleated,
and as no traces of ACC were detected in the first instants,
ACC transformation to a more stable (but yet metastable)
phase would happen fast. Second, the second metastable
CaCO3 phase is IK, known to nucleate at low temperatures and
high pressures. It generally transforms to calcite while losing its
water molecules, but it has also been reported to transform to
MHC during its dehydration.63 Third, MHC is the next
metastable hydrated CaCO3 phase, and its stability has long
been debated.31 Laboratory studies indicate that MHC is
formed from ACC and transforms to aragonite or calcite in
solution within several days.31−33

However, observations in nature demonstrate that MHC has
been preserved in ancient sediments formed more than a
thousand years ago.34,35 Water temperature does not seem to

be an important factor for MHC formation, and its solubility is
higher than those of calcite, aragonite, and vaterite but lower
than those of IK and ACC at ambient temperature. MHC phase
transition has been reported to be solvent mediated where the
nucleation and growth of the stable crystalline phase are the
rate-limiting steps of the transformation.64 We rule out ACC
nucleation (at least for the moment), as no traces of ACC were
detected in the first instants. Thus, and due to the evidence for
its presence in our experiments, IK may be proposed to be the
first metastable phase to nucleate. Presence of MHC would be
explained both by IK transformation or by MHC direct
nucleation in the case of experiments at lower initial
supersaturations.
A second point to discuss is the SMPT. This process requires

the nucleation of a more stable phase than the hydrated phases.
It can be vaterite, aragonite, or calcite. When SMPT occurred, it
is always calcite (and in some cases vaterite) that is finally
obtained. We know from the literature that it takes several
hours for the transformation from vaterite to calcite in
solution65 and several months for that of aragonite to calcite66

to be completed at room temperature. The possible effect of
Na+ and Cl− ions, present in the solutions of our experiments,
on this transformation has also been studied and discussed.67 It
was shown that the halide anions and most of alkali ions
(including Na+) do not affect the transformation rate. Hence,

Figure 9. (a) Plot of the estimated nominal IAP (mol2·L−2) vs molar
ratio of reagent solutions for the whole experimental data set used in
microinjection experiments. (b) Plot of the IAP in the mixing front of
solution (calculated at mixing time t = 0) vs initial reagent
concentration. IAP values estimated by PHREEQC.37 Solubility
product constants (Ks, mol

2·L−2)) for all calcium carbonate phases
were calculated at 20 °C using equations reported by Elfil et al.27
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the hypothesis of a first transition from a hydrated form to
vaterite or aragonite and later a second transformation to calcite
is to be ruled out. Thus, the transformation should take place
from a first instantaneously precipitated hydrated calcium
carbonate phase, IK or MHC to calcite. IK is not known to be
formed biologically;8 however, the present results of IK
nucleation as a stable transient precursor in confinement
indicate that this possibility might not be so easily dismissed.
4.3. Effect of Volume in the Nucleation and

Stabilization of Precipitates. The fact that experiments
performed in nanoliter volumes and at a 1:1 molar ratio mostly
showed a phase transition, while the first precipitate has been
found to remain stable for longer periods at the picoliter scale,
on equivalent injection experiments, indicates that volume
reduction up to picoliter droplets exerts an effect of stabilization
in the first nucleating phase. This is to say confinement
stabilizes supersaturated solutions.60 This effect has previously
been observed for other metastable CaCO3 phases. Indeed, it
was observed for ACC to be stabilized in confinement at
micrometer-scale separations,59 and picoliter droplets in our
experiments exert the same confinement effect.1 It is known
that higher supersaturations increase the probability of
nucleating a metastable phase51 and that confinement can
stabilize a metastable phase.16 Because the nucleated crystal(s)
of the metastable phase decrease the supersaturation rapidly,
the probability for a more stable nucleus to appear is reduced,
and thus the SMPT process is postponed.68 According to the
classical theory of nucleation (CNT), nucleation frequency is
directly related to the volume of solution. By reducing the
volume, the probability of a nucleation event to occur is
decreased. This phenomenon has been observed for a long time
in microfluidic experiments and for many different substan-
ces.69 A reduction in the reactive species to support the growing
precipitates, together with the reduced probability for a stable
cluster to nucleate and grow, explains the observations of
mononucleation of a single calcite crystal, whose final size will
be determined by the total amount of calcium and carbonate
ions in the droplet.
Another effect related to the reduction of volume, which is

the increase of pressure in the droplet, has been dismissed in
our experiments. Indeed, by applying the Young−Laplace
equation ΔP = 2γ/R, which describes the equilibrium pressure
difference sustained across the interface between two static
fluids, ΔP being the excess of pressure inside the droplet due to
its curvature, γ the surface tension of the solution in contact
with the oil, and R the droplet radius, we can observe that for a
representative droplet of our system, with R = 25 μm, and
considering a γ value of 72 mN/m (water droplet in contact
with air), ΔP is 0.057 atm. This extra pressure is not a
significative amount to be considered the responsible factor for
the stabilization of the IK phase. Only for sub-micrometer
droplets (R < 1 μm) would the pressure be exerting an
important effect.
4.4. Effect of Stoichiometry in the Stabilization of

Precipitates. After the stability of the first precipitate for
different molar ratios was analyzed, a very clear tendency was
observed for the persistence of the metastable phase with time
and the absence of any nucleation of the stable calcite phase for
the experiments (given molar ratio of 1). In addition, the
mononucleation of calcite is observed for those experiments
that undergo the SMPT process where the molar ratios were
also 1. As is described in Figure 4c, unstable precipitates at
other different ratios displayed many calcite crystals after phase

transition. Many studies confirm that the solution stoichiom-
etry of the reactant ions can affect the rate of calcite
precipitation, although how it exactly affects this precipitation
varies from publication to publication. An increase of the
precipitation rate while decreasing the calcium to total
carbonate (Ca/CT) ratio was reported by Lin and Singer,52

whereas rate maxima at a molar ratio of 153−55 and other
particular stoichiometries56,57 have been also found. In our case,
that is, the confined picoliter droplets and a stoichiometric
molar ratio, a maximum nucleation rate of the metastable
precipitate takes place, and thus this leads to the fastest
consumption of reactant ions and therefore to a minimum
remaining IAP but yet higher than Ks of calcite. At these
conditions and according to CNT, few calcite nuclei
(mononucleation) will form (indicating a low nucleation
frequency), and the metastable phase will remain stable for
longer periods. This explains the maximum number of
stabilized experiments for the molar ratio of 1, as well as the
symmetric behavior observed around this ratio. Indeed, the
more the molar ratio differs from 1, the slower the nucleation
rate (despite observing instantaneous precipitation) and the
higher is the remaining supersaturation in the droplet and
therefore the nucleation frequency for calcite, thus providing an
environment that favors the nucleation of a higher number
calcite crystals, as seen in Figure 4c.

5. CONCLUSIONS

Calcium carbonate precipitation at medium to high values of
the nominal IAP has been studied in a confined volume, in
nanoliter and picoliter droplets, at constant ionic strength and
different molar ratios. Instantaneous precipitation of crystalline
calcium carbonate hydrated phases has been confirmed by
optical microscopy through birefringence under crossed
polarizers, XRD and SAED. No evidence of ACC was found.
Ikaite was found to be a transient metastable phase whose
stability increased over time when reducing the volume of the
droplets from nano- to picoliter range (in this case, until
complete solvent evaporation) and for a stoichiometric molar
ratio. In these later conditions, when a SMPT transformation
was observed, nucleation of one or few calcite crystals
(mononucleation) occurred. Precipitation of the hydrated
metastable phase was observed at the interface of the two
mixing droplets, where the supersaturation is higher than that
after the complete mixing. Because of the location in space of
the crystallization events in isolated volumes, confinement has
been proven to be a good approach for the study of crystalline
precipitation. Moreover, the mixing of reagent solutions by the
microinjection technique has been demonstrated to provide a
useful method for investigating the effect of confinement on
precipitation. It has been shown that confinement exerts a clear
effect in the temporary stabilization of IK in nano- and
picovolumes at room temperature, as the nucleation and
stabilization of this metastable phase has only been previously
achieved by using low temperatures (near 0 °C), high
pressures, or an additive (i.e., triphosphate).
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