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Amorphous calcium carbonate (ACC) is a key precursor of crystalline CaCO3z biominerals and biomimetic
materials. Despite recent extensive research, its formation and amorphous-to-crystalline transformation
are not, however, fully understood. Here we show that hydrated ACC nanoparticles form after spinodal
liquid-liquid phase separation and transform via dissolution/(re)precipitation into poorly hydrated and
anhydrous ACC nanoparticles that aggregate, forming a range of 1D, 2D and 3D structures. The formation
of these structures appears to be achieved by oriented attachment (OA), facilitated by the calcite medium-
range order of ACC nanoparticles. Both electron irradiation processes in the TEM and under humid air
exposure at room temperature of the latter ACC structures result in pseudomorphs of single crystalline
mesostructured calcite. While the high-vacuum/e-beam heating leads to solid-state transformation, the
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transformation in air occurs via an interface-coupled dissolution/precipitation mechanism. Our results differ
significantly from the currently accepted model, which considers that the low T ACC-to-calcite transfor-
mation in air and during biomineralization is a solid-state process. These results may help to better under-
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stand how calcite biominerals form after ACC and offer the possibility of biomimetically preparing single
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Introduction

Questions persist on the mechanism(s) of crystallization
of calcium carbonate, the most abundant biomineral and a
key chemical, industrial and technological (bio)material.
Growing evidence shows that it follows non-classical nucle-
ation®* and growth pathways," where amorphous precursor
phase(s) play a critical role.>® It has been suggested that
amorphous calcium carbonate (ACC) forms after binodal” or

“ University of Granada, Department of Mineralogy and Petrology, Granada,
Spain. E-mail: carlosrn@ugr.es

b mstitute of Metallurgy and Materials Science, Polish Academy of Sciences,
Reymonta 25, 30-059 Krakow, Poland

“KU Leuven, Department of Civil Engineering, Leuven, Belgium

t Electronic supplementary information (ESI) available: Solubility and
dissolution enthalpy of calcium carbonate phases (Table S1); additional optical
microscopy, Raman, ESEM, FESEM, XRD, FTIR results (Fig. S1-S4); calculation
of the solubility product (k) of anhydrous ACC (Fig. S5); TEM-SAED images of
hydrated ACC decomposition following focused e-beam irradiation (Fig. S6-S7);
EDPs of ACC and simulated EDPs of crystalline phases with randomly oriented
domains (Fig. $8); focused e-beam transformation of an ACC particle formed
during Stage II (Fig. S9-S10); TEM-SAED analysis of ACC structures formed dur-
ing Stage II and exposed to humid air (85% RH, 20 °C) for 48 h (Fig. S11); trans-
formation of hydrated ACC formed during Stage I into calcite upon exposure to
humid air (85% RH; 20 °C) for 48 h (Fig. S12); self-diffusion coefficient, D, of Ca
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crystalline calcite structures after ACC by tuning pH,>O at room temperature.

spinodal®® separation of a (dense) liquid phase.'® This liquid
phase may develop after the formation of stable prenucleation
clusters (PNC)*>'" that eventually aggregate, forming ACC
nanoparticles.* The formation of such a dense liquid phase
preceding ACC can be favored (or stabilized) by organics
(i.e., polymer-induced liquid precursor or PILP).® The
resulting biogenic or synthetic ACCs display differences in
water content and stability (hydrated vs. anhydrous ACC),">*?
as well as in short- to medium-range order (the so-called poly-
amorphism)** that appears to be inherited by or imprinted
in the final crystalline polymorph (i.e., calcite, vaterite or
aragonite)."” Upon amorphous-to-crystalline phase transition,
growth by oriented attachment (OA) of nanocrystal units can
take place,"'® in some cases resulting in CaCO; crystals
composed of mutually oriented nanoparticle units, the
so-called mesocrystals.'”'® Formation of ACC during biomin-
eralization facilitates the temporal storage of calcium and
carbonate ions by organisms, circumvents the slow ion diffu-
sion characteristic of classical crystal growth, and enables the
development of complex, hierarchical crystalline structures
not bounded by crystal faces.">"* Mimicking this advanta-
geous biomineralization strategy, and with the aid of organic
(bio)macromolecules, material chemists have achieved
oriented calcite thin films,""® micropatterned bi-dimensional
(2D)** and three-dimensional (3D)>"' porous single crystalline
calcite, and nacre-like multilayer organic-inorganic (calcite)
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hybrid structures with physical-mechanical properties that
transcend those of the individual components.”> Despite
recent progress, the formation and transformation of ACC is
still poorly understood. It is not well known how short- or
medium-range order ACC develops and is transferred to the
final anhydrous polymorph, and what the exact mecha-
nism(s) of ACC-to-crystalline phase transition is, i.e., dissolu-
tion/(re)precipitation vs. solid-state transformation, involving
a possible secondary nucleation.”*® It is also unknown
whether OA of amorphous precursor nanoparticles can take
place prior to the transformation of the aggregate into a
single crystal (or mesocrystal). Although this is a possibility
not contemplated in current OA models, it has been recently
suggested that particles with little or no long-range order
may adopt favorable configurations prior to the attachment
step.”® Overall, this lack of fundamental knowledge not
only precludes a better understanding of biomineralization
processes, but it is also an important handicap for the
bottom-up development of novel biomimetic functional
materials and structures using ACC precursors, a long-
pursued objective in material chemistry. In order to gain a
basic understanding of how ACC forms and transforms, it is
necessary to study simple systems that lack (bio)macro-
molecules™®'? or other additives (e.g., silica,*® magnesium,*"
or phosphates®?), which affect the precipitation and stability
of ACC and add an additional level of complexity.

Here we study the formation, aggregation, and transfor-
mation of ACC into crystalline CaCOj; (calcite) in saturated
Ca(OH), solutions subjected to carbonation at room tempera-
ture according to the overall reaction Ca(OH), + CO, = CaCO; +
H,0.?* This reaction enables the study of CaCOj; precipita-
tion in an additive-free aqueous system without interference
from background electrolytes, and following CO, diffusion/
dissolution, which commonly occurs during in vitro and
in vivo ACC formation.** Our in situ and ex situ analysis of
precipitates, in combination with the study of the solution
chemistry evolution (see Experimental section), enable us to
get a complete and detailed picture of the different stages of
formation and transformation(s) of ACC, both in solution
and in air (as well as under high vacuum), to finally produce
crystalline CaCO;. Based on the results of this study, we
propose a model for the formation, aggregation and trans-
formation of ACC into calcite, which may have important
implications in understanding calcium carbonate biominer-
alization and in the biomimetic synthesis of novel calcite
functional materials.

Experimental section
Solutions and crystallization of CaCO;

Saturated solutions (20 mM) were prepared at room tempera-
ture by dissolving Ca(OH), crystals in Milli-Q water (resistivity
>18 mQ) under vigorous stirring for 24 h in a sealed plastic
bottle with no head space. Carbonation tests were performed
by placing solution droplets (5 to 200 ul) on different
supports (see below) and exposing them to atmospheric CO,
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at room temperature. The use of such small solution volumes
enabled the in situ analysis of precipitation/dissolution
events using the range of analytical techniques described
below. Droplets subjected to different carbonation times
were quenched in ethanol®® or freeze-dried®® (plunge freez-
ing in liquid N, and subsequent vacuum drying at -50 °C
using a Telstar Cryodos equipment) prior to analysis using
TEM (see below). Note that such quenching procedures,
which are routinely used during the study of ACC, reportedly
produce no detectable artifact or drying-induced textural/
structural transformations.”®*%3° Ion-selective microelec-
trodes (ISE) were used for on-line measurement of pH
(micro combination electrode model PHR-146B, Lazar
Laboratories) and free calcium concentration, [Ca] (micro-ISE
model LIS-146CACM with a microdouble junction reference
electrode model DDM-146, Lazar laboratories) during carbon-
ation in 200 pl droplets. Microelectrodes were calibrated
using standard pH buffered solutions and CacCl, solutions of
known concentration (0.1 to 100 mM). Prior to testing, the
electrodes (including the Ca reference electrode) were
immersed in Ca(OH), saturated solutions for at least 30 min
in order to obtain constant readings. The concentration of
total dissolved CO, was measured using a CO,-selective
electrode (Thermo Scientific, model 9502BNWP). Because
this latter measurement required a minimum solution
volume of 5 ml, carbonation of several 200 ul droplets was
performed simultaneously, quenching each droplet at
predetermined time intervals by adding 5 ml of Milli-Q water
and measuring dissolved CO, immediately after quenching
and acidification to a final pH of 5.2 (achieved by adding
0.5 ml of carbon dioxide buffer, i.e., aqueous solution of
trisodium citrate, citric acid and sodium chloride, Thermo
Fisher Scientific). A minimum of three replicas of each
measurement/test were performed.

Additional carbonation experiments were performed using
a batch reactor (7 cm internal diameter batches, filled with
150 ml of Ca(OH), saturated solution). Carbonation took
place upon air exposure at 20 °C under continuous stirring
(magnetic stirrer set at 150 rpm). Measurements of pH and
[Ca], as well as total dissolved CO,, were performed as in the
case of droplets. Following precipitation, suspension aliquots
(ca. 5 ml) were collected at different reaction times and
vacuum filtered or freeze-dried (as described above) prior
to storage under dry conditions. Batch reactor tests enabled
us to collect sufficient amounts of precipitate for ex situ
analyses (see below). Note, however, that the surface/volume
ratio in batch reactors was considerably smaller (0.25 cm™)
than that in droplets (13 and 44 cm™ for 200 and 5 pl
droplets, respectively), thus resulting in slower precipitation
and evaporation kinetics.

In situ micro-Raman and polarized light microscopy analyses

10 pl droplets of Ca(OH), saturated solution were deposited
on an ultraclean [100]-oriented silicon wafer (Virginia Semi-
conductor Inc.) and exposed to air at room temperature
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inside the chamber of a Jasco NRS-5100 micro-Raman spec-
trometer equipped with a CCD detector (DV420-OE, Peltier-
cooled, 1024 x 255 pixel UV-NIR range), an integrated Olym-
pus optical microscope and a high-resolution built-in CMOS
camera. Microscopic observations were performed simulta-
neously  with  micro-Raman  spectra  acquisition
(excitation with a 4 mW power diode laser operated at
532 nm or 785 nm; frequency range 100-3900 cm '; spectral
resolution of 4 cm™). Averaged values of five spectra (10 s
acquisition time) for each analyzed spot are reported here.
Calibration was performed using the 520.5 cm™" band of the
silicon wafer.

Polarized light microscopy (Olympus BX60 equipped with
a digital camera) was used to study the crystallinity and
morphology of solid phases, as well as their evolution during
carbonation. Sample and carbonation conditions were
similar to those prevailing in micro-Raman experiments, with
the difference that in the former case solution droplets were
placed either on Si wafers (observed under reflected light)
or on glass slides (observed under transmitted light).

In situ XRD

The time evolution of precipitate formation was analyzed
in situ by XRD. Droplets of Ca(OH), saturated solution
(200 pl) were placed onto a zero-background silicon sample
holder, which was subsequently placed inside the chamber
of a Philips X'Pert Pro X-ray diffractometer. Carbonation
took place at the solution/air interface following exposure to
air, at room temperature and pCO, ~ 10~*®> atm. Real-time
precipitation of calcium carbonate was monitored with con-
tinuous acquisition of XRD patterns with Cu Ko radiation
(A = 1.5405 A), a 26 range of 10 to 50° and a scanning rate
of 0.11° 20 s™'. This scanning speed (~6 min per
diffractogram) was validated to be reliable for the detection
of the crystalline phases of calcium carbonate. The variation
in the amount of calcite and ACC vs. time was determined
by measuring the integral intensity of the main 104 Bragg
peak of calcite and the broad humps corresponding to the
amorphous phase after background subtraction (including
the water contribution to the broad peaks at 26 = 25-35°
and 26 = 40-45°).

In situ ESEM analysis

A FEI Quanta 400 ESEM equipped with a Peltier cooling
stage was used to investigate the microstructural features of
calcium carbonate phases precipitated after partial carbon-
ation of 5-10 ul droplets of Ca(OH), saturated solution
exposed to air for 2 to 7 min, after ambient air was progres-
sively replaced by water vapor in the ESEM chamber
(pH,0 = 6.5 Torr at 3 °C). To simulate the evolution of the
system during continuous evaporation of solution droplets
(i.e., as it occurs in air during in situ optical microscopy,
XRD and micro-Raman experiments), water was allowed
to evaporate from the sample by lowering pH,O to 2.5 Torr
at 3 °C.
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Ex situ TG/DSC, XRD, FTIR and FESEM analyses

Solids collected at different time intervals during batch reac-
tor carbonation experiments were subjected to simultaneous
thermogravimetry (TG) and differential scanning calorimetry
(DSC) analysis on a Mettler Toledo model TGA/DSC1. About
10-20 mg of sample mass was deposited on Pt crucibles and
analyzed under flowing air (100 ml min™") at 10 °C min™*
heating rate, from 25 to 950 °C (TG) or 25 to 400 °C (DSC).
Additionally, solids were deposited on zero-background Si
sample holders and analyzed on a Philips X'Pert Pro X-ray
diffractometer equipped with Cu Ko radiation (2 = 1.5405 A)
at 20 range between 3 and 70° and at a scanning rate of
0.002° 20 s~'. Precipitates were also analyzed on a JASCO
6200 FTIR (frequency range 400-4000 cm™'; 4 cm ™' spectral
resolution) equipped with an attenuated total reflectance
(ATR) device for spectra collection without sample prepara-
tion (i.e., minimizing artifacts such as dehydration of ACC).
Finally, solids were observed at high magnification using a
scanning electron microscope equipped with a field emission
gun (FESEM; Zeiss SUPRA40VP). Samples were carbon-coated
prior to FESEM observation.

TEM-SAED analysis

Analysis of the morphology, size, and proto-structure of
ACC precursor phases was performed by means of transmis-
sion electron microscopy (TEM) using a Philips CM20, oper-
ated at 200 kV and a FEI Titan, operated at 300 kV. Prior to
TEM observations, 25 pl droplets of saturated Ca(OH), solu-
tion were deposited on PVC crystallization dishes and
exposed to air at room temperature. Following 5 s to 30 min
air exposure, calcium carbonate precipitation was quenched
by addition of ethanol. Alcohol dispersions were deposited
on carbon/Formvar® film-coated copper or nickel grids.
Additional tests were performed by quenching Ca(OH), solu-
tions at different carbonation times by plunge-freezing in
liquid N, and vacuum-drying. Afterwards, solids were
collected, dispersed in ethanol and deposited on carbon/
Formvar® film-coated copper or nickel grids. No significant
textural or microstructural differences were observed in ACC
phases when comparing the samples prepared following eth-
anol quenching vs. freeze-drying. TEM observations were
performed using a 40 pm (CM20) or a 30 um (Titan) objective
aperture. SAED patterns were collected using a 10 um
aperture, which allowed collection of diffraction data from a
circular area ca. 0.2 pm in diameter. In situ decomposition of
ACC due to focused electron beam irradiation was also
observed in the TEM. In the case of the CM20 equipment,
the electron flux was maximized using a large (200 pum)
condenser aperture and a focused beam spot size of
~200 nm, thus providing an estimated electron flux of
ca. 50-70 A cm 2. Under these conditions, full conversion
was achieved after ~90 s exposure. In the case of the Titan
equipment and due to the higher acceleration voltage
(300 kV), decomposition was achieved following ~30 s
focused beam exposure.

This journal is © The Royal Society of Chemistry 2015
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Simulation of electron scattering patterns of ACC

In order to gain insights into the characteristics of the
structural short-to-medium range order of ACC phases, the
intensity of pixels in the corresponding SAED patterns was
radially integrated (using in-house SAEDP software). This
operation allows one to plot the electron scattering intensity
as a function of the scattering vector length, k (i.e., the dis-
tance in A" from (000) to any point in the reciprocal lat-
tice), and can be considered as an equivalent of the electron
powder diffraction pattern (EDP). To these experimental
plots, a series of three Pearson VII functions were fitted,
including a polynomial function representing the back-
ground baseline, in order to estimate the peak profile
(i.e., its center - k, and full width at half maximum (FWHM))
and the extent of the short-to-medium range order
(~FWHM ). The estimated FWHM of the first EDP peak for
fully hydrated ACC (precipitated during Stage I, see following
section) and less hydrated (or anhydrous) ACC (formed dur-
ing Stage 1I) corresponded to a size of ~10 A, which can be
interpreted as a cluster size. Cluster sizes ranging from 6 to
16 A were used in simulations. In agreement with the FWHM
results, the best fitting results were obtained using a cluster
size of 10 A during simulations. The shape of the clusters
was assumed to be a sphere. Four different arrangements
of atoms within the cluster volume were considered during
EDP simulation. They corresponded to vaterite, aragonite,
calcite and monohydrocalcite. Two sets of simulations were
performed, corresponding to the case of randomly oriented
clusters and to the case where a possible preferred orienta-
tion was developed (i.e., in this latter case the clusters were
assumed to possess a particular short- or medium-range
order and were aligned along a specific [2kI] direction).

The first set of data simulation was performed using the
Debye function:*”

i

sin(4nmn.j
A

1(0) = iﬁ: 1 @

i=l j=1 41 51n(0) r
A{ b

where I is the scattering intensity, f; is the scattering ampli-
tude of the i™ atom, 6 is the scattering angle (26 is the Bragg
angle), 4 is the wavelength, and r; is the separation vector of
the i™™ and j™ atom in a cluster. In general, fittings using the
above simulation were not conclusive. Thus, in a second set
of simulations, another equation based on the Debye func-
tion, but one which takes into account the development of a
preferred cluster orientation, was used:*®
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where S; is the separation vector of the i™ and j™ atom in a

cluster along the direction of the electron beam, D; is the

separation vector of the i™ and j™ atom projected on the
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plane perpendicular to the electron beam direction, 26 is the
scattering (Bragg) angle, and J, is a Bessel function of
zero order.

In order to perform the simulation for any arbitrary orien-
tation of the clusters with respect to the electron beam, a
change in coordinates has to be performed. The orientation
between two Cartesian coordinate systems can be described
using Euler angles (¢4, ¢, ¢,). In order to transform one coor-
dinate system into another, it is necessary to perform a set of
orientation transformations corresponding to each of the
Euler angles according to the equation:

(x” ¥, Z') = O((Ply é, (02) (x’ Y, Z) (3)

where (x, y, z) and (x', ', 2') are the initial and transformed
coordinate systems, respectively, and O(¢p4, ¢, ¢,) is the trans-
formation operator (set of orientations).

There are a few different conventions regarding the
sequence and the direction of the rotations. Here, one of
the most common was used, which involves the consecutive
rotation of a set of angles ¢4, ¢, ¢, around the z, x and z axes
of the coordinate system subjected to rotation:

O(p1, ¢, 92) = O(z, 92)O(x, #)O(2, 1) (4)

where 0 < ¢, < 360°, 0 < ¢ < 180° and 0 < ¢, < 360°. The
angular range for each rotation allows any possible
orientation.

As mentioned earlier, different types of cluster internal
structures were considered. In order to calculate the different
orientations of the cluster according to eqn (4), its lattice
(which is non-Cartesian in each case) has to be associated
with a Cartesian coordinate system. The applied relationship
between the lattice vectors (a, b, ¢) of the structure consid-
ered and the Cartesian axes (x, y, z) is the following: (i)
vaterite: a//x and c//z, (ii) aragonite a//x, b//y and c//z, (iii)
calcite: a//x and ¢//z, (iv) monohydrocalcite: a//x and ¢//z.

The first rotation (i.e., O(z, p,)) does not change the S;
and D;; values (used in eqn (2)) when the z-axis of the cluster
is parallel to the electron beam. Therefore, selection of the
initial orientation of the cluster with its z-axis parallel to the
electron beam limits the EDP calculation to the two consecu-
tive rotations around the x- and z-axis of the cluster at angles
¢ and ¢,, respectively. Therefore the simulation of EDP
according to eqn (2) is performed for all orientations
described by the equation:

(', ¥', 2) = O(z, A)O(x, &)(x, y, 2) (5)

where O(x, a) is the orientation around the cluster with
the x-axis at an « angle (0 < a <180°), and O(z, f) is the
orientation around the cluster with the z-axis at a f angle
(0 < S <360°).

The procedure for EDP simulation was the following.
Initially, the structure (i.e., vaterite, aragonite, calcite or
monohydrocalcite) was oriented with its z-axis parallel to the
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electron beam. Subsequently, the structure was oriented in
space according to eqn (5), where a and j were changed every
5°, Finally, the cluster shape (sphere with 6 to 16 A diameter)
was “cut” from the oriented structure and the EDP was simu-
lated according to eqn (2). Ultimately, the agreement between
simulated and experimental EDPs was determined by:

R= (S(k)-E(k)) ®)

where R is the matching coefficient, S is the simulated EDP
intensity at k; (wavelength) point, and E is the experimental
EDP intensity at k; point.

Conversion of ACC into calcite in humid air

ACC solids prepared according to the procedures described
above and stored under dry conditions were exposed to
humid air in a closed plastic container at 20 °C for 48 h.
A relative humidity (RH) of 85% was achieved by placing
inside the container a crystallization dish filled with a KCl
saturated solution.

Calculation of the solubility product (k) of anhydrous ACC

Calcium carbonate crystallization typically occurs via the
initial formation of metastable phases of higher solubility
and lower stability (i.e., with a higher negative value of disso-
lution enthalpy), which would eventually dissolve when the
solution supersaturation drops to their solubility product,
and then below this value when the nuclei of another less
soluble stable (or metastable) phase reach the critical size
and grow at the expense of the dissolving precursor phase.*’
Successive transformations occur according to Ostwald's rule
of stages until the most stable phase is formed.*® It has been
observed that the enthalpy of dissolution, AHy;gs, of a range
of phases shows a linear dependence on the natural loga-
rithm of their solubility (Ink,)."” We plotted published
values of AHgjss vs. Inkg, (ESIT Table S1) for the different
phases in the CaCO3;-H,0 system'*?>>%1743 and observed a
good linear correlation (R® > 0.98) (Fig. S51). This enabled
us to estimate a ks, value of 9.92 x 10°° for anhydrous
ACC using the dissolution enthalpy values measured by
Radha et al.*® All values refer to standard temperature and
pressure (STP).

Note that the synthesis conditions of hydrated ACC used
by Rahda et al.'® were highly alkaline, as it is also the case in
our system where the formation of hydrated ACC occurred at
a high pH (10-12.4) (see below). Therefore, any potential
effect that a high OH™ concentration could have on the AHy;g
value of synthetic hydrated ACC reported by Rahda et al.*?
would likely be similar in our system. In the case of anhy-
drous ACC, the dissolution enthalpy does not seem to be
affected by the synthesis conditions (i.e., Rahda et al™
reported similar AHg;s values for both abiotic and biogenic
anhydrous ACC).
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Regarding the kg, value for hydrated ACC, we choose to
use the one reported by Clarkson et al.>> (9.1 x 1077), due to
the good agreement with the value independently reported by
Ogino et al.,*® and the fact that we obtained a better correla-
tion coefficient when using this value for plotting AHjgs vs.
In kg, than when using the often quoted k, value by Brecevi¢
and Nielsen** (4.0 x 1077) or those reported by Gebauer et al.*
(3.1 x 107® for ACCI and 3.8 x 10~® for ACCII). Note that
the discrepancies in the reported values for ACC solubility
are a matter of current discussion and are probably due to
compositional and/or structural differences in ACC (poly-
amorphism) associated with the different precipitation condi-
tions in each study.*®

Calculation of the saturation index using the PHREEQC
computer code

The time evolution of the saturation index, SI (SI = log(IAP/kp),
where IAP and k;, are the ion activity product and the solu-
bility product of a relevant phase, respectively) with respect
to the crystalline anhydrous CaCOj; polymorphs observed in
our experiments (vaterite and calcite), as well as the hydrated
and anhydrous ACC was calculated using PHREEQC,*® for the
different values of pH, [Ca], and [CO,] determined
experimentally. All calculations were performed considering
STP conditions. Note that for the calculation of [CO;>7]
from the experimentally measured total dissolved CO,, the
speciation of all carbonate species at the measured pH
values was calculated. However, the calculated [CO;"] used
for SI calculation at a particular point in time during cal-
cium carbonate precipitation typically yielded charge unbal-
ance (i.e., overestimation of [CO;>7] due to dissolution and
hydration of CO, during the interval between sampling and
analysis of total dissolved CO,). Thus, charge balance was
forced during SI calculation using PHREEQC. For the calcu-
lation of SI, we used published kg, values of calcite, vaterite
and hydrated ACC (see Table S1 in the ESI{). In the case of
anhydrous ACC, we used the kg, value calculated according to
the procedure described above.

Results and discussion
In situ analysis of ACC formation and transformation

In situ time-lapse polarized light microscopy (PLM) reveals
that exposure to atmospheric CO, of Ca(OH), solution drop-
lets (5 to 200 pul) deposited on Si wafers or glass slides results
in the nearly instantaneous (<3 s) formation of convoluted
structures at the air/solution interface (Fig. 1a). They display
the characteristic channel-like bicontinuous patterns of struc-
tures formed following liquid-liquid spinodal phase separa-
tion in a homogeneous system, in contrast to the structures
resulting from binodal demixing or homogeneous nucleation
characterized by separate nuclei surrounded by a continuous
phase.'" A prerequisite for spinodal liquid-liquid separation
is that the system must reach a supersaturation high enough
to bypass the binodal.>® Our system fulfils this prerequisite
as it is highly supersaturated with respect to all CaCO; phases

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Precipitation of ACC and its transformation into crystalline CaCOs3 in droplets: a) polarized light microscopy image of the structure
formed at the air/solution interface during spinodal separation of a dense liquid phase (<3 s carbonation time); b) dendritic (de) and hexagonal
closed packed (hcp) ACC hemispheres at the air/solution interface (5-10 min carbonation time); c) calcite (Cc) rhombohedra formed
after dissolution of ACC (>35 min carbonation time); d) cross-polarized image of (c) showing calcite crystal birefringence and the lack of
birefringence of ACC; e) micro-Raman spectra of precipitates (shaded bars indicate the absorption bands of calcium carbonate phases; non-
shaded bands correspond to the Si wafer; Vat: vaterite); f) ESEM image of an aggregate of ACC hemispheres (5 min carbonation time); g) ESEM
image showing dissolution features in ACC hemispheres (15 min carbonation); h) ESEM image of calcite rhombohedra growing at the expense
of ACC hemispheres; i) TG and DSC traces of ACC collected at different time intervals during precipitation (batch reactors) showing an initial
weight loss (ca. 20 to 7 wt%) in the T range 80-200 °C, corresponding to an endothermal event associated with ACC dehydration, a subsequent
poorly defined exothermal event at ca. 330 °C associated with calcite crystallization after ACC, and a final weight loss at 500-700 °C, corre-
sponding to the decarbonation of CaCO3 and its transformation into CaO; j) time-resolved in situ XRD patterns (Bragg peaks of calcite are
indicated); k) time evolution of ACC and calcite fractional amounts () determined from in situ XRD results.

at the initial stages of precipitation (see the section on Evo-
lution of solution chemistry, below). Subsequently, microm-
eter sized non-birefringent hemispheres with micro-Raman
spectra consistent with ACC form at the air-solution
interface at the expense of the dense liquid precursor and
rapidly self-assemble, forming either dendritic or hexagonal
close-packed aggregates (colloidal crystals) (Fig. 1b and e).

After ca. 30-50 min (depending on droplet size), massive
dissolution of ACC particles leads to the precipitation at the
air-solution interface of abundant calcite rhombohedra and
trace amounts of vaterite (Fig. 1c-e). A similar mechanism
involving the dissolution of ACC particles preceding the for-
mation of calcite was first observed in situ at high magnifica-
tion by Rieger et al. using X-ray microscopy.*’

This journal is © The Royal Society of Chemistry 2015

At the edge of the drying droplets, iridescent (non-birefringent)
ACC films are observed on the substrate (Fig. S1af). Under
the FESEM, such films show a hexagonal closed packed
structure made up of ACC spheres (confirmed by Raman
spectroscopy; Fig. S1bT) ca. 50-150 nm in size (Fig. S1c and df),
a structure similar to that previously reported for ACC
thin films.*® Because these films only appear at the droplet
edge, their self-assembly is related to convective transport
and capillary attraction between ACC nanoparticles induced
by the receding meniscus of the drying liquid film.*’ In some
areas of the ACC film, calcite rhombohedra are observed,
surrounded by precipitate-free circular halos (Fig. S1at). This
observation shows that calcite formed after ACC via a
dissolution/precipitation mechanism.>
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In situ environmental scanning electron microscopy
(ESEM) shows high magnification details of the early
(5-15 min carbonation time) development and aggregation
of micrometer-sized ACC hemispheres (Fig. 1f-h), very simi-
lar to “ACC microlens arrays”,”' as well as some spheres
formed in the bulk solution (Fig. S27). After ca. 20-30 min,
the non-homogeneous dissolution of ACC hemispheres dis-
closes their onion-like internal structure (Fig. 1g and S37).
This structure is associated with sequential (discontinuous)
precipitation events, that is, the growth of successive layers
surrounding an initial core takes place at elapsed time
intervals (most likely when the supersaturation in the
system rises again after each precipitation event, as it
occurs during the development of Liesegang patterns).>”
The fact that the core dissolves faster than the outer shell(s)
suggests that the solubility of ACC decreases from the core
to the surface and may help to explain how hollow-shell ACC
spheres (Fig. S3df), as well as “doughnut-like” ACC
structures (see TEM results below) resulting from the partial
dissolution of ACC hemispheres, form during this dissolu-
tion stage.” This is interpreted as a time-dependent change
in the structure and hydration of ACC,*® consistent with
TG/DSC analyses showing a progressive decrease in the
water content of ACC from ~1.4 to ~0.4 mol H,O per for-
mula unit at 30 s and 30 min carbonation time, respectively
(Fig. 1i). The less hydrated and more stable ACC™* precipi-
tates in solution either as an overgrowth on pre-existing
ACC hemispheres and spheres (ESEM results) or as more
ordered new 1D and 2D structures, as shown by TEM analy-
ses (see below). This interpretation is consistent with recent
polarized Raman spectroscopy analysis showing that the rim
of hemispherical ACC microlens includes oriented carbonate
groups, which are absent in the fully amorphous core.®" It
is also consistent with recent results showing that ACC
undergoes a continuous transition from more hydrated
(ca. 20 wt% H,0) to less hydrated (nearly anhydrous) phases
in solution at room temperature.’>® Based on time-resolved
wide angle X-ray scattering (WAXS), Bots et al.*® suggested
that such dehydration involved an increase in the local
order of ACC and was driven by an increase in enthalpy
of ACC. However, the actual mechanism responsible for
ACC “dehydration” in solution at room temperature was
not clarified. By analogy with thermally activated ACC dehy-
dration in air, it has been assumed to be a solid-state
transformation.”® This mechanism, however, requires very
high activation energies (80-245 kJ mol')*>* to operate,
making dehydration of ACC in solution at room tempera-
ture via a solid-state process highly unlikely. Based on our
experimental observations (including the evolution of solu-
tion chemistry, see below), we conclude that in our system
the formation of less hydrated and anhydrous ACC after
hydrated ACC in solution at room temperature is a
dissolution/(re)precipitation process.

ESEM analyses also show that ACC particles finally trans-
form into rhombohedral calcite via a dissolution/(re)precipitation
mechanism.>**>°° This is clearly shown by Fig. 1h, where
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partially dissolved ACC spheres are in contact with newly
formed calcite rhombohedra, as well as by the above men-
tioned optical microscopy observations showing calcite
rhombohedra surrounded by an ACC-free halo (Fig. S1aft).
Such a dissolution/(re)precipitation mechanism is consistent
with time-resolved XRD patterns collected in situ during
carbonation of 200 pl droplets. They initially display two
broadened maxima at ~20-35° 26 and 40-45° 20 (Fig. 1j),
corresponding to the sum of the scattering intensity of
water and ACC phase(s), and eventually show the emergence
(after ~40-50 min) of calcite 104 Bragg peak. As the amount
of calcite increases, a clear decrease in the amount of ACC
is observed, as calculated by the integral intensity of calcite
Bragg peaks and ACC scattering patterns after subtraction
of the scattering contribution of water (Fig. 1k). Note that
despite the fact that evaporation was taking place during
in situ XRD data collection, an effect that could lead to
supersaturation with respect to Ca(OH),, no Bragg peaks
corresponding to this phase were observed. Its absence is
consistent with the fast kinetics of ACC precipitation (and
the resulting pH drop, see below), which do not enable
portlandite crystallization.

Evolution of solution chemistry

In parallel to the previous in situ experiments, we recorded
the time-dependent variation of pH and [Ca*"], as well as
total dissolved CO,, during precipitation in 200 pl droplets
(Fig. 2a) and in batch reactors, where a similar precipitation
trend is observed (Fig. S41). This enabled us to calculate the
evolution of the saturation index, SI, with respect to calcite,
vaterite, hydrated ACC and anhydrous ACC phases (see Exper-
imental section for details of the calculation of SI, kg, of
anhydrous ACC - see also Fig. S5t — and PHREEQC computer
simulation). Three stages in SI evolution are observed regard-
less of solution volume/geometry (Fig. 2b). During Stage I,
the system is highly supersaturated with respect to all phases
considered. As a consequence, formation of (hydrated) ACC
is very rapid and proceeds via the reactions: Ca** + CO, +
H,0 — Ca*" + H,CO; — Ca®*" + H' + HCO;™ — Ca®*' +2H" +
CO;>” — 2H" + CaCO3(nH,0),>" which reduce both pH and
[Ca] (Fig. 2a). Note that due to the very high IAP, prior to the
formation of ACC during Stage I, a dense liquid precursor
phase forms (spinodal decomposition), as shown in Fig. 1a.
The IAP of this liquid phase is unknown, so it is not possible
to yield the actual SI of ACC with respect to such a dense
liquid phase. In fact, it has been pointed out that there is no
constant solubility product describing the liquid-liquid coex-
istence line in binodal separation or spinodal decomposi-
tion.”* Thus, values in Fig. 2b represent the SI of calcium
carbonate phases with respect to the bulk solution. Note also
that the maxima and minima of the SI shown in Fig. 2b do
not necessarily match the maxima and minima of the plot in
Fig. 2a. This is due to the fact that the SI with respect to
the different phases not only depends on the activity of Ca>",
but also on the activity of CO;>", whose speciation is strongly
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Fig. 2 Evolution of solution chemistry. a) pH (blue line), [Ca] (red line)
and total dissolved CO, ([COjliotar; green line) evolution during
precipitation in 200 pl droplets. The shaded areas mark the different
stages (I, Il, and 1ll) of precipitation (see text for details). b) The
corresponding time evolution of the saturation index (SI) with respect
to different calcium carbonate phases. Values of SI >0 and S| <0 indicate
supersaturation and undersaturation with respect to a particular solid
phase, respectively.

pH-dependent. During Stage II, the system reaches
undersaturation with respect to hydrated ACC, while it is still
supersaturated with respect to anhydrous ACC (Fig. 2b). This
facilitates the precipitation of less hydrated and anhydrous
ACC at the expense of the dissolution of hydrated ACC
via the reaction CaCO;-nH,0 + CO, = Ca*' +2HCO;™ + nH,O0,
in agreement with the time evolution of: (i) the observed
fluctuations in pH, [Ca] and total dissolved CO, (Fig. 2a). The
latter, in particular, shows a significant concentration
increase associated with hydrated ACC dissolution, followed
by a decrease due to the precipitation of less hydrated and/or
anhydrous ACC; (ii) TG results showing the formation of
less hydrated ACC phases over time (Fig. 1i); and (iii) the
preferential dissolution of the core vs. the shell layers of
ACC particles observed using ESEM (Fig. 1g). Finally, during
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Stage III the system is undersaturated with respect to all ACC
phases but supersaturated with respect to the crystalline
polymorphs (Fig. 2b). This is due to the precipitation of
calcite (and minor vaterite) that triggers the dissolution of
the remaining ACC. This is reflected in the pH increase
and subsequent decrease, as well as the initial increase of
total dissolved CO, (i.e., ACC dissolution) and its subse-
quent decrease (i.e., massive precipitation of calcite and
minor vaterite), as shown in Fig. 2a. Finally, the system
approaches equilibrium (i.e., towards the solubility of the
most stable phase, calcite), but still the total dissolved CO,
keeps increasing due to further dissolution of atmospheric
CO,. Overall, these results confirm that the formation of
calcium carbonate in concentrated aqueous solutions is
dominated by kinetic effects and follows the Ostwald's rule
of stages,*® but for the first time we show that the precipita-
tion of less hydrated and thermodynamically more stable
intermediate ACC phase(s)"**® is associated with the disso-
lution of more hydrated (more soluble, and therefore less
stable) ACC.

Unveiling the nanostructure and medium-range order of ACC
using TEM-SAED

To gain an insight into the (nano)structural features of
the different precipitates formed, droplets (5-25 ul) and
aliquots collected from batch reactor tests (150 ml)
subjected to carbonation for different periods of time were
quenched in ethanol or freeze-dried and analyzed using
TEM and selected area electron diffraction (SAED) (Fig. 3).
Fig. 3a and b show the initial precipitates (<5 s CO,
exposure time), which display shapeless structures resem-
bling a “solidified” dense liquid (emulsion-like) precursor
phase.’ Scattered ACC spheres, ca. 5-10 nm in size, are
also visible (Fig. 3a). Our TEM observations are consistent
with the formation of a dense liquid phase after spinodal
decomposition (i.e., optical microscopy results) followed by
the formation of ACC particles. It is however unclear how
the dense liquid-to-ACC transition takes place. Two plausi-
ble mechanism can be envisioned: (i) breaking up into
droplets (as in the case of emulsions) followed by partial
dehydration to form ACC,’ or (ii) nucleation of ACC within
the dense liquid phase. Interestingly, in some areas parti-
cles with darker contrast and a better defined spherical
morphology are observed (Fig. 3a), which are connected with
a less dense (lighter contrast) shapeless lath- or neck-
like structure. A similar structure was observed by Rieger
et al.’ using cryo-TEM. The authors indicate that after an
initial emulsion-liquid or liquid-liquid structure, a less
dense and less structured phase connecting ACC particles
developed, and concluded that this proved that the dense
liquid-to-ACC transformation occurred by densification via
expulsion of water, in agreement with recent experimental
and computational studies.” Such a model for the forma-
tion of ACC after a dense liquid phase is consistent with
our TEM observations. However, we cannot rule out
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Fig. 3 TEM-SAED analysis of ACC particles formed during Stage | (a-g) and Stage Il (h-l). a) Liquid-like (emulsion) precursor phase formed after
3 s carbonation; b) detail of shapeless (liquid-like) ACC (SAED pattern in inset) formed after 10 s carbonation; c) ACC particle formed after 30 s
carbonation time; d) aggregate of ACC nanoparticles similar to that depicted in (c); e) the corresponding larger structure formed by such an
aggregate (low-magnification image of the ACC structure in inset); f) SAED pattern of the ACC particle in (d); g) experimental (black) radially
integrated electron diffraction pattern (EDP) of the SAED pattern in (f). The vertical dashed lines mark the position of the maxima in the fitted
experimental pattern. The calculated EDP of a randomly oriented calcite (10 A cluster size) is included for comparison (blue). h) Large ACC
particles present during Stage Il; i) and j) 1D (elongated fibers), 2D (triangular planar structure) and 3D (doughnut-like) ACC structures formed
during Stage Il. The inset in (j) shows that these particles are made up of an aggregate of polydisperse nanoparticles. k) Representative SAED
pattern of ACC particles formed during Stage Il; ) experimental and fitted EDP of ACC shown in (h) (dashed red lines mark the position of the
scattering maxima) and calculated EDPs of oriented aggregates of crystalline calcium carbonate phases (with 1 nm domain size).The vertical
dashed lines mark the positions of the maxima in the fitted experimental pattern. The EDP of ACC best matches (i.e., smallest R value) the
simulated scattering pattern of calcite with its [421] zone axis parallel to the electron beam (and monohydrocalcite, oriented along [110]).

the possibility of ACC nucleation within the liquid phase.
The latter process could also result in the formation of
ACC particles surrounded/connected by a residual liquid
precursor if the transformation is quenched before comple-
tion. Droplets quenched after 5 min carbonation show
abundant spherical ACC particles (20-100 nm in diameter)
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(Fig. 3c). Over time (up to 10-20 min carbonation time)
these latter nanoparticles aggregate into larger micro-
meter-sized structures (Fig. 3d and e) with an overall spher-
ical (or hemispherical) geometry (inset in Fig. 3e). SAED
patterns confirm that all structures formed up to this point
are ACC (inset in Fig. 3b and f).
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To check whether ACC precipitates possess a specific
crystalline protostructure (that is, short- to medium-range
order), SAED analyses and simulations were performed on
the scattering function of non-oriented and oriented nano-
structured ACC with short- to medium-range order corre-
sponding to the different CaCOj; crystalline polymorphs (see
Experimental section for details). The radially integrated
electron diffraction patterns (EDPs) of initial ACC precipi-
tates (e.g., ACC particle in Fig. 3¢) show poor matching with
the calculated scattering patterns of (non-oriented and
oriented) crystalline phases (compare Fig. 3g and 1). This
shows that the hydrated ACC formed at this early stage
(Stage I) lacks any short-range order. Irradiation of these
particles with the focused electron beam for 30 s systemati-
cally results in their shrinking and transformation into an
aggregate of randomly oriented CaO nanocrystals (Fig. S6
and S77). Note that in no case (more than 30 particles were
irradiated) a crystalline calcium carbonate phase forms prior
to the formation of the oxide. This demonstrates that the
early precipitates formed during Stage I are highly unstable
hydrated ACC with no short- or medium-range order that
could enable the formation of crystalline CaCO; upon irradia-
tion. This is in full agreement with recent WAXS studies of
the early stages of ACC formation.*®

In contrast, precipitates collected during Stage II show
aggregates of larger (up to 2 pum) spherical ACC particles
(Fig. 3h) and abundant ACC structures (see SAED in Fig. 3k)
with fibrous or planar shapes (Fig. 3i), as well as “doughnut-
like” structures that correspond to partially dissolved ACC
hemispheres (Fig. 3j). Interestingly, all of them are made up
of an aggregate of nanoparticles 2 to 25 nm in size (inset in
Fig. 3j). This observation confirms that these structures do
not form via an ion-addition mechanism according to the
classic crystallization theory: they form via a non-classical
nanoparticle aggregation-based growth mechanism. The
important morphological differences between ACC particles
collected during Stages I and II indicate that a significant
amount of ACC particles formed in Stage I has dissolved
(in some cases only partially: i.e., “doughnut-shaped” parti-
cles), and those with 1D and 2D morphologies have directly
precipitated from solution during Stage II. Such 1D and 2D
particles were especially abundant in samples collected
(quenched) at pH 9. Note that while these 1D and 2D ACC
structures may be considered unusual, they are not unique to
our system: for instance, similar 2D structures were obtained
by mixing calcium carbamate and calcium acetate,®” while
1D ACC structures were obtained upon mixing calcium
chloride with sodium carbonate in the presence of casein.”®

The experimental and fitted EDPs of the ACC structures
formed during Stage II systematically show a good matching
with the calculated EDP of an oriented aggregate of calcite
(and monohydrocalcite) with ~1 nm domain size (Fig. 31). In
the case of the ACC particle, whose SAED is shown in Fig. 3k,
the best matching (i.e., lowest R values) is observed for calcite
with 10 A domains oriented with the [421] zone axis parallel
to the electron beam. A poor matching (i.e., very low R values)
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is systematically observed in the case of calculated EDPs of
non-oriented crystalline phases (Fig. S81). Gebauer et al.*>’
have reported that ACC can display different protostructures
(short-range order) depending on the synthesis conditions:
at pH ~9, ACC with a protocalcite structure develops, while
at a higher pH of ~10, ACC with a protovaterite structure
forms. It could be argued that because in our system the
pH was initially very high (12.4), the formation of ACC with a
protovaterite structure should be favored. However, it is
important to point out that the protocalcite structure we
have identified is present in ACC particles which formed
during Stage II, and in particular, those collected at pH 9.
Interestingly, such a pH matches that which according to
Gebauer et al. favors the formation of ACC with a protocalcite
structure.*””

Irradiation of these ACC structures with the focused
e-beam for 30 s consistently results in their transformation
into single crystalline oriented calcite (more than 20 particles
were irradiated). Fig. 4 shows that focused e-beam irradia-
tion of an elongated ACC particle triggers the wake of a
crystallization front that results in single crystalline calcite.
Interestingly, no shrinking or porosity develops after the
transformation, thus confirming that the precursor particle is
anhydrous ACC. In other cases, the elongated structures
transform into single crystalline calcite after focused e-beam
irradiation, but the crystallization front is constrained to
the irradiated area (Fig. 5a-d). This is because ACC is
partially hydrated (as shown by the expansion associated
with trapped water vapor released during e-beam irradia-
tion), thereby not allowing the propagation of the reaction
front all along the particle as continuity is lost. Most inter-
estingly, irradiation of this type of elongated ACC structure
in different spots results in single crystalline calcite sharing
a common orientation (Fig. 5e-g), despite the fact that the
irradiated areas are still separated by an amorphous phase,
which upon further irradiation transforms into equally
oriented single crystalline calcite (Fig. S91). Such a behavior
is observed in several elongated ACC structures formed
during Stage II. These results show that there is a “crystallo-
graphic” continuity all along the ACC structure, which is
“inherited” by the newly formed calcite, regardless of its
position within the elongated particle. Otherwise, it would
be very unlikely that the resulting calcite in such distant
spots would systematically share the same crystallographic
orientation. It could be argued that such a “crystallo-
graphic” continuity is an artifact resulting from the interac-
tion of the electron beam with the ACC structure (prior to
the transformation into the crystalline CaCO;) and leading
to a co-alignment of ACC domains all along the different
nanoparticles making the 1D, 2D and 3D structures. This is
ruled out here because such an effect should also operate
in the case of ACC formed during Stage I, and our TEM
results show that this is not the case. Furthermore, a simi-
lar electron beam-induced transformation of amorphous
into single crystalline calcite crystals has been reported both
for the case of biotic®® and abiotic®® ACC. In the latter case,
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Fig. 4 Time sequence of the solid-state transformation of ACC into calcite observed in situ in the TEM. a) ACC formed during Stage Il and b) the
corresponding SAED pattern, undergoing transformation into calcite (c-g). Each successive image was taken with a time delay of 8 s. The red
arrows mark the position of the advancing reaction front; h) the transformed structure shows the [401] zone axis pattern of single crystalline
calcite. Note that there is no shrinkage, expansion or detectable porosity development after the transformation of the original ACC structure. This
shows that ACC is anhydrous and the replacement reaction is pseudomorphic.
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Fig. 5 In situ transformation of the 1D ACC structure formed during Stage Il. a) General overview of an elongated ACC fiber; b) SAED pattern of
the area in square 1 of (a) before focused e-beam irradiation; c) the same area after focused e-beam irradiation for 30 s. Note that there is a
volume expansion, likely associated with the pressure exerted by trapped water vapor. This shows that the ACC particle was not fully anhy-
drous. d) HRTEM image of the irradiated area showing lattice fringes of (104)caicite; €) SAED pattern of the area in square 2 of (a) taken after
irradiation in square 1. The diffuse Debye rings show that the particle is still amorphous in this area; f) the same area after 30 s focused e-beam
irradiation. g) The HRTEM image shows that the newly formed calcite is almost perfectly oriented with respect to the calcite formed after irradia-
tion of square 1.
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the transformation of ACC particles into single crystalline
calcite was observed using a cryo-TEM, but only in the case
of ACC particles with size >50 nm. Smaller particles yielded
randomly oriented calcite following e-beam exposure.
Pichon et al.>® suggested that the difference in ease of
transformation may be related to the existence of different
types of ACC with different degrees of short-range order.
These cryo-TEM results support the fact that the medium-
range order responsible for the transformation of ACC into

68 | CrysttngComm, 2015, 17, 58-72

single crystalline calcite is not an artifact of our sample
preparation procedure involving quenching in ethanol or in
liquid N,/freeze-drying. They also show that ACC with differ-
ences in short- and medium-range order produce different
crystalline CaCOj; structures upon irradiation. There is also
the question why our ACC structures that transform into
oriented calcite display a 1D and/or 2D morphology (which
cannot be ascribed to a sample preparation artifact). This
critical point is discussed below.
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Oriented attachment (OA) of ACC nanoparticles

The above results suggest that primary ACC nanoparticles
(2-25 nm in size) forming the micrometer-sized (less
hydrated or anhydrous) ACC structures developed during
Stage II underwent OA.">'*% Note that recent computational
studies have shown that the lower the degree of hydration of
ACC, the higher would be its structural order," in agreement
with our EDP simulation. The medium-range order (calcite
protostructure) of this “amorphous” precursor may facilitate
OA, a process that most likely involves dipole-dipole interac-
tions during nanoparticle collisions in solution."® For this to
occur, ACC nanoparticles have to be anisotropic. Structural
anisotropy is imparted by the oriented protocalcite structure
detected by EDP simulation. It could be argued that calcite
being centrosymmetric would not readily favor the formation
of a dipole. However, there is experimental evidence showing
that defects, which presumably are very abundant in ACC
(i.e., FWHM ' of 10 A™*, see Experimental section), and size-
related surface effects can lead to dipole formation even in
cubic nanoparticles.®> OA may help to explain why 1D or 2D
ACC structures form (i.e., directional aggregation/growth). In
the absence of OA, spherical (or hemispherical) structures
should form, as observed in the case of hydrated ACC formed
during Stage I, which lacks short-range order. OA may
offer a straightforward explanation regarding how oriented
single crystalline CaCOj; structures develop after ACC.>**" 1t
could be argued that despite the medium-range order, an
amorphous structure should not undergo OA. However, it
has been recently indicated that even for poorly crystalline or
even amorphous nanoparticles dispersed in an aqueous
medium there will be a field that may promote particles to
adopt favorable configurations prior to the attachment step.’
In any case, further experimental evidence, for instance using
in situ TEM equipped with a fluid cell,® is needed to confirm
or refute the hypothesis presented here regarding the possi-
bility of OA of ACC nanoparticles with medium-range order.

The mechanism(s) of ACC-to-calcite transformation

Recent computational modelling shows that anhydrous
ACC, considered as an intermediate between hydrated ACC
and calcite, displays distorted CaO¢"” octahedra aligned
as in calcite, but rotated at random angles around their
longest axis.®* This is consistent with our EDP simulation
showing medium-range order and preferential orientation of
calcitic domains in less hydrated and anhydrous ACC. By
concerted rotation of the distorted octahedra and shorten-
ing of the Ca-O bonds along their longest axis, the calcite
structure should result. This kind of solid-state transforma-
tion is what we observe in Fig. 4 and 5 (as well as in Fig. S9
and S1071). This way, the structural information in ACC
(medium-range order) is imprinted/transferred to the final
crystalline polymorph (calcite). However, an activation energy
(E.) barrier of up to ca. 245 kJ] mol™ has to be surpassed
for this solid-state transformation to take place.’* This can
be achieved by e-beam heating or thermal treatment (e.g., the
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exothermal crystallization event at ca. 330 °C in DSC; see
Fig. 1i), but is unlikely to occur at low T during biominerali-
zation or biomimetic synthesis under mild conditions.
Importantly, our ACC precipitates remain untransformed for
more than 3 months when kept in a dry environment (closed
container with silica gel) at 20 °C. This shows that a solid-
state transformation at low T does not occur in our system.

Interestingly, TEM-SAED analyses show that ACC struc-
tures formed during Stage II and exposed for 48 h to humid
air (85% RH) at 20 °C pseudomorphically transform into a
porous aggregate of crystallographically oriented calcite nano-
particles that diffract as a mesocrystal (Fig. 6 and
Fig. S111)."” This is systematically observed in more than
20 particles analyzed. Under such RH conditions, a water
layer of ~2 nm is adsorbed onto CaC03,% which, as exempli-
fied in the case of calcite, is enough to promote dissolution
and (re)precipitation phenomena.®® Our TEM observations
appear to be consistent with an interface-coupled dissolu-
tion—precipitation mechanism,®”*® whereby ACC dissolution
into such an adsorbed water nanolayer can result in the
coupled epitaxial precipitation of calcite onto the remaining
ACC, an effect that could be facilitated by the calcite
protostructure of ACC. Afterwards, the process may propa-
gate throughout the whole ACC structure, preserving
the orientation originally imprinted in ACC. Because the
molar volume of ACC (54.1 cm® mol™) (CaCO;-H,O0;
density, p = 2.18 g ecm™)® is higher than that of calcite
(36.9 cm® mol™), up to 31.8% porosity can be generated to
preserve the external shape of the replaced structure, thus
producing a pseudomorph (strictly speaking, porosity can
be also generated due to solubility differences between
parent and product phases).®”’®® The porosity should
approach zero when ACC is anhydrous, as it is the case
depicted in Fig. 4. Such porosity generation should facilitate
the progress of the coupled dissolution/precipitation reaction
towards the core of the parent phase, thereby enabling a full
pseudomorphic replacement. The progress of such a process
could also be facilitated by the release of water included
in poorly hydrated ACC as well as in anhydrous ACC. Note
that anhydrous ACC might in fact not be fully anhydrous: it
typically includes a residual amount of H,O (i.e., 3 wt%),"?
which seems to be crucial for its lack of long-range order.””

It could be argued that such an ACC-to-calcite transforma-
tion in (humid) air at room temperature could also occur by
nucleation of a crystalline phase and subsequent propagation
of the crystallization front by solid-state epitaxial secondary
crystallization,>>?%°%7! regardless of whether or not the ACC
structure is made up of an OA of ACC nanoparticles with a
particular medium-range order. However, this is ruled out
here for the following main reasons: (i) such a process
will not enable the observed polymorph selection, as vaterite
or calcite (or even aragonite) could equally crystallize, thus
precluding any transfer of the structural information
imprinted in ACC; (ii) nucleation of the first seed(s) of crys-
talline CaCO; will require the prior dissolution of ACC** and
such a nucleation event would likely occur on different areas
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Fig. 6 ACC structures formed during Stage Il and exposed to humid air. TEM (a) and annular dark-field STEM (b) images of porous 2D and
3D structures similar to those depicted in Fig. 3-5. The inset in (b) shows the Ca map of the doughnut-shaped structure. The non-uniform
Ca distribution underlines the high porosity of the structure. c) Calcite [421] zone axis SAED pattern of the central structure in (a) (the
e-diffraction area is marked with a circle). The angular spreading (<10°) of diffraction spots indicates that there is a slight misorientation
among calcite domains formed after ACC, consistent with a mesocrystal structure. d) Detail of ACC transformed into a porous pseudo-
morph; e) calcite [841] zone axis SAED pattern of the structure in (d); f) HRTEM image of the structure in (d) showing lattice continuity

beyond the size of constituent ACC nanoparticles (<25 nm).

simultaneously, thereby generating crystallization fronts with
different orientations, either forming randomly oriented
mosaic crystals®*® or spherulitic precipitates (radial aggre-
gates),”® as observed here upon transformation in air at
85% RH of (fully amorphous) hydrated ACC formed in Stage I
(Fig. S127); (iii) solid-state secondary (epitaxial) crystalliza-
tion is not consistent with our observation that water
(adsorbed nm-thick film) is necessary for the ACC-to-calcite
transformation. Note that such a solid-state transformation
should also occur under dry conditions; (iv) interface-coupled
dissolution—precipitation replacement processes are relatively
fast as they involve ion diffusion in solution, whereas solid-
state mineral replacement mechanisms are impractically
slow at low T as they rely on solid-state ion diffusion.””
We extrapolated to room temperature the published values of
the self-diffusion coefficient D for Ca ions in solid CaCO;
(calcite) at high 77*7* (Fig. $131), and obtained log D values
of -32.25 to —32.96 m> s™' (i.e., D values some 23 orders
of magnitude smaller than that corresponding to Ca ion
self-diffusion in an aqueous solution).”> Assuming that
calcite gives a good approximation for solid state Ca ion self-
diffusion in ACC, and that there is no drastic change in the
mechanism for lattice diffusion at low T, it is estimated
(considering that the one-dimensional diffusion length is

70 | CrysttngComm, 2015, 17, 58-72

~ 2\Dt)’® that it would take ca. 25000 years for Ca to diffuse
over a distance of just ~1 A. Although this is a rough
estimate, it shows that a solid state mechanism for ACC-to-
calcite transformation at room temperature will not be of
relevance in biomineralization or in biomimetic synthesis
of calcite materials after ACC at low T.

Conclusions

We show that in our system, precipitation of ACC is preceded
by the formation of a dense liquid precursor phase. The
initially formed ACC is highly hydrated (up to 1.4H,O per
formula unit) and due to its relatively high solubility, read-
ily dissolves when less hydrated, or even anhydrous ACC
with higher stability (lower negative value of enthalpy of
solution) and lower solubility precipitates. The formation of
ACC with decreasing degree of hydration preceding calcite
crystallization thus follows an energetically downhill path-
way consistent with recent theoretical and experimental
studies.®>* In agreement with Nielsen et al.,** our results
also suggest that the different ACC phases we have identi-
fied (from the liquid precursor to the hydrated ACC and
finally to the less hydrated and anhydrous ACC) should not
be considered as fundamentally distinct phases, but rather

This journal is © The Royal Society of Chemistry 2015
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they should be considered as points on a continuum. Inter-
estingly, the poorly hydrated and anhydrous ACC phases
show medium-range order (calcite protostructure), which is
absent in the more hydrated ACC, thereby corroborating
that a decrease in the amount of structural H,O favors
ordering in ACC.*" We argue that this medium-range order
could have enabled the OA of ACC nanoparticles which
form unusual linear and planar structures. Our result also
show that while in the bulk solution ACC transforms into
calcite (and vaterite) via a dissolution/(re)precipitation
mechanism (so that any structural information in ACC is
lost), in the absence of a solution reservoir, transformation
of poorly hydrated or anhydrous ACC with a protocalcite
structure at pH,0 <1 atm and at low T (20 °C) is not a solid-
state process, but rather it appears to be an interface-coupled
dissolution-precipitation process triggered and facilitated by
an adsorbed water layer.

We believe that the better mechanistic understanding
of formation and transformation of ACC gained through
this study can be applied in the rational design of novel
materials with complex shapes assembled from precursor
amorphous structures depending on the desired function.
For instance, anhydrous or poorly hydrated ACC can be pre-
pared (e.g., either by direct precipitation at a relatively low
SI, or following thermal dehydration of hydrated ACC) and
dispersed in a liquid medium (e.g., an aqueous solution
saturated with respect to ACC) to enable OA during casting
of a biomimetic material with a specific shape or function
(with or without the use of organic additives). Then its tran-
sition to single crystalline (mesostructured) calcite func-
tional materials could be achieved at room temperature by
controlling pH,O0. Ultimately, we believe that this gained
knowledge may also have implications in the better under-
standing of calcium carbonate biomineralization via an ACC
precursor phase.
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