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ABSTRACT: Calcium carbonate (CaCO3) is one of the most abundant biominerals that is prevalent in rocks and often used as a
structural material in marine animals. Many of these natural CaCQOs-based materials display excellent mechanical properties that are
difficult to reproduce by man-made counterparts. This difficulty arises from the incomplete understanding of the influence of pro-
cessing conditions on the structure and composition of CaCOj;. To gain a better understanding of the evolution of the structure and
composition of amorphous CaCO; (ACC) particles during early stages, we introduce a new, organic solvent-free method that
quenches this process with a high temporal resolution. We produce ACC particles inside small airborne drops that are formed with a
microfluidic spray-dryer. These drops dry within 100 ms to 10 s and thereby arrest the formation of CaCOj; particles on that timescale.
Using the microfluidic spray-dryer, we demonstrate that the amount of mobile water contained in ACC particles increases with in-
creasing formation time and hence with increasing particle size. As a result of the higher concentration of mobile water, larger parti-
cles are less stable against temperature-induced solid-state crystallization and electron beam-induced decomposition than smaller
counterparts. The amount of mobile water contained in ACC can be substantially reduced, and hence their kinetic stability against
solid-state transformations increased, if certain organic additives, such as poly(acrylic acid) (PAA), are incorporated. These insights
might open up new opportunities to fabricate biomimetic CaCOs-based materials with tunable structures and hence with properties

that can be adapted to the needs of specific applications.

INTRODUCTION

Calcium carbonate is prevalent in nature for example as a geo-
logical mineral where significant amounts of CO, are
stored,"” or as biomineral that is an essential component of skel-
etons’ and protective shells* of a wide variety of marine ani-
mals.’ Nature produces CaCOs-based materials that display re-
markable mechanical® and optical properties7 by closely con-
trolling the structure, orientation, shape, and arrangement of the
CaCO; crys'[als.g’9 Inspired by these fascinating properties, a lot
of work has been devoted to gaining a better understanding of
the formation of CaCOj; to produce bio-mimetic materials.'* "¢
Natural'™'*'"7** and syntheticu’24 CaCOs; crystals are typically
formed from ACC particles that act as transient precursors.
These precursors serve as a temporal storage of Ca’ ions that,
when needed, are transported to the desired location before be-
ing transformed into crystals with well-defined structures and
morphologies.14 The high level of control over the structure and
therefore the properties of the resulting crystals achieved by na-
ture is difficult to obtain in the laboratory. A contributing reason
for this difficulty is the incomplete understanding of the influ-
ence of processing parameters on the formation and stability of
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ACC precursors.

Synthesis conditions, such as the pH,"*"° temperature,* and the
y p p

drying method™ have been shown to influence the formation

pathways,13 struc'[ure,“’33 and stability21’27’34 of ACC particles.
The stability of ACC particles, that is directly related to their
size,zs’35 is also influenced by the amount of water contained in
them.”"*"** Whether the amount of water contained in ACC par-
ticles is influenced by the synthesis conditions remains to be
determined. To experimentally study the influence of the syn-
thesis conditions on the degree of hydration and the stability of
ACC particles, the formation of ACC particles must be
quenched at early stages with a temporal resolution of the order
of milliseconds.” The formation of ACC is often quenched with
organic solvents, such as ethanol, which CaCOj; has a low sol-
ubility in.*'**% The presence of these organic solvents influ-
ences the degree of hydral'[ion,32’36‘37 structural order,” stabil-
ity,39 and crystallization pathway40 of ACC. Hence, the differ-
entiation between effects that are inherent to ACC from those
that have been induced by organic solvents is very difficult.
Moreover, the time required to quench the formation ACC with
this method is usually of the order of minutes.*"* Recently,
some in situ liquid cell transmission electron microscopy
(TEM)‘”’43 and cryo-TEM‘M’45 studies have been employed to in-
vestigate the early stages of CaCO; formation with a resolution
down to a few seconds, although feasibility to achieve a resolu-
tion down to 100 ms has been shown.*® The information that has
been extracted from these measurements is limited to the size,



crystallinity, and morphology of particles. There are a few re-
ports that employ TEM images to extract the degree of hydra-
tion of ACC particles from the image contrast. However, more
systematic and direct studies on the influence of processing con-
ditions on the composition of ACC particles including their de-
gree of hydration remain elusive. To gain a better understanding
of the correlation between processing conditions and the degree
of hydration of ACC particles, it would be beneficial to estab-
lish a technique that quenches the formation of ACC during
early stages without the need for organic solvents and without
embedding them in a matrix that prevents further chemical anal-
ysis.

Here, we employ a microfluidic spray-dryer47 to quench the for-
mation of ACC particles at early stages by producing these par-
ticles in airborne aqueous drops that rapidly dry; this process
does not require any organic solvents to quench the particle for-
mation. To study the formation of ACC particles with a high
temporal resolution, we vary the diameter of drops from 10 to
100 pm such that the formation time of ACC particles ranges
from 100 ms to 10 s. We find that the amount of mobile water
incorporated in ACC particles increases with increasing for-
mation time and hence with increasing particle size. Because of
the increased amount of mobile water, larger particles are less
kinetically stable against temperature-induced crystallization
and electron beam-induced decomposition than smaller coun-
terparts. In line with these observations, we find that additives
known to delay or even inhibit the crystallization of ACC, such
as poly(acrylic acid) (PAA), reduce the mobility of water con-
tained in ACC, thereby increasing their kinetic stability. These
results indicate that the stability of ACC particles is directly re-
lated to the amount of mobile water contained in ACC particles.
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These insights offer new opportunities to tune the stability of
ACC and thereby to facilitate its processing into biomimetic
CaCOs;-based materials with tunable structures and hence with
properties that can be adapted to the needs of the specific appli-
cations.

RESULTS
Production of ACC particles through spray-drying

We produce ACC nanoparticles with a poly(dimethyl siloxane)
(PDMS)-based microfluidic spray-dryer47 that is fabricated us-
ing soft lithography.48 The spray-dryer contains two inlets for
liquids and six inlets for gases, as schematically shown in Fig-
ure 1a. To avoid any influence of counter ions such as Na™ and
CI on the structure and stability of spray-dried ACC par‘[icles,21
we form them from an aqueous solution containing
Ca(OH), that is spray-dried using CO,-enriched air: Ca(OH), +
CO, = CaCO; + H,0. Aqueous drops containing Ca(OH), form
at the first liquid-gas junction and are sequentially accelerated
by the air that is injected through the additional gas inlets 2-5.
To ensure complete conversion of Ca(OH), into CaCO;, we en-
rich the air that is injected through the last gas inlet with 10
vol% CO,. Drops exit the device though an outlet and are col-
lected on a solid substrate located 20 cm apart where they are
fully dried by the gas flow that exits the device. Because nano-
particles are deposited on the substrate before the drop is fully
dried, they are well separated from each other even if many of
them are formed in a single drop, as shown in the scanning elec-
tron microscopy (SEM) image in Figure 1b.

To test the influence of the formation time of ACC particles on
their degree of hydration and the structure, we produce
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Figure 1. Production and characterization of amorphous CaCOj; nanoparticles. (a) Schematic illustration of the microfluidic spray-
dryer that contains two inlets for liquids (blue) whereof one is used to inject an aqueous solution containing Ca(OH),, and the other inlet is
blocked. In addition, the microfluidic spray-dryer contains six inlets for air, five to inject unmodified air (green) and one to inject air enriched
with 10% CO, (brown). (b) SEM image of the spray dried CaCO; nanoparticles. (c) Influence of the drying time of the drops (¢), on the
average diameter of spray-dried CaCO; nanoparticles (dyp). (d) FTIR, (¢) Ca K-edge XANES and (f) XRD traces of spray dried CaCO;
nanoparticles (blue, i) and reference traces of Ca(OH), (red, ii) and calcite (black, iii). Ca(OH), reference samples contain small amounts of
calcite. The complementary results obtained from FTIR, XANES and XRD suggest that spray-dried particles are amorphous CaCO;.



them in airborne drops with different sizes. Drops with a di-
ameter of 10 um dry within 100 ms whereas 100 um diameter
drops dry within 10 s, as described in the Supporting Infor-
mation. This drying time is directly related to the time during
which ACC particles can form inside drops: particles can start
to form when the solute concentration exceeds its saturation
concentration and their formation is quenched when the drop
is fully dried. We approximate the particle formation to be in-
itiated when drops exit the device where they are exposed to
higher concentrations of CO, such that the formation time of
particles is very similar to the drying time of drops. If we vary
the formation time of the particles, ¢, from 100 ms to 10 s, the
average diameter of the resulting particles, dyp, increases from
30 nm to 120 nm, as shown in Figure 1c. Similar behaviors
of particles growing with time has been observed by other ex-
perimental techniques. Using this correlation, we can deduce
the formation time of particles by quantifying their size and
thereby study early stages of the formation of ACC particles
with a high temporal resolution without the need for any or-
ganic solvent.

Drops produced in the microfluidic spray-dryer dry quickly
such that the time available for the formation of ACC particles
is very short. To test if this time is sufficient to fully convert
Ca(OH), into CaCOj;, we characterize spray-dried particles
using Fourier-transform infrared spectroscopy (FTIR). The
spray-dried particles do not display any sharp absorption band
at3640 cm ' that corresponds to the OH  stretch vibration and
is prominent in the reference trace of Ca(OH),, as shown in
Figure 1d. This result suggest that spray-dried particles do not
contain significant amounts of Ca(OH),. Instead, spray-dried
particles display an absorption band at 863 cm™ correspond-
ing to the out-of-plane bending vibration of COy™ (v2) and
they do not show any band around 712 cm™ that would corre-
spond to the in-plane bending vibration of CO5> (v,). The lo-
cation of the v, band and the absence of the v, band measured
for the spray-dried sample is characteristic for ACC.*
Hence, our FTIR results suggest that Ca(OH), is fully con-
verted into ACC during the spray-drying process. The FTIR
spectrum of spray-dried particles also displays a broad absorp-
tion band in the region of 2750-3600 cm™ and a small band
around 1640 cm‘l; these bands are characteristic for water
contained in ACC,*"° suggesting that spray-dried particles
contain significant amounts of water. To confirm the structure
and composition of spray-dried particles, we perform X-ray
absorption (XAS) measurements on the Ca K-edge and com-
pare the spectrum measured for spray-dried particles to the
reference spectra of calcite, the most stable crystalline form of
CaCO; at room temperature and ambient conditions, and
Ca(OH),. The spray-dried particles display a small pre-edge
peak at 4040 eV and a single peak at the absorption edge of
4049 eV, in stark contrast to the reference spectra, as shown
in the X-ray absorption near edge structure (XANES) spec-
trum in Figure 1e. The XANES spectrum of spray-dried par-
ticles indicates the particles are composed of ACC, in good
agreement with previously reported results for ACC particles
produced in bulk.”> > A fit of the extended X-ray absorption
fine structure (EXAFS) region reveals that the distance of the
first oxygen coordination shell around calcium (R) is 2.4 +
0.04 A and the coordination number (V) is 6.4 + 3.3, as de-
tailed in Figure S2. No more distant shells are observed, sug-
gesting that our particles are amorphous, well in agreement

with our FTIR and XANES results. Our EXAFS results agree
well with those reported for ACC particles that have

Figure 2. Influence of particle size. TEM images of ACC parti-
cles with a diameter of (a) 47 nm, (b) 65 nm, (c) 97 nm, (d) 112
nm and (e) 130 nm with the SAED patterns as insets. (f) TEM
image of a 130 nm diameter ACC particle that has been stored in
a desiccator under reduced pressure for 2 months.

been produced in bulk,” providing evidence that the spray-
dried ACC particles possess a similar short-range order. To
further confirm the amorphous structure of spray-dried parti-
cles, we perform X-ray diffraction (XRD) on the samples. In
agreement with our previous results, we do not observe any
sharp diffraction peak in the XRD trace of the spray-dried
sample, in stark contrast to the reference samples, as shown in
Figure 1f.

Influence of the formation time on the degree of hy-
dration in ACC particles

To investigate the influence of the formation time of spray-
dried ACC particles on their morphology, we visualize them
using transmission electron microscopy (TEM). To minimize
the risk for electron beam-induced changes in the morphology
of the spray-dried particles while they are imaged, we acquire
images with a relatively low, well-defined electron dose of 60
e'A™”s™'. When imaged under these conditions, the morphol-
ogy of particles changes only minimally during a 100 s long
exposure, as shown in Movie S1. The acquisition time of a
TEM image is much shorter, approximately 10 s, and there-
fore we assume the morphology of particles to remain un-
changed during the image acquisition. Spray-dried CaCO;
particles do not display any diffraction spots in their selected
area electron diffraction (SAED) patterns, as exemplified in
the insets of Figure 2a to Figure 2e. Instead, the SAED pat-
tern consists of diffuse rings, further confirming the amor-
phous structure of the particles, well in agreement with our
FTIR, XAS, and XRD results. However, particles with vary-
ing sizes show distinctly different morphologies: while parti-
cles with diameters below 50 nm have a uniform contrast,
larger particles contain electron-light domains that are embed-
ded in an electron-dense matrix. The number and average size
of the electron-light domains increase with increasing particle
size, as shown in Figures 2a-e. To exclude that this morphol-
ogy is related to the composition of the reactants used to
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Figure 3. Influence of the degree of hydration of ACC particles. (a) Atomic ratio of O to Ca (O/Ca) of ACC particles with an average
diameter of 130 nm (@) and those with an average diameter of 30 nm (A), as a function of the annealing temperature, as well as a calcite
reference sample (W), as quantified from XPS measurements. These results indicate that larger ACC particles are more hydrated than smaller
counterparts. (b) Ca-K edge XANES spectra and (c) the corresponding positions of the absorption edge of ACC particles with an average
diameter of 130 nm that are heated in situ to different temperatures. Following the direction of arrow, the temperature is increased from room
temperature (RT) to 100 °C, 170 °C, 240 °C, 300 °C, 340 °C and 380 °C. The results indicate that structural water is lost at temperatures
exceeding 170°C. (d) Full width half maximum (FWHM) of the Ca 2P5), peaks of ACC particles with an average diameter of 130 nm as a
function of the annealing temperature, as determined with XPS. (e) Power spectral density (PSD) plots of the freshly produced (blue) particles
and those annealed at 200 °C for 3 h (red) calculated from the AFM images. The annealed particles have a significantly lower PSD than the
as-prepared ones in a spatial frequency (k) ranging from 2x10% to 10° m™ that corresponds to features with a size of 6-30 nm in real space.
These results indicate that the number of 6-30 nm sized features on the surface of particles significantly decreases upon annealing. The
measurement has been repeated on different particles, each represented by one curve in the figure. (f) TEM images and SAED pattern of 130
nm diameter ACC particles that have been annealed at different temperatures.

produce ACC particles, we co-spray dry an aqueous solution
containing CaCl, with one containing Na,COs. The resulting
ACC particles display a very similar morphology, as shown
in Figure S3, indicating that this morphology is inherent to
our ACC particles. Transmission electron microscopy images
of ACC 3particles that display two distinctly different
phases”***® as well as those with a homogeneous contrast™™’
have been reported. The origin of these differences in mor-
phology is not yet fully understood. A possible reason for

these abrupt changes in contrast within a single particle is ra-
diolysis, where the electron beam ionizes water contained in
ACC particles and converts it into gases.”® The resulting gases
are trapped within the particles and form pores that corre-
spond to the electron-light regions.”"”’ In this case, the elec-
tron beam-induced phase separation could be taken as a qual-
itative measure for the degree of hydration of the ACC parti-
cles. Our results would then suggest that the propensity of par-
ticles to undergo electron beam-induced phase separation in-



creases with increasing degree of hydration. To test this sug-
gestion, we store spray-dried ACC particles in a desiccator at
reduced pressure for two months to remove parts of the water
contained in as-prepared ACC particles.” Indeed, these dried
particles display much smaller electron-light regions than as-
prepared particles with similar diameters, as a comparison be-
tween Figure 2e and Figure 2f reveals. These results suggest
that the observed phase separation is related to the degree of
hydration of the particles. Hence, we conclude that small par-
ticles, whose formation is quenched at earlier stages, are less
hydrated than their larger counterparts. Our TEM results indi-
cate that the degree of hydration increases with increasing for-
mation time and hence, with increasing particle size. To test
this suggestion, we quantify the amount of water contained in
spray-dried ACC particles using X-ray photoelectron spec-
troscopy (XPS). XPS only probes the surface of particles.
However, because the TEM images do not provide any evi-
dence for core-shell structures of our particles, as shown in
Figure 2, we approximate the surface composition of the par-
ticles to be equal to that of their cores. Using this approxima-
tion, we quantify the amount of water contained in particles
with an average diameter of 130 nm, whose formation time is
10 s. Similarly, we quantify the amount of water contained in
particles with an average diameter of 30 nm, whose formation
time is 100 ms. The molar amount of water contained in 30
nm diameter particles is 30 % lower than that contained in
larger particles, as indicated by the lower atomic ratio of O to
Ca, shown in Figure 3a and described in the Supporting In-
formation. This result indicates that the degree of hydration
of spray-dried ACC particles increases with increasing for-
mation time and supports our TEM results. The correlation
between the formation time and the amount of mobile water
contained in ACC particles might be a contributing reason for
the wide range of degrees of hydrations that have been re-
ported for particles produced under similar conditions, where
molar ratios of H,O to CaCO; vary from 0.4 to 1.58 2134336061

Mobility of water contained in ACC particles

Our results suggest that larger ACC particles possess a higher
degree of hydration. This water is well-known to influence the
stability of ACC particles but the extent of its effect depends
on its interaction with CaCO3.62’64 Water contained in ACC
can weakly interact with CO;”> and therefore possess a high
mobility.53’65’67 Water can also strongly interact with Ca”"ions
such that it has a restricted mobility and is considered to be
structural water.”*> % This strongly bound water is an integral
part of the structure of ACC, such that its loss is accompanied
by a re-arrangement of Ca’~ and CO;”.*** Because of the
stronger interatomic interactions, structural water evaporates
at much higher temperatures than mobile water does.*** To
test if spray-dried 130 nm diameter ACC particles contain any
structural water, we acquire XANES spectra as a function of
the temperature that is varied in situ. When the temperature is
increased above 170 °C, a shoulder around 4060 eV appears
and the position of the absorption edge is shifted towards
lower values, as summarized in Figure 3b and Figure 3c.
These results hint at a re-arrangement of the ions that occurs
upon removal of structural water. In line with these observa-
tions, the full width half maximum (FWHM) of the Ca 2P;,,
peak measured with XPS increases significantly if the parti-
cles are annealed at temperatures above 200°C, as shown in
Figure 3d. These results indicate that ion re-arrangement oc-
curs both, in the core and at the surface of the particles.

If a large fraction of ions located in proximity to the surface
re-arranges, we expect the surface roughness of these particles
to change. To test this expectation, we image the surface of
these particles with atomic force microscopy (AFM) before
and after they have been annealed at 200 °C for 3 h. Indeed, a
comparison of the power spectral density function (PSDF)
analysis performed on the AFM images reveals that annealed
particles have a considerably smoother surface than the as-
produced counterparts, as shown in Figure 3e. These results
indicate that structural water is removed around 200 °C and
this removal is accompanied by a re-arrangement of the ions
contained in ACC.

Our results suggest that spray-dried particles encompass a sig-
nificant amount of structural water. To quantify the amount of
structural water, we measure the O/Ca ratio of the particles as
a function of the annealing temperature using XPS. Particles
with diameters around 130 nm contain approximately 1.2 H,O
molecule per CaCO;. Approximately 50% of this water is re-
moved below 200 °C, whereas the remaining water is re-
moved between 200 °C and 300 °C, as summarized in Figure
3a. These results suggest that about 50% of the water con-
tained in 130 nm diameter particles is structural water, corre-
sponding to a concentration of 0.6 molecules of structural H,O
per CaCOj;. Remarkably, this concentration is very similar to
the total amount of water contained in 30 nm diameter ACC
particles, suggesting that the majority of water contained in
these small particles is structural. To test this suggestion, we
quantify the degree of hydration of 30 nm diameter particles
that have been annealed at 200°C. Indeed, the degree of hy-
dration of 30 nm diameter particles does not measurably
change upon annealing at 200°C for 3 h, as shown in Figure
3a. These results indicate that the vast majority of water con-
tained in smaller particles is structural. The very low concen-
tration of mobile water contained in 30 nm diameter particles
likely renders them more stable against radiolysis, as shown
in Figure 2a. To test if it is indeed the amount of mobile water
contained in ACC particles that determines their susceptibility
towards radiolysis and not their size, we visualize larger par-
ticles that have been annealed at different temperatures using
TEM. While particles with a diameter of 130 nm that have
been annealed at 100°C or below undergo considerable elec-
tron beam-induced phase separation, particles annealed at 200
°C or above only contain very few electron-light domains, as
shown in Figure 3f. These results confirm that the presence
of mobile water renders particles prone to undergo electron
beam-induced phase separation. Moreover, these results sug-
gest that the observed increase in the degree of hydration with
increasing size of the ACC particles is mainly attributed to the
increasing amount of mobile water.

Influence of mobile water on the stability of ACC parti-
cles

The electron beam is known to decompose CaCOj into crys-
talline CaO and CO,, if its intensity is sufficiently high.68 If
ACC particles are imaged with a low dose of electrons, 60
e'A?s”, we do not observe any formation of CaO. However,
we expect the particles that contain a high concentration of
mobile water and hence that undergo radiolysis even if ex-
posed to a low electron dose, to also be prone to an electron
beam-induced decomposition. To test our expectation, we ex-
pose particles to a high electron dose of approximately 400
e'A™s™ and observe structural changes in situ. In 130 nm di-
ameter particles that contain significant amounts of mobile
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Figure 4. Stability of ACC particles against electron beam-induced decomposition and temperature-induced crystallization. (a) Time-
lapse TEM images and SAED pattern of a 130 nm diameter ACC particle exposed to a focused electron beam with a dose of 400 e:A%s™.
(b) Influence of the diameter (dyp) of as-prepared ACC particles (M) and those dehydrated in vacuum (4, on the exposure time required to
induce the formation of CaO crystals. (c, d) TEM images and SAED patterns of (c) 45 nm and (d) 130 nm diameter ACC particles that have
been annealed at different temperatures. These results indicate that particles that have been partially dehydrated are less prone to undergo

electron beam-induced decomposition.

water, the electron-light domains rapidly grow and coalesce
before small crystals start to form at the interface of the do-
mains, as illustrated in time-lapse TEM micrographs of Fig-
ure 4a and in Movie S2. The crystals that form at the interface
and grow into the electron-dense phase are composed of CaO,
as indicated by the diffraction pattern in Figure 4a. The illu-
mination time required to induce this decomposition increases
with decreasing particle size, as summarized in Figure 4b.

This result suggests that the time required to induce the de-
composition of ACC into CaO scales inversely with the
amount of mobile water contained in ACC. To confirm this
suggestion, we dehydrate the ACC particles in vacuum or by
annealing them at 300 °C and subsequently expose them to a
focused electron beam. The dehydrated particles are signifi-
cantly more stable than as-produced counterparts with a sim-
ilar average diameter, as shown in time-lapse TEM micro-
graphs in Figure S6 and summarized in Figure 4b. These re-
sults confirm that the stability of ACC particles against elec-
tron beam-induced decomposition increases with decreasing
amount of mobile water.

The stability of ACC particles against crystallization depends
on the degree of hydration.ZI’27 However, it is unclear if this
stability depends on the amount of mobile or structural water.
To study the influence of the amount of mobile water on the
stability of spray-dried particles, we anneal particles with an
average diameter of 45 nm and those with an average diameter
of 130 nm in a furnace and quantify the temperature where
temperature-induced crystallization occurs using TEM. ACC
particles with a diameter of 130 nm start to crystallize at 330
°C whereas those with a diameter of 45 nm that contain only
a very small fraction of mobile water start to crystallize at a
significantly higher temperature, 370 °C, as shown in the
TEM images and SAED patterns in Figure 4¢ and Fig 4d.

These results indicate that the temperature where ACC parti-
cles start to crystallize decreases with increasing amount of
mobile water. Because the amount of mobile water in our
ACC particles increases with increasing size, the temperature
where particles start to crystallize decreases with increasing
size, well in agreement with previous reports on ACC parti-
cles produced in bulk.”' Our results suggest that this decrease
in the crystallization temperature measured for particles
whose diameter increases from 30 — 130 nm is related to their
change in composition, the increased degree of hydration, ra-
ther than being purely a size effect.

The concentration of mobile water contained in ACC particles
determines their stability against temperature-induced crystal-
lization. Interestingly, the concentration of mobile water con-
tained in ACC particles also influences the size of the result-
ing crystals: The size of grains formed in 45 nm diameter par-
ticles is much smaller than that of grains formed in 130 nm
diameter particles, as shown in Figure 4¢ and Figure 4d. In-
deed, 130 nm particles often transform into a single crystal
whereas 45 nm diameter particles are transformed into poly-
crystals. We attribute this difference to the mobility of the
ions: larger particles contain a higher amount of mobile water
that likely enhances the mobility of Ca®" and CO,”. The
higher mobility allows nuclei to grow relatively quickly and
consume the ions before many more nuclei can form. By con-
trast, the mobility of Ca”" and CO5” contained in smaller par-
ticles, that contain less mobile water, is likely lower such that
the crystals grow much slower and many more nuclei can
form before all the ions contained in ACC are consumed.

Influence of poly(acrylic acid) on the stability of ACC
particles

The formation of ACC particles
crystalliza'[ionﬂ’74

670 and their stability against

strongly depend on the additives contained



in them. To test if additives influence the amount of mobile
water contained in ACC particles, we produce ACC particles
that are functionalized with poly(acrylic acid) (PAA) through
co-spray-drying; poly(acrylic acid) is known to delay the crys-
tallization of ACC****"*"* without measurably altering its de-
gree of hydration.72 The spray-dried PA A-functionalized par-
ticles are significantly smaller than additive-free counterparts
and individual particles are interconnected by PAA, as de-
tailed in Figure S7. The most striking difference between
PAA-functionalized and additive-free particles is their stabil-
ity against electron beam-induced phase separation: PAA-
functionalized particles with diameters up to 100 nm do not
undergo electron beam-induced phase separation, in stark
contrast to additive-free counterparts with similar sizes, as
shown in Figure 5a. This result indicates that the water con-
tained in PAA-functionalized particles is less mobile, likely
because it strongly interacts with PAA.” This behavior is sim-
ilar to that observed for other additives, such as poly(sodium
styrenesulfonate),75 Mg%,50 and PO,”.° As a result of the
lower mobility of water contained in ACC, these particles are
more stable against electron beam-induced decomposition:
PAA-functionalized particles with a diameter of 100 nm do
not undergo any decomposition even if exposed to a focused

electron beam for 280 s, which is six times longer than the
time required to induce decomposition of additive-free parti-
cles of a similar size, as shown in Figure 5b. Similarly, PAA-
functionalized particles are more stable against temperature-
induced crystallization: these particles do not crystallize even
if exposed to 370 °C for 3 h although they undergo a noticea-
ble change in morphology, as shown in Figure 5¢, well in
agreement with results reported for particles produced in
bulk.”” We assign the higher stability of PAA-functionalized
particles again to the lower mobility of water that results in an
increased free energy barrier for crystallization.™

Figure 5. PAA-functionalized ACC particle. (a-b) TEM images
(left) and SAED patterns (right) of a 100 nm diameter PAA-
functionalized ACC particle (a) as-produced and (b) after having

been exposed to a focused electron beam with a dose of 400 e-A
25! for 280 s indicate that these particles are less prone to un-
dergo electron beam-induced changes in their morphology. (c)
TEM image and SAED patterns of a PAA-functionalized ACC
particle after having been annealed at 370 °C for 3 h.

DISCUSSION

Molecular dynamics simulations predict water to play a key
role in the formation of ACC particles.zs’77 They show that the
enthalpy of ACC particles decreases with increasing degree of
hydration,zs’&’64 in good agreement with calorimetric meas-
urements.””” However, the incorporation of water into ACC
reduces the total entropy of the ACC-H,O system with respect
to the aqueous solution and it is still unclear whether the en-
thalpy or entropy term dominates the formation and growth of
ACC.>**% Our results indicate that with increasing particle
size from 30 to 130 nm, the amount of mobile water increases.
As a result, the enthalpy of the system decreases during the
growth of ACC. While the precise estimation of entropy pen-
alty that results from the incorporation of water into ACC is
complicated and ambiguous,zs’sg’64 we expect the entropy pen-
alty due to incorporation of mobile water to be smaller than
that for structural water and thereby it can be negligible.
Hence, the increased amount of mobile water that increases
with increasing particle size reduces the free energy of the sys-
tem, rendering the ACC growth thermodynamically favora-
ble, as schematically illustrated in Figure 6.

To transform ACC particles into crystals that do not possess
water, water contained in ACC must be (3)(pelled.21’23’36’78 If
put in bulk solutions at room temperatures and ambient pres-
sures, ACC particles dissolve and recrystallize from a super-
saturated solution.* By contrast, if high temperature or high
pressure27 is applied without the presence of bulk water or
high relative humidity, ACC particles crystallize through
solid-state transformation. As we transform ACC particles
into crystals by annealing them at elevated temperature, we
expect the crystallization goes through solid-state transfor-
mation. During the solid-state transformation, the hydrated
ACC dehydrates into anhydrous one prior to the secondary
nucleation by the re-arrangement of Ca’"and COy™ among the
amorphous matrix. This is in good agreement with our obser-
vation in Figure 3. Moreover, at a temperature of 300 °C that
is slightly below the critical crystallization temperature, where
most of water contained in particles have been removed, no
crystals caused by ACC dissolving and recrystallizing are pre-
sent. Hence, this confirms that ACC particles undergo solid-
state transformation when they are annealed at higher temper-

atures.

It has been shown the dehydration process is endothermic,””**

while the transformation from anhydrous ACC to crystals is
exothermic. As a result, the kinetics of ACC crystallization
and therefore its stability is more controlled by the free energy
barrier of dehydration step in the solid-state transformation.
An increasing amount of mobile water contained in larger par-
ticles likely decreases the free energy barrier through increas-
ing the mobility of Ca”" and CO5” ions and hence facilitates
their re-arrangement.”®” Hence, larger particles are less stable
against solid-state transformation, well in agreement with our
experimental results. By contrast, if ACC particles crystallize
via dissolution and recrystallization in bulk solutions at room
temperatures and pressures,go this process is thermodynami-
cally favorable since the dissolution is exothermic. As a result,
the dissolution and crystallization rate are less affected by the



amount of mobile water but mass transport. Due to a higher
surface/volume ratio, smaller particles are expected to dis-
solve and crystallize much faster than larger particles, which
well supports the reported results for ACC particles that have
been produced with bulk method.” To sum up, the different
factors that govern the kinetics of crystallization performed in
bulk solution and through solid-state transformation might be
the reason why small particles are more stable against solid-
state transformation than larger ones but less stable against
crystallization in solution.
Formation of ACC
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Figure 6. Schematic illustration of the growth of ACC parti-
cles and their transformation into crystals. The free energy (G)
of ACC particles decreases with increasing formation time (%),
particle diameter (dyp), and degree of hydration (n). ACC parti-
cles can transform into crystals through solid-state transformation
(left) or dissolution-recrystallization (right). If crystallized
through a temperature-induced solid-state transformation, the
crystallization temperature (7,,,) decreases with increasing parti-
cle size and hence with increasing amount of mobile water con-
tained in ACC particles. By contrast, if crystallized through dis-
solution-recrystallization, the time required for crystals to form
(t4is-cry) increases with increasing particle size and hence with in-
creasing amount of mobile water contained in them.

CONCLUSION

The microfluidic spray-dryer quenches reactions through
rapid drying of the aqueous solution without the need for or-
ganic solvents. Thereby, it enables studying early stages of the
formation of ACC particles with a high temporal resolution.
We demonstrate that the amount of mobile water contained in
ACC particles increases with increasing formation time and
hence, with increasing particle size. The amount of mobile
water contained in these particles influences their kinetic sta-
bility against temperature-induced solid-state transformation
and electron beam-induced decomposition. While we investi-
gated the role of water in the formation and transformation of
CaCOs, our findings are not limited to this material but most
likely also apply to the formation of many other materials that
form via transient precursors, such as calcium phosphate, cal-
cium oxalate, or calcium sulfate. Hence, our results enable
the development of processes that offer a superior control over
the degree of hydration and thus over the stability of transient
precursors. Thereby, they might open up new possibilities to
fabricate ceramic-based composites with a much tighter con-
trol over their structure and therefore over their properties.
This will facilitate the fabrication of functional materials

whose structures and properties more closely resemble those
of natural counterparts.

EXPERIMENTS
Preparation of solution

All reagents are used as received. A saturated solution of
Ca(OH), (~23 mM) is prepared by adding 2 g Ca(OH), (ACS
reagent, >95.0%, Sigma-Aldrich) in 1 L deionized water (Di-
rect-Q®, Merck Millipore, 25 °C) and stirring overnight. To
avoid the formation of CaCOj; precipitates, we degas the water
over night using N,. This solution (pH~12.6) is filtered
through a 0.2-um syringe filter (CH-PTFE-20/25,
HROMAFIL® Xtra) and diluted to 2 mM (pH~11.6) before
the experiment. To produce PAA-functionalized ACC parti-
cles, we add poly(acrylic acid) (PAA, Mw ~100,000 Da, 35
wt. % in H,O, Sigma-Aldrich) with a concentration of 50
ug-mL'l to the solution containing 2 mM Ca(OH),. To test the
influence of the counterion to the Ca®" and CO32‘ ions used to
produce CaCO; particles, we employ an aqueous solution
containing 4 mM calcium chloride (=98 %, anhydrous, Carl
Roth) and one containing 4 mM sodium carbonate (ACS rea-
gent, >99.5 %, anhydrous, Carl Roth).

Production of spray-dried ACC nanoparticles

We employ a PDMS-based microfluidic spray-dryer that con-
tains two inlets for liquids and six inlets for gases, as has pre-
viously been published.47 The spray-dryer is made of poly(di-
methylsiloxane) (PDMS, Sylgard 184, Dow Corning) using
soft lithography.48 To make the channels non-wetting for the
water drops, the surfaces of the channels are treated with do-
decane (>99.0%, ABCR) containing 5 vol% trichlorodo-
decylsilane (>95.0%, Sigma-Aldrich). Drops form at the first
liquid-gas junction and are sequentially accelerated by the gas
that is injected through the additional gas inlets. They are col-
lected on a solid substrate and subsequently fully dried by the
gas flow that exits the microfluidic spray-dryer.

To avoid any influence of counter ions such as Na” and C1” on
the structure and stability of spray-dried particles, we produce
them from an aqueous solution containing Ca(OH), and ex-
pose it to CO,. We inject an aqueous solution containing 2
mM Ca(OH), into the first liquid inlet at a flow rate of 1 ml-h’
' using a syringe pump (Cronus Sigma 1000, Labhut). The se-
cond liquid inlet is included for flexibility and blocked for
these experiments. To prevent precipitation reactions prior to
drop formation, we form airborne drops containing Ca(OH),
using air. Drops are accelerated in the main channel by intro-
ducing additional air through inlets 2-5. To ensure complete
conversion of Ca(OH), into CaCOs, the air injected through
the last inlet is enriched with 10 vol% CO; that is produced by
a gas mixer (KM60-2ME, Witt). We keep the pressure at all
the air inlets constant at 0.3 MPa. Drops are collected on a
silicon wafer or a carbon-coated TEM grid located 20 cm
apart from the outlet of the device. After drops are fully dried
by the gas flow existing the device, the solid particles are char-
acterized.

To produce PAA-functionalized particles, we inject an aque-
ous solution containing 50 ],Lg-mL'l PAA and 2 mM Ca(OH),
and operate the device under same conditions. To produce
ACC particles from aqueous solutions containing CaCl, and
Na,CO;, we inject an aqueous solution containing 4 mM
CaCl, at 0.5 mL+h™" into the first liquid inlet and the second
aqueous solution containing 4 mM Na,COj; at 0.5 mL-h" into



the second liquid inlet. in this case, all 6 gas inlets are supplied
with pure air.

As references, calcite powder (ACS reagent, >99.0%, Sigma-
Aldrich) and calcium hydroxide (ACS reagent, >95.0%,
Sigma-Aldrich) are used as received.

Dehydration of spray-dried ACC nanoparticles

We use thermal annealing and vacuum drying to dehydrate the
ACC particles. Particles that are deposited onto TEM grids are
heated in a nitrogen atmosphere using a Thermogravimetry
Analysis 4000 (Perkin Elmer) at a rate of 10 °C-min”" before
they are kept at the desired temperature for 3 h. Particles that
are deposited onto a silicon wafer are annealed in the muffle
furnace (France-Etuves) at the desired temperature for 3 h.
Particles that are dehydrated in vacuum are kept in a vacuum
desiccator (VWR) for 2 months.

Characterizations
Scanning electron microscopy (SEM)

The size of ACC particles is characterized using Zeiss Merlin
field emission SEM operated at an acceleration voltage of 6
kV and a probe of 100 pA. To avoid charging of the samples,
they are coated with a 4 nm thick iridium film.

Fourier-transform infrared spectroscopy (FTIR)

Attenuated total reflection (ATR) infrared spectra are rec-
orded with a Nicolet 6700 spectrometer (Thermo Scientific)
equipped with a Golden Gate Standard ZnSe Lenses ATR ac-
cessory (SPECAC). Traces are acquired between 4000-600
cm™ at a resolution of 4 cm™. For each trace, 32 scans are av-
eraged. The spray-dried ACC particles are directly collected
on a silicon wafer and analyzed on this substrate while crystal
reference samples are placed on the ATR crystals and covered
with a silicon wafer.

X-ray diffraction (XRD)

X-ray diffraction traces are acquired using an Empyrean dif-
fractometer (PANalytical) equipped with a PIXcel-1D detec-
tor using a Cu Ka radiation source with a wavelength of
1.5405 A. To maximize the signal to noise ratio, traces are
acquired at a grazing incident angle of 1°. The diffraction pat-
terns are collected within a 26 range of 15 to 50° and at a scan-
ning rate of 0.1 °.s!. For these measurements, samples are
deposited on a one-side polished silicon water.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy measurements are carried
out using a PHI VersaProbe II scanning XPS microprobe
(Physical Electronics) with monochromatic Al Ko X-ray
source operated at 24.8 W. The beam size of the X-ray source
is 100 um. For these measurements, samples are deposited
onto a silicon wafer that is coated with 20 nm platinum film
to avoid any oxygen contribution from the substrate. Data is
analyzed using CasaXPS software. All the binding energies
are normalized to the carbon 1s peak at 285¢V."

X-ray absorption spectroscopy (XAS)

All the XAS experiments are performed at the PHOENIX un-
dulator beamline from the Swiss Light Source (Paul Scherrer
Institut, Villigen, Switzerland), which provides photons in the
tender X-ray region (0.8 to 8 keV). The size of incident photon
beam is 1 mm X 1 mm. For the measurements, the spray-dried
ACC particles are directly deposited onto carbon-coated cop-
per TEM grids. The XAS spectra are acquired in total fluores-
cence mode using a single element silicon drift diode (Ketek

GmbH, Germany). As the samples are monolayers of parti-
cles, there are no self-absorption effects that usually distort
the fluorescence spectra in thick samples. The reference sam-
ples are deposited onto a conductive carbon tape glued on a
copper plate. The spectra are acquired in the total electron
yield mode, which is self-absorption free. All the obtained
XAS spectra are corrected by measuring the incident photon
flux with a nickel-coated polyester foil that is placed in front
of samples and in the beam. The XANES spectra are normal-
ized using the Demeter software.”” The EXAFS spectra are
measured up to k= 10 A" with a step size of 0.05 A™'. The
resistive heating system (ISOHEAT Mil Heating Systems
GmbH, Germany) is used to vary the temperature in sifu in
XAS measurements. The temperature is monitored using a
Pt100 resistive sensor connected to the sample holder.

Atomic force microscopy (AFM)

Atomic force microscopy measurements are conducted in am-
bient conditions in amplitude modulation mode on a Cypher
S system (Asylum Research/Oxford Instruments). The sensi-
tivity of the cantilevers (AC240TS, Olympus) and their spring
constant are calibrated using the built-in GetReal™ Auto-
mated Probe Calibration procedure. The cantilevers are driven
acoustically. The values of the free amplitude are in the range
10-20 nm, with a relative set-point amplitude of 75 %. The
scan rates are in the range 3 — 5 Hz. The ACC particles are
directly deposited onto carbon-coated copper TEM grids. Im-
age analysis is performed in Gwyddion83
(http://gwyddion.net/) and power spectral density function
(PSDF) is calculated using the built-in function. Power spec-
tral density function is a Fourier transform of the autocorrela-
tion function and represents the contributions of different spa-
tial length scales to the fluctuations in the topography. It there-
fore provides a global evaluation of the surface roughness of
the particles. To avoid the artifacts caused by the background,
the PSDF analysis are conducted on an inscribed rectangular
region of the surface of each nanoparticle.

Transmission electron microscopy (TEM)

Transmission electron microscopy is conducted on a field
emission Talos (FEI) using an acceleration voltage of 200 kV.
The condenser aperture 1 is 2000 um and the condenser aper-
ture 2 is 100 um. The ACC particles are directly sprayed to
carbon film-coated copper or molybdenum grids. Unless spec-
ified otherwise, the dose of electrons is kept constant at 60
e'A?s™ and the magnification is kept constant at 190,000 x.
To investigate the stability of ACC particles against electron
beam-induced decomposition, we increase the electron dose
to 400 e:A”s”'. SAED patterns are collected using a 10 um
aperture.
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