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Abstract

Nature produces CaCO3-based materials that display fascinating mechanical proper-

ties. These properties are a result of the exquisite control over the formation of CaCO3

crystals that nature possesses. Such a high level of control is likely achieved, at least in

parts, by controlling the crystallization of CaCO3 via a transient phase, amorphous

CaCO3 (ACC), with certain soluble additives and insoluble organic scaffolds present

in living organisms. Inspired by the excellent properties of natural CaCO3-based ma-

terials, a lot of research has been devoted to the fabrication of synthetic counterparts

with similar properties. Yet, we are far from obtaining the same degree of control over

the properties of these synthetic materials. A contributing reason for this inferior

control is our incomplete understanding of the influence of the processing conditions,

soluble additives, and insoluble scaffolds on the formation of CaCO3 and thereby the

composition, structure and properties of resulting materials.

This thesis is devoted to gaining a better understanding of the early stages of the CaCO3

formation. To achieve this goal, we introduce a new, organic solvent-free method

to quench this process with a high temporal resolution. We produce ACC particles

using a microfluidic spray-dryer and characterize them with different techniques. This

method allows us to demonstrate that the amount of mobile water contained in ACC

particles increases during their growth. As a result of the higher amount of mobile

water, larger particles display a lower kinetic stability against the temperature-induced

crystallization than smaller counterparts. We also reveal that certain additives reduce

the amount of mobile water contained in ACC particles, thereby increasing their ki-

netic stability if exposed to elevated temperatures. To study the influence of additives

on the kinetic stability of ACC against crystallization in more detail, we expose ACC

particles functionalized with different additives to a humid environment or elevated

pressures. We monitor the evolution of the structure and degree of hydration of these

ACC particles during their crystallization. We show that the humidity-induced crystal-
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lization of ACC follows a distinctly different pathway than the pressure-induced one.

In both pathways, the amount of water and its mobility that depends on its interaction

strength with additives can influence the crystallization kinetics of ACC. The resulting

CaCO3 crystals display a difference in their size, morphology, orientation, and struc-

ture. To process ACC particles into bulk CaCO3-based materials that possess similar

mechanical properties to natural ones, insoluble organic scaffolds that offer a control

over the local composition and structures of these materials across multiple length

scales are typically required. To open up new possibilities of achieving this goal, we

develop a new method to fabricate two dimensional (2D) structured hydrogel sheets.

These 2D structured hydrogel sheets are composed of self-assembled, crosslinked

hexagonal prismatic hydrogel particles. Using this method, we can vary the microscale

structure and composition of these hydrogel sheets with the size, composition and ar-

rangement of individual particles, their surface morphology with the polymerization

conditions, and their mechanical properties with the crosslink density.

Keywords: bio-inspired materials, CaCO3, ACC, crystallization, water, soluble addi-

tives, insoluble organic scaffolds.
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Résumé

La nature produit des matériaux à base de CaCO3 qui présentent des propriétés

mécaniques fascinantes. Ces propriétés sont le résultat d’un contrôle exquis sur la for-

mation des cristaux de CaCO3 que la nature possède. Un tel niveau élevé de contrôle

est probablement atteint, au moins en partie, en contrôlant la cristallisation du CaCO3

via une phase transitoire, le CaCO3 amorphe (ACC), avec certains additifs solubles et

des échafaudages organiques insolubles présents dans les organismes vivants. Inspiré

par les excellentes propriétés des matériaux naturels à base de CaCO3, de nombreuses

recherches ont été consacrées à la fabrication d’équivalents synthétiques aux proprié-

tés similaires. Pourtant, nous sommes loin d’obtenir le même degré de contrôle sur

les propriétés de ces matériaux synthétiques. Une des raisons de ce contrôle inférieur

est notre compréhension incomplète de l’influence des conditions de transformation,

des additifs solubles et des échafaudages insolubles sur la formation du CaCO3 et

donc sur la composition, la structure et les propriétés des matériaux obtenus.

Cette thèse est consacrée à une meilleure compréhension des premières étapes de

la formation du CaCO3. Pour atteindre cet objectif, nous introduisons une nouvelle

méthode sans solvant organique pour éteindre ce processus avec une résolution

temporelle élevée. Nous produisons des particules ACC à l’aide d’un atomiseur mi-

crofluidique et les caractérisons avec différentes techniques. Cette méthode nous

permet de démontrer que la quantité d’eau mobile contenue dans les particules ACC

augmente pendant leur croissance. En raison de la plus grande quantité d’eau mobile,

les particules plus grosses présentent une stabilité cinétique plus faible contre la

cristallisation induite par la température que les particules plus petites. Nous révélons

également que certains additifs réduisent la quantité d’eau mobile contenue dans

les particules de ACC, augmentant ainsi leur stabilité cinétique en cas d’exposition

à des températures élevées. Pour étudier plus en détail l’influence des additifs sur

la stabilité cinétique de l’ACC contre la cristallisation, nous exposons des particules
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d’ACC fonctionnalisées avec différents additifs à un environnement humide ou à

des pressions élevées. Nous surveillons l’évolution de la structure et du degré d’hy-

dratation de ces particules ACC pendant leur cristallisation. Nous montrons que la

cristallisation induite par l’humidité de l’ACC suit une voie nettement différente de

celle induite par la pression. Dans les deux voies, la quantité d’eau et sa mobilité

qui dépend de sa force d’interaction avec les additifs peuvent influencer la cinétique

de cristallisation du ACC. Les cristaux CaCO3 résultants présentent une différence

en leur taille, morphologie, orientation et structure. Pour transformer les particules

ACC en matériaux en vrac à base de CaCO3 qui possèdent des propriétés mécaniques

similaires à celles des matériaux naturels, des échafaudages organiques insolubles qui

permettent de contrôler la composition et les structures locales de ces matériaux sur

plusieurs échelles de longueur sont généralement nécessaires. Afin d’ouvrir de nou-

velles possibilités pour atteindre cet objectif, nous développons une nouvelle méthode

de fabrication de feuilles d’hydrogel structurées en deux dimensions (2D). Ces feuilles

d’hydrogel 2D structurées sont composées de particules d’hydrogel prismatiques

hexagonales réticulées et auto-assemblées. En utilisant cette méthode, nous pouvons

varier la structure microscopique et la composition de ces feuilles d’hydrogel avec la

taille, la composition et la disposition des particules individuelles, leur morphologie

de surface avec les conditions de polymérisation, et leurs propriétés mécaniques avec

la densité de réticulation.

Mots-clés : matériaux inspirés du bio, CaCO3, ACC, cristallisation, eau, additifs so-

lubles, échafaudages organiques insolubles.
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1 Introduction

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

This chapter is adapted from our review papers entitled: (a)“Water: How does it

influence the CaCO3 formation?,” authored by H. Du and E. Amstad, and published in

Angewandte Chemie International Edition, May 2019,[1] and (b) “Nacre-inspired Hard

and Tough Materials,” authored by H. Du, U. Steiner, and E. Amstad, and published in

CHIMIA International Journal for Chemistry, vol. 73, pp. 29–34, Feb. 2019.[2]

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

In this chapter, we provide an overview over the current understanding of the influence

of processing conditions, soluble additives, and insoluble organic scaffolds on the

different stages of the CaCO3 formation. In the first part of this chapter, we describe

different formation and crystallization mechanisms of ACC that have been proposed.

Within this framework, we relate different processing conditions to the structure,

hydration, crystallization kinetics of ACC and hence, the structure and morphology of

the resulting crystals. In the second part of this chapter, we summarize the influence

of soluble additives and insoluble scaffolds on the formation of CaCO3.
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Contents

1.1 Formation of ACC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
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1.2.1 Characterizations of the structure of ACC . . . . . . . . . . . . . 10

1.2.2 Influence of the hydration of ACC on its structure . . . . . . . . 14

1.3 Crystallization of ACC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3.1 Solid-state transformation . . . . . . . . . . . . . . . . . . . . . 17

1.3.2 Dissolution-reprecipitation . . . . . . . . . . . . . . . . . . . . . 20

1.4 Influence of soluble additives . . . . . . . . . . . . . . . . . . . . . . . . 23

1.4.1 Magnesium ions . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.4.2 Other low molecular weight additives . . . . . . . . . . . . . . . 27

1.4.3 High molecular weight additives . . . . . . . . . . . . . . . . . . 30

1.5 Influence of insoluble organic scaffolds . . . . . . . . . . . . . . . . . . 33

Nature fabricates biomineral-based materials with a fascinating combination of prop-

erties from a limited number of elements.[3] This wide range of properties that can

be accessed by nature is enabled by its tight control over the hierarchical structure

and local composition of biominerals.[4, 5] A prominent example of biominerals that

nature uses to build exceptionally strong and tough materials is CaCO3. Strong and

tough CaCO3-based materials, such as nacre, can be formed by nature because it pos-

sesses an exquisite control over the timing, orientation, size, and morphology of the

forming CaCO3.[6–10] Moreover, it can precisely control the structure of CaCO3 even

though numerous polymorphs, including an amorphous form, three anhydrous, and

three hydrated crystalline forms exist.[11] This level of control is likely in parts related

to the crystallization pathway of CaCO3 and the ability of certain soluble additives

and insoluble organic scaffolds present in natural organisms to influence it.[6–10]

Inspired by the fascinating properties of natural CaCO3-based materials, a lot of

research has been devoted to gaining a better understanding of the crystallization

pathway of CaCO3 in nature.[14–17] It has been suggested that these CaCO3 crystals

form via ACC phases that act as transient precursors. In many organisms such as

the sea urchins,[12, 14, 15, 17–19] crayfishs,[20, 21] corals,[22] and gastropods,[23]

these transient precursors are stored in designated reservoirs that serve as a tempo-

2



Introduction

Figure 1.1 – Examples of natural CaCO3-based materials. (a) Polarized light mi-
croscopy image of a cross section of a sea urchin tooth, which is composed of plates
(p), fibers (f), and polycrystalline matrix (m). Gray levels of the image correspond
to different angles between the linear polarization vector and the c-axis of CaCO3

crystals.[12] (b) SEM image of nacre contained in cephalopod N. pompilius with
arrows pointing to the organic interlayers.[13] (c) Schematic illustration of the compo-
sition and structure of the platelets made of nano-crystalline aragonite grains that are
separated by β-chitin and acidic proteins.[5]

ral storage of Ca2+ ions. They are transported to the desired location before being

rapidly transformed into CaCO3 crystals. This crystallization pathway usually results

in CaCO3 crystals that display a well-defined orientation. For example, the calcite

crystals that form in the sea urchin teeth all have the same orientation, as shown in

Figure 1.1a.[12] This preferential orientation is crucial for the mechanical strength of

these teeth.[19] Moreover, the crystallization pathway via ACC precursors allows cer-

tain organisms to rapidly fabricate or repair load-bearing structures on demand. For

example, freshwater crayfish usually store protein-stabilized ACC in their gastroliths

and use it to build their exoskeleton during molting.[20, 21]

The presence of soluble additives and insoluble organic scaffolds can significantly

influence the crystallization process of CaCO3 via the ACC pathway such that they

offer control over the local composition and hierarchical structure of the resulting

natural CaCO3-based materials.[8, 9, 16] As a result, they enable the outstanding

mechanical properties observed in many natural CaCO3-based materials.[5, 8, 19] An

illustrative, well-studied example is nacre, one of the toughest known biomaterials.[4,

5, 24] Indeed, nacre has been shown to form through the ACC pathway.[23] It is

composed of layered platelets made of aragonite, one of the metastable anhydrous

crystalline CaCO3 polymorphs, that are interspaced with thin organic layers composed

of insolubleβ-chitin and silk fibroins, as shown in Figure 1.1b.[5, 13, 23] Each platelet is
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made of aragonite nano-grains that all possess the same orientation and are separated

by β-chitin and soluble acidic proteins, as shown in Figure 1.1c.[5, 25] The presence

of soluble additives and insoluble organic scaffolds is crucial for the mechanical

properties of nacre: They enable plastic deformation of aragonite platelets if subjected

to mechanical loads, thereby significantly increasing their fracture toughness.[4, 5, 24,

26, 27]

These examples hint at the importance of the crystallization route of CaCO3 crystals via

ACC precursors and the presence of soluble additives and insoluble organic scaffolds

for the mechanical properties of these materials. However, how nature uses additives

and organic scaffolds to control the formation of CaCO3, including the formation,

stabilization, and crystallization of ACC, as well as the composition, size, structure,

morphology, and properties of the resulting crystals, is not fully understood.[8, 9] This

incomplete understanding prevents us from gaining a similar degree of control over

the structure and hence properties of synthetic CaCO3-based counterparts.

To gain a better understanding of the CaCO3 formation, CaCO3 crystals have been

produced in the laboratory where processing conditions have been systematically

varied in the presence and absence of additives or organic scaffolds. Particular atten-

tion has been paid to the influence of the formation time, the solute concentration,

pH, temperature, solvent, and additives present in the solutions, and the surface

chemistry and confinement of organic scaffolds during the formation of CaCO3. All

these parameters have been demonstrated to influence different stages of the CaCO3

formation, thereby affecting the composition, structure, morphology, and properties

of the resulting crystals, as summarized below.

1.1 Formation of ACC

In synthetic systems, CaCO3 is produced through precipitation reactions occurring

between Ca2+ and CO3
2- ions. The rate at which CaCO3 forms depends on the produc-

tion methods. A fast method to produce CaCO3 is direct mixing of an aqueous solution

containing Ca2+ ions with one containing CO3
2- ions.[28–31] The reaction rate can be

reduced by slowing down the diffusion of Ca2+ and CO3
2- ions. This can be achieved,

for example, by placing a membrane[32–34] or hydrogel plug[35–37] between one

solution containing Ca2+ ions and the other containing CO3
2- ions. Similarly, the

reaction rate is slowed down if CO3
2- ions are slowly generated in a Ca2+-containing

4



1.1. Formation of ACC

Figure 1.2 – Schematic illustration of proposed mechanisms of CaCO3 formation.
CaCO3 is most often formed from aqueous solutions containing Ca2+ and CO3

2- ions.
(i, ii) Crystalline CaCO3 nuclei can form and grow into big crystals through ion-by-ion
attachment following the classical nucleation theory (CNT), if the solutions are su-
persaturated with respect to any crystalline CaCO3 phase but undersaturated with
respect to that of ACC. However, in most synthetic systems, the solutions are supersat-
urated also with respect to ACC such that the first phase that forms is typically ACC.
ACC particles can form through different mechanisms: (iii) Counter ions associate
with each other such that they form highly hydrated chain-like ion clusters, so-called
prenucleation clusters (PNCs). PNCs subsequently aggregate, thereby forming liquid
phases or small ACC particles. (iv) An aqueous solution containing Ca2+ and CO3

2-

ions undergoes a spinodal or binodal liquid-liquid phase separation to form a solute-
rich liquid phase where ACC particles form through dehydration of the liquid phase
or nucleation from the liquid phase. (v) ACC nuclei directly form in the aqueous
solution. (vi) The formed small ACC particles grow until they transform into crystals.
This transformation can occur through a (vii) dissolution-reprecipitation mechanism
if ACC is in contact with free water or (viii) solid-state transformation if ACC is not in
contact with free water.

solution from other carbon sources. Carbonate ions can be formed from gaseous CO2

that is directly introduced into a Ca(OH)2-containing aqueous solution to precipitate

CaCO3.[38–41] Similarly, carbonate ions can be continuously produced for example

through the decomposition of ammonium carbonate.[42–44] Another commonly

used route to slowly produce CaCO3 is the Kitano method where an aqueous solution

saturated with Ca(HCO3)2 is stored in an open vial. During the storage of this solution,

Ca(HCO3)2 decomposes into CaCO3 by releasing CO2.[45–48].

In these production processes, CaCO3 crystals can form through different pathways,

as schematically summarized in Figure 1.2. If the concentration of Ca2+ and CO3
2-

ions in the solutions are sufficiently low such that the solutions are supersaturated
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with respect to any crystalline CaCO3 phase but undersaturated with respect to ACC,

the formation of CaCO3 crystals usually follows the classical nucleation and growth

pathway.[49–51] In this case, crystalline CaCO3 nuclei form and subsequently grow

into larger crystals via an ion-by-ion attachment process. However, in most synthetic

systems, the solutions are supersaturated with respect to ACC such that the first phase

that forms is typically ACC.[30, 52–55] The mechanisms of the ACC formation are

still debated and most likely depend on the exact processing conditions.[56–59] Dif-

ferent types of intermediate species, such as PNCs and liquid precursors have been

reported to precede the ACC formation, as summarized in Figure 1.3.[46, 56, 60–62]

Prenucleation clusters have been observed in undersaturated and supersaturated

solutions using titration experiments, as exemplified in Figure 1.3a.[60] In addition,

clusters with a well-defined diameter of around 2 nm have been observed with an-

alytical ultracentrifugation (AUC),[60] cryogenic transmission electron microscopy

(cryo-TEM),[48] and small angle X-ray scattering (SAXS).[63, 64] These experimental

findings are supported by molecular dynamics (MD) simulations that indicate that

PNCs are dynamically ordered liquid-like oxyanion polymers (DOLLOPs) composed

of alternating Ca2+ and CO3
2- ions, as shown in Figure 1.3b.[65]

Experiments and simulations suggest that the formation of PNCs, their stability and

dynamic behavior is strongly influenced by water molecules that are associated with

these clusters.[65, 66] Based on these observations, it was suggested that ACC forms

through the aggregation of PNCs following a non-classical route.[56, 60] However,

more recent experimental studies and MD simulations do not provide evidence for

the existence of significant amounts of PNCs.[57, 67, 68] Even if PNCs were present

under certain experimental conditions, their role in the formation of ACC requires

further clarification.[57] For example, these intermediate clusters have originally been

proposed to be thermodynamically stable and decrease the nucleation barrier for

the formation of CaCO3 crystals.[60] This contrasts with more recent work indicating

that the height of the nucleation barrier increases if PNCs are thermodynamically

stable.[57, 69]

Early stages of the CaCO3 formation are often accompanied by the observation that

certain liquid-like precipitates form, as shown in Figure 1.3c.[40, 44, 46, 61] These

precipitates have been reported to be a result of a spinodal or binodal liquid-liquid

phase separation that occurs over a range of temperatures and solute concentrations,

as schematically shown in Figure 1.3d.[46, 62, 70] Recently, this liquid-liquid phase

separation was suggested to form through the aggregation of PNCs, which was accom-
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Figure 1.3 – Formation of ACC through non-classical routes. (a) Evolution of the
amount of free Ca2+ ions measured with a calcium ion-selective electrode when an
aqueous solution containing 10 mM CaCl2 is added to a carbonate buffer at pH = 9.25
at a rate of 10 µL·min-1, indicated in black. The total amount of Ca2+ ions added to
the solution is indicated in red. These results suggest that a significant amount of Ca2+

ions is bound by CO3
2- ions to form PNCs both, in solutions that are undersaturated

and supersaturated with respect to ACC.[60] (b) Examples of the structures of the
PNCs composed of four pairs of Ca2+ and CO3

2- ions obtained with MD simulations.
Calcium atoms are indicated in green, carbon atoms in blue, and oxygen atoms
in red.[65] (c) Cryo-TEM image of liquid-like CaCO3 phases obtained by freezing a
levitated drop composed of a saturated Ca(HCO3)2 solution with liquid ethane.[46] (d)
Phase diagram of aqueous solutions containing Ca2+ and CO3

2- ions. The solubility
of all crystalline CaCO3 polymorphs is approximated to be the same and indicated
as SL. The liquid-liquid coexistence region is indicated by the L-L line, the spinodal
decomposition region by the SP line.[62]
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panied by a reduction in the mobility of water as measured with THz spectroscopy.[71]

The solute-rich liquid phase, which corresponds to the liquid-like precipitates, can

be stabilized with additives including Mg2+,[72] poly(aspartic acid) (PAsp),[44, 71, 73]

poly(acrylic acid) (PAA),[71] and certain proteins such as ovalbumin.[74] However,

how such solute-rich liquid phases transform into ACC is still unknown. A recent

study suggested that the solute-rich liquid phase is composed of an assembly of

polymer-stabilized ACC nanoclusters. Because of the small sizes of these clusters

and their repulsive surfaces, ACC nanoclusters macroscopically display a liquid-like

behavior.[75] These results suggest that the liquid-like phase is essentially a variant of

ACC particles encompassing a high amount of water, well in agreement with previous

reports that observed different types of ACC with different hydration.[31, 40, 76, 77]

From these observations, it is questionable if the introduction of a liquid-liquid phase

separation that precedes the ACC formation is necessary to describe the early stages

of the CaCO3 formation.

Several studies suggest that the ACC formation can be described using the CNT.[68, 78]

The preferential formation of the ACC phase over its crystalline counterparts during

the early stages of the CaCO3 formation might be thermodynamically driven: MD sim-

ulations indicate that the free energy of ACC particles whose diameters do not exceed

a few nanometers is below that of their crystalline counterparts.[79, 80] Hence, ACC is

the thermodynamically most stable phase during early stages of the CaCO3 formation.

A contributing reason for the lower free energy of the amorphous phase in small parti-

cles is its lower surface energy that is approximately 0.33 J·m-2.[81] If ACC particles are

sufficiently small, such that their surface-to-volume ratio is high, the lower surface

energy outweighs the higher bulk energy of the amorphous phase compared to any of

the crystalline ones.[82] Molecular dynamics simulations suggest that the thermody-

namic stability of ACC phases might be further increased by water that is incorporated

in ACC phases and decreases their bulk free energy.[80] The preferential formation

of ACC can also be kinetically driven:[8] The lower surface energy of ACC[81] results

in a smaller energy barrier for nucleation, thereby accelerating the nucleation of the

amorphous phase.[82] The faster formation of small amorphous particles compared

to crystalline counterparts is supported by MD simulations.[80, 83]

Small ACC nanoparticles with diameters of a few nm rapidly grow or agglomerate

into bigger ones.[68, 80, 84, 85] This growth or agglomeration reduces their surface-

to-volume ratio such that, at some point, the free energy of ACC particles is expected

to exceed that of the crystalline polymorphs.[80] The higher free energy of the ACC
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Figure 1.4 – Growth of ACC particles in aqueous solutions. Time-lapse TEM images of
the growth of ACC particles obtained with in situ liquid cell TEM.[31]

phase is supported by calorimetric measurements that neglect the small entropy

contribution. For example, the enthalpy of ACC particles with diameters above 45 nm

is 3 to 15 ± 3 kJ·mol-1 higher than that of calcite, indicating that ACC particles of these

sizes are metastable.[28, 86–88] Despite their metastability, ACC particles can still grow

into particles with diameters reaching up to several µm within only a few seconds to

minutes, as shown in Figure 1.4.[29, 31, 43, 53, 89] However, the driving forces for the

growth of ACC particles are still unknown. Interestingly, the presence of ACC particles

possessing different hydrations was recently observed during their formation using in

situ liquid cell transmission electron microscopy (TEM).[31] Whether the hydration

of ACC influences its formation and growth remains to be determined.

1.2 Structure and hydration of ACC

The formation of ACC is influenced by processing conditions including the solute

concentration,[62, 70, 78, 85] pH,[60, 68] temperature,[62, 68, 70, 78] solvent,[90] and

confinement.[91] These conditions also influence the structure and hydration of the

resulting ACC particles.[76, 80, 90, 92–94] To investigate how processing conditions

influence the structure and hydration of ACC, a thorough characterization of these

parameters is key.[76, 95, 96] A variety of techniques that are most commonly used to

characterize the structure of ACC are summarized here. These techniques enabled

more detailed information of the local structure of ACC and its correlation with the
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hydration of ACC.

1.2.1 Characterizations of the structure of ACC

Amorphous particles do not possess any long-range order such that they do not display

distinct diffraction peaks if characterized with light, electron beams, and X-rays.[16,

92] This feature is distinctly different from crystals and allows to experimentally easily

identify the amorphous structure of particles, for example using X-ray diffraction

(XRD) where diffusive and broad peaks are observed.[76, 87] The amorphous structure

of CaCO3 particles can also be characterized on a single particle level using select area

electron diffraction (SAED) in TEM.[92]

Complementary information on the structure of CaCO3 particles and their compo-

sition can conveniently be extracted from vibrational spectroscopy measurements

such as Fourier-transform infrared (FTIR) and Raman spectroscopy. The carbonate

ions contained in ACC possess a different symmetry compared to those contained in

crystals such that they have a different photon absorption behavior. For example, ACC

has a ν2 out-of-plane bending absorption peak around 860 cm-1 and no ν4 in-plane

bending absorption peak in its IR spectra while calcite has a ν2 peak around 874 cm-1

and a ν4 peak at 712 cm-1, as shown in Figure 1.5a. In addition, ACC usually contains

water in its structure that results in a broad absorption peak in the region of 2750–3600

cm-1 and a small absorption peak around 1640 cm-1.[33, 90] These peaks are absent

in anhydrous crystalline samples. Similarly, ACC displays Raman features that are

distinctly different from its crystalline counterparts: ACC has an intense broad peak

around 1085 cm-1 and a broad featureless hump around 140-300 cm-1, whereas crys-

talline CaCO3 displays sharp peaks in these regions, as shown in Figure 1.5b.[97–99]

In addition, crystalline CaCO3 has a broad absorption peak in the range of 700–750

cm-1 that is absent in ACC.

A powerful tool to more closely probe the chemical environment of CO3
2- contained

in CaCO3 is 13C solid-state nuclear magnetic resonance (NMR) spectroscopy. Infor-

mation on the structure of CaCO3 can be extracted from the width of the 13C peak

measured with magic angle spinning (MAS) 13C NMR spectroscopy. The 13C peak

measured for ACC is much broader than that of crystalline CaCO3: The line width

of the 13C peak measured for ACC is around 3.6 ppm and only around 0.3 ppm for

calcite, as shown in Figure 1.5c.[76, 100] Additional information on the structure of

CaCO3, including its hydration,[93, 100] might be extracted from the 13C chemical
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shift measured with MAS 13C NMR spectroscopy.[90, 92, 93, 101] However, the chemi-

cal shifts measured for ACC relative to calcite vary: Some studies measure variations

up to 1 ppm[92, 101, 102] whereas others do not observe any shifts.[76, 100, 103] A

possible reason for these observed differences in 13C chemical shifts might be varying

hydrations of ACC particles that are produced under different processing conditions.

Indeed, careful analysis of the 13C chemical shift anisotropy (CSA) parameters per-

formed using 2D 13C{1H} cross-polarization phase adjusted spinning sideband (CP

PASS) NMR spectroscopy reveals that the C atoms contained in CO3
2- ions of hydrated

ACC form hydrogen bonds with water molecules.[103] These hydrogen bonds shift

the C atoms away from the centroid of the O3 triangular plane. This positional offset

of the C atoms likely contributes to the observed 13C chemical shift of ACC.

A commonly employed technique that offers more insights into the local structure

of ACC particles is X-ray absorption spectroscopy (XAS). The coordination shells of

the Ca atoms can be characterized with Ca K-edge XAS measurements.[104, 105]

The region encompassing the main absorption peak, the X-ray absorption near-edge

structure (XANES), provides qualitative information on the symmetry of the nearest

neighbors of Ca atoms.[16, 105, 106] The different symmetries present in the structure

of amorphous and crystalline CaCO3 phases result in distinctly different absorption

patterns. For example, Ca K-edge XANES spectra of ACC consist of a single main

absorption peak around 4049 eV that does not contain any shoulder around 4045

eV. This main peak is partially convoluted with a small pre-edge peak around 4040

eV. By contrast, calcite results in two absorption peaks located around 4050 eV and

4060 eV, as shown in Figure 1.5d.[76] Its first main absorption peak encompasses a

shoulder around 4045 eV and does not contain any pre-edge peak. More quantitative

information on the ACC short-range order can be extracted from the Ca K-edge ex-

tended X-ray absorption fine structure (EXAFS) by fitting the undulations measured

in these regions, as shown in Figure 1.5e.[16, 76, 105, 106] This analysis reveals in-

formation on the average coordination number (CN) of O atoms around Ca atoms

as well as the average distance (R) between O and Ca atoms. CN of ACC varies from

2 to 7 but is most frequently around 6.[76, 92, 93, 107, 108] R of ACC is typically

around 2.4 Å,[76, 92, 93, 107, 108] well in agreement with values obtained from 43Ca

NMR[109] and MD simulations.[80, 109, 110] These results suggest that ACC has a

characteristic short-range order. Whether the small differences in the short-range

order are a result of the different hydrations of ACC particles produced under different

processing conditions remains to be shown. However, it is clear that variations of
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the values for CN and R introduced by using different fitting procedures of EXAFS

data are significant.[76, 96] This uncertainty in the data analysis makes it difficult to

unequivocally relate differences in the hydrations of ACC phases to their structural

variations.

Information on the local structure of ACC can also be extracted from a pair distri-

bution function (PDF) analysis that is performed on total scattering data.[76, 111]

This analysis indicates that ACC possesses short- and medium- range order up to

a length scale of 10 Å.[76, 108] In particular, PDF spectra of ACC particles reveal a

prominent feature at 2.4 Å that corresponds to the first Ca-O coordination shell, in

good agreement with EXAFS results,[76, 107] as shown in Figure 1.5f.[76] Fits of the

PDF spectra of X-ray and neutron total scattering results indicate that CN of oxygen

atoms contained in the first coordination shell averages at 7, well in agreement with

EXAFS results.[112] The majority of the oxygen atoms located in the first coordination

shell originate from carbonate ions and the rest from water.[112] In addition, PDF

data reveal two characteristic features in the medium-range length scale: One around

R = 4 Å that can mainly be attributed to the Ca···Ca correlations and the other around

R = 6 Å that can primarily be attributed to the Ca···O correlations.[96]

Several in-depth experimental studies reveal that the local structure of ACC displays

similarities to that of one of the crystalline polymorphs of CaCO3, which might be

related to the transformation of ACC into a crystal.[92, 93, 95, 101, 107, 113] These

similarities have also been observed in MD simulations.[83, 114] In addition, MD

simulations reveal that other structural features of ACC, including the orientational

order[79, 115] and the distribution of angles of the nearest-neighboring atoms,[116]

are similar to those of its crystalline counterparts. However, all these similarities are

subtle and in certain experimental studies they are even inexistent[76, 90, 94] such

that they are debated. A possible reason for the variations in the reported results of

the local structure of ACC particles might be related to differences in their processing

conditions[90, 92–94] and therefore their hydrations.[93] For example, if ACC particles

are synthesized at increasing pHs, the intensity of the PDF peak at 3.7 Å grows on the

expense of the peak at 4.1 Å, as shown in Figure 1.5g.[94] However, it remains to be

investigated how the processing conditions influence the hydration of ACC.
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Figure 1.5 – Characterizations of the structure of ACC. (a) FTIR spectra of ACC particles
and calcite.[54] The ν1 peak corresponds to the symmetric stretching vibration, the
ν2 peak to the out-of-plane bending vibration, the ν3 peak to the antisymmetric
stretching vibration, and the ν4 peak to the in-plane bending vibration of carbonate
group. (b) Raman spectra of ACC, calcite, and aragonite.[98] (c) 13C MAS solid-state
NMR spectra of different CaCO3 phases including ACC, vaterite, aragonite, calcite,
monohydrocalcite (MHC), and ikaite, as well as two reference compounds, sodium
hydrogencarbonate and potassium hydrogencarbonate.[100] (d) Ca K-edge XANES
spectra of ACC particles that are synthesized through two different methods and
four reference samples including calcite, aragonite, Ca(OH)2, and MHC with (e) the
corresponding measured (solid line) and fitted (dashed line) Fourier Transforms of the
EXAFS undulations in R-space. The peak at ∼1.8 Å measured for ACC samples after
the correction for phase shift corresponds to a Ca-O distance of ∼2.4 Å.[76] (f) PDF
analysis of ACC and four different crystalline CaCO3 phases.[76] (g) Zoom-ins of PDFs
measured for ACC particles synthesized at pH=10.6 (red), pH=12.2 (blue), pH=12.5
(green), and pH=12.7 (violet).[94]
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1.2.2 Influence of the hydration of ACC on its structure

Nature frequently produces anhydrous ACC.[16] By contrast, most synthetic ACC en-

compasses water; this water influences the stability of ACC against crystallization.[40,

86, 87] The amount of water contained in ACC depends on the processing conditions:

The degree of hydration (n) of ACC, CaCO3·nH2O, has been reported to range from

0.4 to 1.6.[40, 76, 77, 81, 87, 92, 100, 108, 117] Molecular dynamics simulations and

experiments reveal that the vast majority of water molecules is incorporated into the

structure of ACC.[76, 112] Most of this water is directly bound to Ca atoms:[109, 112]

16-22% of the oxygen atoms contained in the first Ca coordination shell originate

from water molecules.[110, 112] Similarly, water molecules form hydrogen bonds

with the oxygen atoms contained in carbonate ions. Indeed, hydrogen bonds formed

between water and carbonate ions are more favorable than those between two wa-

ter molecules.[112, 118] These water-carbonate hydrogen bonds cause an in-plane

displacement of carbon atoms contained in CO3
2- away from the centroid of the O3

triangle.[103] This distortion hampers the re-arrangement of ions, thereby stabilizing

the ACC against crystallization.[103]

To obtain a better understanding of the distribution of water within ACC, a three

dimensional (3D) atomic ACC model has been developed on the basis of the PDF

analysis. This model indicates that ACC consists of a nano-porous Ca-rich matrix

encompassing a percolating network of channels that are filled with CO3
2- ions

and water, as shown in Figure 1.6a.[96] The surrounding matrix encompasses H2O

molecules that strongly interact with Ca2+ ions such that these molecules have a

low mobility.[96, 110, 119] By contrast, the nanochannels contain water molecules

that form weaker hydrogen bonds with CO3
2- such that their mobility is much

higher.[96, 110, 119] This result is consistent with experimental 1H solid-state NMR

measurements that reveal two types of water molecules possessing a distinctly differ-

ent mobility.[76] The two different types of water molecules can also be analyzed with

thermogravimetric analysis (TGA) where weakly interacting, mobile water evaporates

at much lower temperatures than the strongly interacting, rigid water.[108, 120, 121]

Due to the different binding strengths, the mobile water can be removed from ACC

particles through freeze drying, in stark contrast to the rigid water.[122, 123]

The existence of two types of water molecules possessing a distinctly different mo-

bility within ACC is well accepted and has been confirmed with simulations and

experiments.[76, 118, 120, 121] However, the dimensions of nano-channels that are
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Figure 1.6 – Hydration of ACC and its influence on the short- and medium- range
order of ACC. (a) Stereo representation of an atomic 3D model of the nanoporous
structure of ACC. The Ca-rich frameworks are indicated by the red sticks, the water-
rich nanochannels by the blue surfaces.[96] (b) CN of the O (orange) and C (blue)
atoms within the first coordination shell of Ca as a function of n of ACC determined
by MD simulations. The O atoms contributed by water molecules are indicated in
black, those contributed by carbonate ions in red.[114] (c, d) Ca···Ca correlations in (c)
as-synthesized ACC particles and (d) those exposed to a pressure of 11.9 GPa obtained
from reverse Monte-Carlo (RMC) modelling of their PDFs. They are compared to that
of calcite, aragonite, and vaterite at ambient pressure.[124]

filled with mobile water are debated.[96, 111, 112] This uncertainty might be related

to the dynamic nature of these channels: MD simulations reveal that nano-channels

shrink with time due to ion re-arrangements.[109, 114] These results imply that even

if such channels exist during early stages of the ACC formation, they disappear on

time scales that are difficult to access experimentally. Hence, experimental evidence

of these nano-channels is missing.

The formation of mobile water-rich channels as big as a few nm is still debated.

However, it is clear that mobile water molecules form a percolating network if n of

ACC is sufficiently high.[112, 118] Simulations suggest that percolating water networks

form if n of ACC exceeds 0.8.[118] If n falls below this threshold value, the mobility of

water molecules and ions significantly decreases.[118] This observation suggests that
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the majority of water contained in ACC with n below 0.8 is rigid. This suggestion is in

line with TGA results where n measured for ACC samples that have been treated at

temperatures around 100 °C to remove the mobile water is below 0.8.[76, 121]

Water contained in ACC particles can influence their short- and medium- range order.

A dehydration of ACC is thus accompanied by a re-arrangement of ions, as indicated by

MD simulations.[110, 114, 118, 119] During dehydration, H2O molecules present in the

first Ca-O coordination shell are replaced by CO3
2- groups. As a result of this exchange,

the values of CN and R for the first Ca-O coordination shell remain nearly constant,

as shown in Figure 1.6b.[112, 114] Hence, it is difficult to experimentally quantify

structural differences for ACC particles possessing different n with commonly used

methods such as Ca K-edge EXAFS. Yet, these differences can be qualitatively assessed

by comparing PDF spectra of ACC particles subjected to elevated temperatures or

pressures, where their n changes in situ.[86, 124] For example, structural changes in

ACC could be observed with PDF if the dehydration is induced with uniaxial pressures

as high as 12 GPa. This dehydration is accompanied by a re-arrangement of ions into

a structure that displays some resemblance with aragonite, as demonstrated with

PDF in Figures 1.6c-d.[124] These results are consistent with those obtained from

MD simulations where the denser structure of partially or fully dehydrated ACC is

observed to display some resemblance with one of the anhydrous crystalline CaCO3

polymorphs.[114–116, 119]

Some processing conditions, including the pH,[92–94] solvent,[90] and

temperature[93] of the solution from which ACC is produced influence the

water-ion interactions within ACC.[81, 93] Hence, these parameters are expected to

influence the ratio of mobile to rigid water present in ACC and therefore its local

structure. Interestingly, many ACC particles produced under varying processing

conditions possess a similar degree of hydration. This observation suggests that the

degree of hydration is insufficient to characterize ACC. Instead, the ratio of mobile to

rigid water that is an often overlooked but high relevant must also be considered.

1.3 Crystallization of ACC

Amorphous CaCO3 particles with diameters exceeding a few nanometers are

metastable[28, 86–88] and therefore tend to transform into crystals with time.[31,

125, 126] This crystallization can be accelerated if particles are immersed in bulk

16



1.3. Crystallization of ACC

solutions[29, 30, 40, 53, 54, 81, 122] or exposed to elevated temperatures [28, 81, 86,

87, 121, 122, 127, 128], pressures[129, 130] and humidity.[40, 86, 121, 123, 131, 132]

The kinetics of this crystallization and the structure and morphology of the resulting

crystals can be significantly influenced by the crystallization pathway.[77, 81, 86, 121]

Different ACC crystallization pathways have been proposed in the last decade, as

schematically summarized in Figure 1.2. A particularly important parameter that de-

termines the crystallization pathway is the presence of free water in the crystallization

environment: In the presence of free water, crystallization often occurs through a

dissolution-reprecipitation pathway. By contrast, in the absence of free water in the

crystallization environment, ACC particles typically crystallize through a solid-state

transformation. In these two crystallization pathways, the propensity of ACC parti-

cles to crystallize primarily depends on their kinetic stability that is, at least in parts,

influenced by the hydration of ACC, as summarized below.

1.3.1 Solid-state transformation

To convert ACC particles into crystals via a solid-state transformation, they must be de-

hydrated before anhydrous crystalline nuclei form.[77, 114] The dehydration process

of ACC was initially proposed to be thermodynamically favored because the enthalpy

of hydrated ACC particles measured with isothermal acid solution calorimetry was

higher than that of anhydrous ones measured with differential scanning calorimetry

(DSC).[87] This thermodynamic argument has often been used to describe the solid-

state transformation of biogenic ACC under ambient conditions.[17, 23, 87, 133, 134]

However, more recent experiments that assessed the enthalpy of ACC before and after

its dehydration using the same technique reveal that dehydrated ACC particles possess

a higher enthalpy.[86, 108] These more recent experimental results are supported by

MD simulations that suggest the dehydration to be thermodynamically unfavorable,

as shown in Figure1.7a.[80, 114, 118] To overcome the energy penalty associated with

the dehydration, ACC must be exposed to an external energy source, for example,

elevated temperatures.[81, 86, 94, 121]

Dehydration of ACC is associated with a re-arrangement of ions contained in

ACC.[86, 108, 112, 114, 118] This re-arrangement is kinetically hindered by the in-

teractions between water and ions contained in ACC, which decrease the mobility

of water and ions.[96, 103, 114] In the early stage of dehydration where n of ACC is

high and a significant amount of water is mobile, water can be removed relatively
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easily.[76, 110, 114, 119] With progressing dehydration, the interactions between water

and ions contained in ACC become stronger such that the energy barrier for further

water removal increases.[114] For example, when n of ACC decreases from 1.4 to

1, the activation energy barrier (EA) for dehydration increases from 50 kJ·mol-1 to

120 kJ·mol-1, as shown in Figure1.7b.[77] When n reaches values below the percola-

tion threshold, for example 0.8, EA for further water removal increases even more

rapidly.[118] This strong increase in EA might be related to the need for substantial

ion re-arrangements required to remove additional water.[108, 118] For example,

when n is around 0.2, where the majority of water is rigid[76, 121] and hence strongly

bound,[96, 114, 118] EA for water removal is as high as 250 kJ·mol-1.[77] Once EA for the

removal of the remaining water is overcome such that ACC is fully dehydrated, crys-

talline CaCO3 nuclei form and grow by consuming the amorphous matrix.[77] Indeed,

EA to dehydrate ACC with n = 0.2 is significantly higher than of the crystallization of an-

hydrous ACC[77] such that the dehydration is the rate-limiting step of the solid-state

transformation of ACC. EA to dehydrate ACC depends on the ion-water interactions

within ACC and hence, on the ratio of mobile to rigid water contained in it. These

results suggest that the kinetic stability of ACC against solid-state transformation

depends on the ratio of mobile to rigid water.

The free energy of ACC particles decreases with increasing degrees of hydration such

that their thermodynamic stability increases.[118] However, the stability of ACC parti-

cles against crystallization, typically expressed as their lifetime or the critical crystal-

lization temperature, refers to their kinetic rather than their thermodynamic stability.

These two stabilities are not directly related to each other: For example, the enthalpy of

ACC particles increases with an increasing pH of the solution from which they are syn-

thesized, such that their thermodynamic stability decreases.[28] Nevertheless, their

kinetic stability, measured as the critical crystallization temperature, increases.[28]

The kinetic stability of ACC against solid-state transformation is mainly determined

by EA of its dehydration. With an increasing n, the mobility of ions increases, thereby

facilitating their re-arrangement and reducing this EA.[118] Hence, the kinetic sta-

bility of ACC particles against solid-state transformation decreases with an increas-

ing n.[40, 121] This is exemplified by the lower temperature required to induce the

solid-state crystallization: As-synthesized hydrated ACC particles crystallize at 277

°C, whereas those that have been partially dehydrated through annealing crystallize

at 321 °C.[121] In addition, the kinetic stability of ACC particles against solid-state

transformation depends on their processing conditions such as the pH and solute
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Figure 1.7 – Solid-state transformation of ACC. (a) Enthalpy (∆H) and free energy
(∆G) of ACC particles relative to calcite as a function of the molar fraction of water
(χH2O) contained in ACC obtained by MD simulations.[118] (b) EA of the dehydration
process of ACC as a function of its n.[77] (c) DSC (solid line) and TGA (dashed line)
analysis of ACC particles synthesized at different pHs.[94] (d) Contour plots of the
wide-angle X-ray scattering (WAXS) intensity of ACC particles with different sizes
while being heated as a function of the scattering vector (q) and temperatures. When
the solute concentration increases from 5 mM to 100 mM, the average diameter of the
resulting ACC particles decreases from 200 nm to 66 nm. The critical crystallization
temperatures are indicated by the white dashed lines.[81]

concentration.[28, 94, 108] For example, if the pH of the synthesis solution increases

from 10.6 to 12.7, the kinetic stability of the resulting ACC particles, measured as

their critical crystallization temperature, increases from 162 °C to 335 °C, as shown

in Figure1.7c.[94] Similarly, if the concentration of solutes present during the ACC

synthesis increases from 5 mM to 100 mM, the critical crystallization temperature of

the resulting ACC particles increases from 130 °C to 220 °C, as shown in Figure1.7d.[81]

This increase in kinetic stability was assigned to a decrease in the particle size: As the

pH or solute concentration increase, the degree of supersaturation of the solution

increases such that ACC particles with smaller sizes are produced.[81] The surface

energy of ACC is below that of any of the crystalline counterparts, such that smaller
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ACC particles, which have a higher surface-to-volume ratio, are thermodynamically

more stable than larger ones.[81] However, it is unlikely that the higher kinetic stability

of smaller ACC particles is related to their higher thermodynamic stability. Instead,

these small ACC particles display a different dehydration behavior than larger particles

that have a similar degree of hydration.[81] This observation implies that the particle

size might influence the ratio of rigid to mobile water contained in ACC and thereby

the kinetic stability of ACC against solid-state transformation. However, experimental

evidence to support this implication is still lacking.

Similarly, if ACC particles crystallize at elevated pressures, their kinetic stability against

crystallization can be influenced by their degree of hydration. For example, ACC

particles containing 10 wt% H2O crystallize if loaded with 800 MPa, whereas those

containing 21 wt% H2O already crystallize if subjected to 240 MPa.[129] However, it

remains unclear whether the pressure-induced crystallization occurs through a solid-

state transformation. The structure of CaCO3 crystals obtained from the pressure-

induced crystallization is distinctly different from that obtained from the temperature-

induced one: The crystallization of ACC at elevated pressures results in a mixture of

metastable vaterite and stable calcite,[129, 130] whereas that at elevated temperatures

only produces calcite.[81, 92, 121] This difference in the structure of the resulting

CaCO3 crystals might be related to the different crystallization kinetics in these two

crystallization processes. Indeed, if the applied pressures decrease[129] such that

the crystallization kinetics is reduced, the fraction of vaterite present in the mixture

formed after the pressure-induced crystallization increases.

1.3.2 Dissolution-reprecipitation

If ACC particles are exposed to bulk aqueous solutions, they tend to dissolve. The

resulting solutions become supersaturated with respect to the crystalline phases and

CaCO3 crystals start to precipitate.[81, 121] This dissolution-reprecipitation path-

way has been extensively demonstrated using different techniques such as X-ray

microscopy,[53] titration,[81] electron microscopy,[40] isotope tracing,[135] and time-

resolved SAXS and WAXS,[30] as exemplified in Figure1.8a. It has also been sug-

gested that the dissolution of ACC particles at room temperature is preceded by their

dehydration.[29, 40, 54, 77, 133, 134] However, the very high activation energies of

the ACC dehydration, which range from 50 to 250 kJ·mol-1,[77] kinetically hinder this

process such that it is questionable if ACC particles dehydrate before they dissolve in
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1.3. Crystallization of ACC

bulk solutions.

If ACC particles crystallize through a dissolution-reprecipitation pathway, their kinetic

against crystallization is primarily determined by their dissolution rate as well as

the nucleation and growth rate of new crystals. According to the Noyes-Whitney

equation,[136] the dissolution rate can be expressed as,

rdi s = A
Di on

l (Cs −Cb)
(1.1)

where rdis is the dissolution rate, A the surface area of ACC particles, l the distance over

which Ca2+ and CO3
2- ion concentration gradients exists, Dion the diffusion coefficient

of ions, Cs the saturation concentration of ions with respect to the solubility of ACC,

and Cb the concentration of ions in bulk solutions. These parameters and hence the

dissolution kinetics can be influenced by the size[81] and n[40] of ACC particles as

well as the crystallization conditions such as the pH,[60, 137] temperature,[33, 68]

and solvent[90, 138, 139] of bulk solutions. For example, if the ethanol volume frac-

tion in the solution increases from 76 vol% to 98 vol%, the time required to dissolve

ACC particles and form crystals increases from 1.5 h to 4 days.[138] If all the water is

replaced by ethanol, the crystallization time even increases to 7 days.[139] Similarly,

ACC particles with smaller sizes, which are produced from solutions possessing a

higher degree of supersaturation, display an increased ACC dissolution rate compared

to larger counterparts.[81, 140] As a result, the kinetic stability of small particles in

bulk solutions is lower than that of bigger ones.[81] Interestingly, the kinetic stability

of ACC particles increases with increasing pHs of the synthesis solution[94, 139] al-

though their solubility increases[60, 137, 141] and their size decreases,[81] as shown

in Figure1.8b. This increase in the kinetic stability likely is related to the high con-

centration of hydroxide ions, present at high pHs that slows down the formation of

new crystals.[94] These examples illustrate that the kinetic stability of ACC against

dissolution and the formation of new CaCO3 crystals in bulk solutions is a complex in-

terplay between multiple factors. Further studies are warranted to relate the influence

of the different processing conditions to the dissolution of ACC particles as well as the

nucleation and growth of new crystals.

The structure of CaCO3 crystals that form from bulk solutions containing ACC par-

ticles is primarily governed by the kinetics of their dissolution and that of the new

crystal formation.[40, 81, 135] The dissolution kinetics influences the local degree of
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Figure 1.8 – Crystallization of ACC through a dissolution-reprecipitation pathway. (a)
Radially averaged SAXS scattering profiles at different times after mixing a solution
containing 9 mM CaCl2 and one containing 9 mM Na2CO3. The spherical form
factor indicated with an arrow shifts toward larger scattering angles, indicating the
dissolution of ACC particles.[30] (b) Influence of the NaOH concentration on the
lifetime of ACC dispersed in aqueous solutions.[94] (c) Weight fraction of calcite
(black) and vaterite (red) formed from ACC particles dispersed in aqueous solutions
as a function of the size of particles.[81]

supersaturation with respect to one of the crystalline CaCO3 polymorphs. Hence, it

also influences the kinetics of nucleation and growth of new crystals.[81, 137, 139] For

example, within the same observation time, small ACC particles that quickly dissolve

preferentially transform into vaterite, whereas larger ACC particles that dissolve more

slowly tend to transform into calcite, as shown in Figure1.8c.[81] However, if ACC

particles are left in solution for an extended amount of time, the final crystals always

attain the thermodynamically most favorable structure, calcite.[29, 54, 94]

If ACC particles are exposed to humid air where the amount of free water is signifi-

cantly smaller compared to bulk solutions, they have been suggested to crystallize

through a local dissolution-reprecipitation pathway. In this case, water contained in

the humid air is absorbed by the surfaces of ACC particles and partially dissolve them.

This is in stark contrast with the complete dissolution in the case of crystallization

in bulk solutions. The partial dissolution process locally results in a supersaturated

solution from which new CaCO3 crystals start to form.[40, 121, 123] Because the disso-

lution kinetics of ACC particles scales with the rate of water absorbed by their surface,

their kinetic stability decreases with an increasing humidity.[121, 123] For example,

if ACC particles are stored at a relative humidity (RH) of 35%, they are stable against

crystallization for more than 4 hours, whereas they crystallize within 1 hour if the rela-

tive humidity is increased to 90%.[121] Similarly, the crystallization kinetics increases

with an increasing degree of hydration of ACC.[86, 117] For example, if ACC particles
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are freeze dried to remove the mobile water contained in them and subsequently

stored under reduced pressures or in gas-tight vials, they remain amorphous for more

than 150 days.[123] The much lower amount of water available to dissolve ACC also

delays the crystallization kinetics of CaCO3: If transformed under these conditions,

metastable crystalline phases, such as aragonite can form; these metastable poly-

morphs do not form in bulk solutions at room temperature in the absence of any

additive.[123]

1.4 Influence of soluble additives

Most ACC found in nature contains various soluble additives, such as Mg2+ and acidic

proteins containing carboxyl or phosphate groups.[16] The roles of these additives

in the formation of CaCO3 have been extensively investigated in last decades, as

has been summarized in excellent reviews.[6, 142] These additives can influence the

formation[143–145] of ACC, its structure,[16, 104, 105] and stability,[86, 122, 138, 146]

as well as the composition, morphology, structure, and mechanical properties of the

resulting crystals.[8, 10, 147, 148] This improved understanding leads to a rapidly

increasing use of additives to tune the formation as well as crystallization of ACC

formation and thereby the properties of synthetic CaCO3-based materials.[34, 44, 149–

156] Some recent progress in studying the influence of the most commonly employed

additives is summarized below.

1.4.1 Magnesium ions

If ACC is formed from a highly supersaturated solution containing Ca2+, CO3
2-, and

Mg2+ ions, an ACC phase encompassing Mg2+ (Mg-ACC) phase usually precipitates

first.[11, 131, 157–160] The formation of Mg-ACC is thermodynamically favored over

that of pure ACC[161] because the charge density of Mg2+ is higher than that of

Ca2+,[162, 163] enabling a stronger interaction of the Mg-ACC phase with water.[164]

This strong interaction increases the amount of water contained in the amorphous

phase[165] such that the free energy of Mg-ACC is lower compared to pure ACC.

However, the kinetics of the nucleation and growth of Mg-ACC is not significantly

affected by the incorporation of Mg.2+[166]

The composition of the Mg-ACC phase, namely the amount of Mg2+ that is incorpo-

rated into it, depends on the solute concentration[167] and the solution pH.[168] In
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Figure 1.9 – Influence of Mg2+ on the formation of CaCO3. (a) PDFs of the Mg-ACC
(Ca1-χMgχCO3·nH2O) with different molar fractions of incorporated Mg2+ ions (χ).
The first Mg-O coordination shell is indicated with a red line and the first Ca-O
coordination shell with a black line. Their peak positions are independent of χ,
indicating that there is no change of the short-range order around Ca or Mg atoms
upon incorporation of Mg2+ ions into ACC.[161] (b) Influence of the molar ratio of
Mg2+:Ca2+ in the aqueous solutions on the kinetic stability of Mg-ACC particles against
the transformation into different crystalline CaCO3 polymorphs.[159] (c) Evolution of
the crystallization of pure ACC (black) and Mg-ACC (red), synthesized from a solution
containing a molar ratio of Mg2+:Ca2+ of 1:10, as a function of the time stored in a
RH∼ 50%.[131] (d) Influence of the molar ratio of Mg2+:Ca2+ contained in solution
on χ of the resulting Mg-calcite (Ca1-χMgχCO3) crystals formed through ion-by-ion
attachment and from Mg-ACC precursors. χ present in the resulting Mg-calcite are
approximately three-fold lower if produced through ion-by-ion attachment in the
absence of Mg-ACC precursors.[159] (e, f) DSC (solid line) and TGA (dashed line)
analysis of (e) pure ACC and (f) Mg-ACC containing 2.4 mol% Mg2+. The critical
crystallization temperatures are marked with arrows.[86]
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addition, the amount of incorporated Mg2+ depends on the molar ratio of Mg2+:Ca2+

contained in the solution.[157, 159, 167, 168] Nevertheless, the Mg addition is not

stoichiometric but the ratio of Mg2+:Ca2+ in Mg-ACC particles is always below that of

the solution from which they are produced. The preferential incorporation of Ca2+

over Mg2+ into Mg-ACC might be caused by the slow dehydration kinetics of Mg2+ ions

that delays their inclusion.[161, 169] In line with this hypothesis, the incorporation

kinetics and hence, the fraction of incorporated ions increases with increasing radii of

divalent cations such that the incorporation efficiency into ACC increases from Mg2+

to Sr2+ to Ba2+.[170]

Due to the difference in the ionic radii of Ca2+ and Mg2+, the structure of ACC is

expected to change upon incorporation of Mg2+. The CN and R of the first Ca-O

coordination shell of Mg-ACC has been reported to be distinctly different from that of

pure ACC, as determined with Ca K-edge EXAFS.[106] This is in contrast with more

recent 43Ca NMR[109] and 13C NMR[168] studies that provide no evidence for any

change in the short-range order of ACC around Ca atoms upon incorporation of

Mg2+. Indeed, PDF analysis suggests that the structure of Mg-ACC is a mixture of pure

ACC and pure amorphous magnesium carbonate (AMC) nanoclusters, as shown in

Figure 1.9a.[161] If the χ of Mg-ACC is below 0.48, ACC and AMC nanoclusters are

homogeneously distributed within the amorphous particles.[161, 168] By contrast,

their distribution must be further assessed if χ is higher.[161, 168]

Magnesium ions are often employed to increase the stability of ACC against crystal-

lization in bulk solutions. Indeed, the lifetime of Mg-ACC particles increases with an

increasing molar fraction of Mg2+ in solution that also leads to an increased concen-

tration of Mg2+ in Mg-ACC, as shown in Figure 1.9b.[157, 159] The increased lifetime

of Mg-ACC has been related to its reduced free energy compared to pure ACC.[161]

However, the lifetime of ACC is solely related to the dissolution and crystallization

kinetics and hence, it is in a first approximation independent of the thermodynamic

stability of these particles. Indeed, the lifetime of AMC is longer than that of ACC,

despite its lower thermodynamic stability.[161] The observed increased lifetime of

Mg-ACC has been related to the higher dehydration energy of Mg2+ compared to

that of Ca2+ that slows down the dehydration of the amorphous phase prior to its

crystallization.[111, 161, 171, 172] However, the high activation energy associated with

the dehydration kinetically hinders this process such that it is unlikely to occur in the

presence of bulk solutions at room temperature. Instead, Mg-ACC particles that are in

contact with bulk solutions dissolve and new crystals forms from the supersaturated
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solution.[135] In this case, the observed delay in the crystallization of Mg-ACC must

be related to its retarded kinetics of dissolution and the delayed nucleation and growth

of new crystals. This delay can be caused by Mg2+ ions present in Mg-ACC as well as in

the bulk solution. The lower free energy of Mg-ACC is expected to reduce its solubility

in aqueous solutions,[40, 161] thereby slowing down its dissolution. However, this

expectation could not have been confirmed: The dissolution profiles of pure ACC and

Mg-ACC are very similar if particles are dispersed in pure water.[122] Remarkably, the

addition of a small amount of free Mg2+ ions into water significantly delays the disso-

lution of pure ACC particles.[164] These results indicate that the dissolution kinetics

is mainly influenced by free Mg2+ ions present in bulk solutions rather than those

contained in Mg-ACC. Free Mg2+ ions can also influence the growth kinetics of new

crystals: These ions can adsorb onto the surfaces of newly formed crystals, thereby

delaying or even inhibiting their growth.[49] Hence, the crystallization kinetics of the

amorphous phase can be slowed down by free Mg2+ ions.[122, 157] As a result of the

delayed crystallization kinetics of Mg-ACC particles observed in the presence of free

Mg2+ ions, these particles are more stable against crystallization than pure ACC ones

not only in bulk solutions but also if stored in a humid environment, as shown in

Figure 1.9c.[86, 131, 161, 167]

Additives such as Mg2+ influence the crystallization kinetics of ACC in the presence of

free water. In addition, they affect the structure of the resulting crystals. If the ratio of

Mg2+:Ca2+ in the aqueous solution is high, Mg-ACC preferentially transforms into arag-

onite or MHC, as shown in Figure 1.9b.[157, 159] By contrast, if the ratio of Mg2+:Ca2+

is low, Mg-ACC preferentially transforms into Mg-calcite.[157, 159] Remarkably, χ of

Mg-calcite crystals is always identical to that of Mg-ACC precursors.[159] This good

correlation suggests that Mg-ACC strongly influences the formation of Mg-calcite. Its

influence most likely is related to the ratio of Mg2+:Ca2+ ions present in the locally

supersaturated solution that scales with that of dissolved Mg-ACC particles.[159] By

contrast, if Mg-calcite is produced from solutions that are undersaturated relative

to Mg-ACC but supersaturated relative to calcite, Mg-calcite directly forms through

ion-by-ion attachment without the formation of any Mg-ACC intermediates. In this

case, χ of Mg-calcite is approximately three-fold reduced compared to that in particles

produced via Mg-ACC precursors, as shown in Figure 1.9d.[159] This comparison

demonstrates that higher amounts of Mg2+ can be incorporated into Mg-calcite parti-

cles if they form through the dissolution-reprecipitation of Mg-ACC. The amount of

incorporated Mg2+ influences the properties of Mg-calcite crystals and hence, is an
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important parameter that needs to be closely controlled if materials with well-defined

properties want to be synthesized.[131, 157, 160, 173, 174]

The incorporation of Mg2+ into ACC also delays its solid-state transformation: The

strong interactions between Mg2+ and water molecules reduce the mobility of

water,[165, 169, 175] thereby increasing the fraction of rigid water contained in Mg-

ACC compared to that contained in ACC.[165] As a result of this stronger interac-

tions, EA for the dehydration of Mg-ACC is higher than that of pure ACC such that

the temperature where Mg-ACC starts to crystallize is higher.[86, 122] For example,

ACC containing 2.4 mol% Mg2+ starts to crystallize around 190 °C, while pure ACC

crystallizes around 160 °C, as shown in Figures 1.9e-f.[86] Despite the different crys-

tallization temperatures, the structure of the resulting crystals is usually the same:

calcite.[86, 122]

1.4.2 Other low molecular weight additives

Apart from Mg2+, many other low molecular weight additives are well known to in-

fluence the ACC formation. These additives typically contain functional groups that

display a high affinity to Ca2+.[143, 145] For example, citrate (CIT), which contains

carboxylic groups, has been reported to favor the formation and stabilization of

CaCO3 PNCs, thereby delaying the nucleation of ACC particles.[143, 145] Yet, this

additive does not change the critical degree of supersaturation for the nucleation of

ACC particles such that it does not noticeably influence the size of the resulting ACC

particles.[176] A similar behavior has been observed for other carboxyl-containing

molecules such as aspartic acid (Asp) and glycine (Gly).[170, 177]

Atomic absorption spectroscopy (AAS), TGA, and X-ray photoelectron spectroscopy

(XPS) suggest that carboxyl-containing low molecular weight additives are contained

within the ACC particles or associated with their surfaces.[122, 176, 177] By contrast,

amino acid analysis did not reveal any traces of Asp within ACC particles.[170] These

results imply that Asp is preferentially adsorbed at the surface of particles from which

it can be removed by a thorough wash. This implication is supported by PDF analysis

that does not reveal any significant structural difference of ACC particles upon their

functionalization with Asp, Gly, or CIT.[176, 177] However, to conclusively determine

the location of low molecular weight additives that are associated with ACC particles,

further studies are warranted.
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Figure 1.10 – Influence of other low molecular weight additives on the formation
of CaCO3. (a) Evolution of the UV-vis transmittance recovery as a function of time
after an aqueous solution containing 1 M CaCl2 is mixed with one containing 1 M
Na2CO3 in the presence of 200 ppm poly(styrene sulfonate) (PSS), Asp, PAsp, bis(2-
ethylhexyl)sulfosuccinate (AOT), 10 mM Mg2+, or 2 mM SO4

2-. The longer the recovery
time of the transmittance is, the higher is the kinetic stability of ACC particles against
crystallization in bulk solutions.[122] (b) Influence of the molar ratio of amino acids
and Ca2+ ions on the lifetime of ACC particles dispersed in aqueous solutions mea-
sured for Asp (black), glutamic acid (red), asparagine (blue), and valine (purple).[178]
(c) TGA (solid line) and DSC (dashed line) analysis of ACC particles synthesized in
the presence of different amounts of CIT. The critical crystallization temperatures
are marked with arrows.[176] (d) SEM images of calcite crystals formed from ACC
particles in the presence of different amounts of CIT.[176] (e) SEM images of toroid
vaterite crystals formed in the presence of L-Asp that spiral counterclockwise (green)
and D-Asp that spiral clockwise (brown).[179] (f) Influence of the molar fraction of
Asp (blue) and Gly (purple) that is incorporated into calcite single crystals on their
hardness. A scanning force microscopy image showing the plastic deformation of
additive-functionalized calcite is shown in the inset.[150]
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Phosphates display a distinctly different behavior: They favor the formation of CaCO3-

rich liquid phases during the liquid-liquid phase separation or stabilize these phases

once they formed.[145, 170] Thereby, these additives increase the critical supersatu-

ration concentration where nucleation of ACC occurs.[143, 145] Based on FTIR and
31P solid-state NMR analysis, it has been suggested that PO4

3- ions are molecularly

dispersed in the resulting ACC particles.[128, 170] However, these additives do not

significantly influence the short- and medium-range order of ACC. The only slight

structural difference that could be observed with PDF was a broadening of the peak

around 4.1 Å.[86]

Many low molecular weight additives that possess a high affinity to Ca2+ increase

the kinetic stability of ACC particles if dispersed in bulk solutions, as shown in Fig-

ure 1.10a.[122] In particular, PO4
3-,[86] SO4

2-,[122] and carboxyl-containing molecules

including CIT,[176] phytic acid,[180] and amino acids such as Gly,[177] Asp,[122, 177]

phosphoserine,[181] and phosphothreonine[181] have been reported to strongly in-

crease the lifetime of ACC particles. The increased kinetic stability of these particles

must be related to a delayed dissolution of ACC or a retarded formation of CaCO3

crystals. The influence of low molecular additives on the dissolution rate of ACC parti-

cles remains unclear. By contrast, many of these additives, including PO4
3-,[182, 183]

SO4
2-,[29, 183] CIT,[183] and Asp[184, 185] are known to slow down or even inhibit the

growth of crystals by adsorbing on their surfaces. Indeed, the kinetic stability of ACC

against crystallization in the presence of free water increases with increasing ability of

these additives to inhibit crystal growth. As a result of this correlation, the stability of

ACC particles sequentially increases if functionalized with valine, asparagine, glutamic

acid, and Asp due to their increasing affinity towards the CaCO3 crystal surface, as

shown in Figure 1.10b.[178]

Certain low molecular weight additives also delay the crystallization of ACC particles

that are not in contact with free water and hence undergo a solid-state transformation.

These additives do not significantly change the structure or overall degree of hydration

of ACC.[86, 122, 170, 176, 177] Instead, they strongly interact with water contained

in ACC, thereby reducing its mobility and hence increasing the energy barrier for

dehydration.[86, 128, 176] As a result, these additives enhance the stability of ACC

against solid-state transformation such that the temperature required to initiate crys-

tallization is significantly higher.[86, 122, 128, 176] For example, pure ACC transforms

into calcite at 160 °C, whereas ACC particles that are synthesized in the presence of

35 mol% CIT only crystallize above 329 °C, as shown in Figure 1.10c.[176] Similar in-
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creases in the critical crystallization temperature have been reported for ACC particles

functionalized with PO4
3-[86, 128] and Asp.[122]

Certain low molecular weight additives not only increase the stability of ACC, but

also influence the size, structure, morphology, and properties of the resulting CaCO3

crystals. For example, if high concentrations of CIT are present in bulk solutions, ACC

preferentially transforms into the stable calcite rather than the metastable vaterite

phase because CIT delays or even inhibits the growth of vaterite.[176, 186] As the

CIT concentration increases, the size of the final calcite crystals decreases and their

morphology changes from typical rhombohedra to elongated spheroids with rougher

surfaces, as exemplified in the SEM images in Figure 1.10d.[176, 186] Remarkably,

some organic additives, such as alanine, α-amino butyric acid, proline, or valine with

a defined chirality can control the structure of the resulting crystals.[187] The presence

of amino acids that possess a defined chirality, including Asp or glutamic acid, can

even result in the formation of CaCO3 crystals with chiral morphologies.[179, 185]

For example, spiraling vaterite crystals with a well-defined chiral direction can form

in the presence of L- or D- Asp, as shown in Figure 1.10e.[179] Moreover, these low

molecular weight additives can influence the mechanical properties of the resulting

crystals: If 7 mol% Gly or 4 mol% Asp are incorporated into calcite single crystals, their

hardness increases two-fold, as shown in Figure 1.10f.[150]

1.4.3 High molecular weight additives

The formation of ACC is also influenced by certain high molecular weight soluble ad-

ditives. By analogy to the influential low molecular weight additives, these polymeric

additives possess functional groups with a high affinity to Ca2+. A prominent example

is PAA that strongly interacts with Ca2+ ions, thereby decreasing the degree of super-

saturation of the solution and hence delaying the nucleation of ACC.[143] Sulfonate

groups have a lower affinity towards Ca2+ than carboxylic groups such that the influ-

ence of sulfonate-containing additives such as PSS on the ACC formation kinetics[145]

and their stability against crystallization[138] is lower than that of carboxyl-containing

counterparts, such as PAA.

The attractive interaction between these additives and Ca2+ also leads to the forma-

tion of additive-Ca2+ complexes with a well-defined morphology. For example, the

presence of PAA in Ca2+ containing solutions leads to the formation of crosslinked

Ca-PAA polymer networks, as shown in Figure 1.11a.[53] This Ca-PAA system has
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Figure 1.11 – Influence of high molecular weight additives on the formation of CaCO3.
(a) X-ray microscopy image of Ca-PAA complexes.[53] (b) TEM images of Ca-PSS
globules.[43] (c) TEM images of ACC particles coated with a silica shell.[190] (d) SEM
image of a calcite crystal synthesized from an aqueous solution containing 5 mM
Ca2+ ions in the presence of 0.5 g·L-1 PSS displaying a concave surface.[191] (e) DSC
analysis of PSS-functionalized ACC particles that are synthesized in solutions encom-
passing a molar ratio of PSS:Ca of 1:4 (solid line) and 1:32 (dashed line). The critical
crystallization temperatures are marked with arrows.[138]

recently been exploited to fabricate the physically-crosslinked hydrogels that are self-

healable.[188, 189] Similarly, the presence of PSS in Ca2+ containing solutions leads to

the formation of spherical globules, as shown in Figure 1.11b.[43] These complexes

can also restrict the ion transport, thereby delaying the formation of ACC.[53]

Certain high molecular weight organic additives, such as PAsp,[44, 73]

poly(arginine),[170] poly(allylamine hydro-chloride),[192] and ovalbumin[74]

not only interact with Ca2+ or CO3
2- ions but also induce the formation of CaCO3-rich

liquid phases, namely Polymer-Induced Liquid Precursors (PILP) phases,[8, 44] or

stabilize these phases after they formed.[71, 73, 74] In addition, these and many other

high molecular weight additives containing multiple charged groups delay the ACC

formation through one or a combination of these mechanisms.[145, 193–195]

High molecular weight additives are likely too big to be incorporated into ACC par-

ticles, such that they adsorb on their surfaces.[43, 53, 84, 196] Hence, they can also
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be added after ACC particles are synthesized. Indeed, it has been demonstrated that

PAsp stabilizes ACC particles more efficiently against crystallization if it is added to

the suspension after the ACC particles have been synthesized.[196] In both cases, the

kinetic stability of ACC particles against dissolution-reprecipitation increases with

the concentration of high molecular weight additives present in the solution during

their synthesis.[53, 61, 196] The resulting additive shell delays or even inhibits the

ACC dissolution, if it is in contact with bulk water.[53, 61] It also hinders the diffusion

of ions from the dissolving ACC particles to the forming CaCO3 crystals, thereby re-

tarding their growth.[43, 196] Similarly, ACC particles,[77, 190] or even PNCs[197] can

be stabilized by coating them with an inorganic shell, silica, as shown in Figure1.11c.

In addition, the growth of the CaCO3 crystals can be further slowed down if certain or-

ganic additives, such as PAsp,[198] that display a high affinity to the crystal surfaces are

present. These results indicate that certain high molecular weight additives stabilize

ACC particles by reducing the kinetics of the dissolution-reprecipitation process.

Some high molecular weight additives also influence the structure, size, and mor-

phology of the resulting CaCO3 crystals. For example, at low concentrations, PAsp

promotes the formation of calcite.[196] With an increasing PAsp concentration, the

size of calcite crystals decreases and their morphology changes from typical rhom-

bohedra that possess smooth facets to those with rounded and rough surfaces.[198]

If the PAsp concentration is further increased, vaterite forms.[196] A similar effect

on the morphology of calcite is observed in the presence of PSS: At high PSS con-

centrations, faces of the calcite crystals, which are typically flat, become concave,

as shown in Figure1.11d.[191, 199] Certain high molecular weight additives also in-

fluence the kinetic stability of ACC against solid-state transformation, though they

do not significantly change the degree of hydration of ACC.[122, 138, 170, 196] For

example, the critical crystallization temperature of ACC particles increases from 277

°C to 362 °C if they are synthesized from a bulk solution containing a PSS : Ca ra-

tio of 1:4, as shown in Figure1.11e.[138] Similarly, the crystallization temperature of

PAA-functionalized ACC particles increases with an increasing amount of PAA added

during their synthesis.[138] Despite these observed differences in the kinetic stability,

the mechanism how these additives influence the solid-state transformation is still

unclear.

In summary, many additives strongly influence the formation of ACC and hence,

its structure, hydration, and stability against crystallization. These additives also

influence the size, structure, morphology, and hence, the properties of the result-
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Figure 1.12 – Synergistic effects of multiple types of additives on the formation and
composition of ACC. (a) Evolution of the concentration of free Ca2+ ions in a carbonate-
buffered solution (pH = 9.75) upon continuous addition of a CaCl2-containing solution
that does not contain any additives (blue) and contains PAsp (green), Mg2+ (red), or
PAsp and Mg2+ (black). The total concentration of Ca2+ ions added to the solution is
indicated by the dashed line. The points where ACC starts to form are marked with
arrows.[200] (b) The molar ratio of Mg2+ and Ca2+ in Mg-ACC as a function of that in a
solution that does not contain any additional additives (blue) and contains 0.025 M
glutamic acid (green), 0.05 M glutamic acid (black), or 0.1 M glutamic acid (red).[201]

ing CaCO3 crystals. If multiple types of additives are simultaneously present during

the crystallization of CaCO3, an even closer control over the crystallization process

can be achieved. For example, the formation of ACC is delayed more efficiently if

Mg2+ is added to PAsp-containing solutions that are supersaturated with respect to

ACC, as shown in Figure 1.12a.[200] Similarly, the amount of Mg2+ that is incorpo-

rated in Mg-ACC and hence, also in Mg-calcite, increases if certain low molecular

weight carboxyl-containing additives are present during its synthesis, as shown in

Figure 1.12b.[201] The increased Mg2+ concentration influences the mechanical prop-

erties of Mg-calcite.[174, 202] A better understanding of potential synergistic effects

of different additives on the composition, structure, hydration, and crystallization of

ACC would further our understanding on the CaCO3 crystallization in nature. This

understanding would also offer a better control over the crystallization process and

hence the structure and properties of the resulting CaCO3-based materials.

1.5 Influence of insoluble organic scaffolds

To better understand the influence of insoluble organic scaffolds on the formation

process of CaCO3, 2D organic substrates have been extensively studied. If appro-
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priate additives such as PAA[203, 204] or PAsp[205] are used to functionalize ACC

particles, the wettability of these particles[44, 206] is significantly enhanced such that

they form continuous films that subsequently transform into crystalline ones on the

substrate.[207–209] In this case, the structure of CaCO3 films can be influenced by the

composition of the organic substrate. For example, ACC particles preferentially trans-

form into calcite films on hydroxyl-presenting surfaces like cellulose, whereas they

principally transform into vaterite films on amine-presenting surfaces like chitosan,

if PAA is present.[203] The structure of CaCO3 films also depends on the crosslink

density of the organic substrate: Vaterite films form on styrylpyridinium-modified

poly(vinyl alcohol) (PVA) films if their crosslink density is sufficiently low and calcite

films form if the crosslink density exceeds a threshold value.[154]

Similarly, the orientation of CaCO3 crystals can be influenced by the composition of

the organic substrate. This feature was explored to form crystalline CaCO3 films with

orientations that alternatively change over short length scales,[154, 210, 211] using a

substrate made of polyrotaxane-modified PVA[211] or poly[(vinyl alcohol)-co-(vinyl

acetate)],[154] as shown in Figures 1.13a-b. The orientation of CaCO3 crystals also

depends on the conformation of the polymers contained in the substrate and hence

its stiffness: The c-axis of vaterite films produced on poly(N-isopropylacrylamide)

brushes is oriented parallel to the substrate if grown at temperatures above the lower

critical solution temperature (LCST), T > LCST, whereas it is oriented perpendicular to

the substrate if grown at T < LCST.[212] Hence, certain insoluble organic substrates

can offer a simultaneous control over the structure and orientation of CaCO3 films.

However, the exact mechanism by which it influences the structure and orientation of

crystals remains unclear.

The formation of CaCO3 crystals on the surfaces of insoluble organic substrate

in the presence of soluble additives results in an additional benefit: It offers

control over the shape of the resulting CaCO3. Taking advantage of this fea-

ture, CaCO3 crystals with well-defined shapes were grown on patterned substrates

made of photoresist,[152] polymer brushes containing carboxylic acid groups,[215]

urease,[216] and poly(hydroxyethyl methacrylate-block-methylphenylsilane-block-

hydroxyethyl methacrylate) copolymer.[217] Similarly, the shape of CaCO3 crystals

can also be controlled in three dimensions using 3D organic scaffolds with well-

defined sizes and structures, such as epoxy resin membranes,[218] poly(2-hydroxyl

methacrylate) hydrogels,[219], polymeric track-etched membranes,[34, 149, 214] self-

assembled poly(styrene)-block-poly(isoprene) copolymers,[220], liquid crystalline
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Figure 1.13 – Influence of insoluble organic scaffolds on the formation and compo-
sition of ACC. (a) SEM and (b) polarized light microscopy images of calcite films
grown on a poly[(vinyl alcohol)-co-(vinyl acetate)] polymer substrate.[154] (c, d)
SEM images of the cross section of CaCO3 crystals grown on a liquid crystalline
chitin/PAA film.[213] (e) TEM image and SAED pattern of single-crystalline vaterite
nanowires formed within a Millipore track-etched membrane.[214]. (f) TEM image of
a mixture of calcite and vaterite polycrystals formed within a Sterlitech track-etched
membrane.[214]

chitin whiskers,[221], layered β-chitin matrix,[151] and de-mineralized natural or-

ganic scaffolds.[222]. For example, if ACC particles crystallize within liquid-crystalline

chitin whiskers in the presence of PAA, a 3D chitin/CaCO3 composite with helical

structures form, as shown in Figures 1.13c-d.[213]

During the formation of CaCO3 crystals in the organic scaffolds, the formed ACC

particles are often confined within the pores of insoluble organic scaffolds and hence,

display an enhanced kinetic stability against crystallization.[34, 149, 214] The con-

finement restricts the transport of dissolved ions away from the ACC surface and

hence, slows down the dissolution of ACC[223] as well as the nucleation and growth

of new crystals.[224] As a result of this slower crystallization kinetics, the confine-

ment provided by the organic scaffolds enables arresting crystals in a metastable form

that displays an unusual morphology and a well-defined orientation; these effects

depend on the surface chemistry of the confinement as well as their size.[149, 214]

For example, if ACC particles are confined in nanopores of track-etched membranes
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that are produced from different manufacturers and thereby possess different surface

chemistry, they can transform into CaCO3 crystals with distinctly different morphol-

ogy and orientations: In membranes purchased from Millipore single-crystalline

vaterite nanowires form, whereas in membranes purchased from Sterlitech a mixture

of calcite and vaterite polycrystals form under identical conditions, as shown in Fig-

ures 1.13e-f. [214] In addition, it has been shown that a reduced size of the nanopores

of track-etched membranes promotes the formation of single-crystalline aragonite

nanowires.[149]

These examples nicely demonstrate possibilities to control the formation of CaCO3

crystals and thereby the structure and properties of CaCO3-based materials, through

tuning the chemical composition, stiffness, structure, and pore size of insoluble

organic scaffolds in the presence or absence of soluble additives.
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This chapter is adapted from the experimental sections of our papers entitled: (a)

“Amorphous CaCO3 : Influence of the Formation Time on Its Degree of Hydration and

Stability,” authored by H. Du, M. Steinacher, C. Borca, T. Huthwelker, A. Murello, F.

Stellacci, and E. Amstad, and published in Journal of the American Chemical Society,

vol. 140, pp. 14289–14299, Oct. 2018,[225], (b)“Additives: Their Influence on the

Humidity- and Pressure- Induced Crystallization of Amorphous CaCO3,” authored by

H. Du, C. Courrégelongue, J. Xto, A. Böhlen, M. Steinacher, C. Borca, T. Huthwelker,

and E. Amstad, and submitted in Oct. 2019.[226] and (c) “Fabrication of Hexagonal-

Prismatic Granular Hydrogel Sheets,” authored by H. Du, A. Cont, M. Steinacher, and

E. Amstad, and published in Langmuir, vol. 34, pp. 3459–3466, Mar. 2018.[227]

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

In this chapter, we describe the different experimental methods that are used to pro-

duce unfunctionalized ACC particles and those functionalized with a variety of soluble

additives. We monitor the crystallization of these particles using various characteriza-

tion techniques while employing different processing conditions, including elevated

temperatures, humidity and pressures to induce the crystallization. Moreover, we

detail the experimental approach to fabricate 2D structured organic scaffolds using

emulsion drops as templates.
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2.1 Materials

All the reagents are used as received. Calcium hydroxide (ACS reagent, ≥95.0%), cal-

cite (ACS reagent, ≥99.0%), ethanol (≥99.8%), glycine (ReagentPlus, ≥99.0%), cit-

ric acid (ACS reagent, ≥99.5%), acrylic acid (99%, anhydrous), magnesium chlo-

ride hexahydrate (ACS reagent, 99.0-102.0%), poly(acrylic acid) (Mw∼100,000 Da,

35 wt% in H2O), poly(acrylic acid) (Mw∼15,000 Da, 35 wt% in H2O), poly(acrylic

acid) (Mw∼450,000 Da, powder), poly(allylamine) (Mw∼15,000 Da, 15 wt% in

H2O), poly(sodium 4-styrenesulfonate) (Mw∼70,000 Da, powder), poly(ethylene gly-

col) diacrylate (Mn∼700 Da), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%),

trichlorododecylsilane (≥95.0%, Sigma-Aldrich), 2-hydroxy-2-methylpropiophenone
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2.2. Studying the formation and crystallization of ACC using a spray dryer

(97%), fluorescein isothiocyanate–dextran (Mw∼150,000 Da) are purchased from

Sigma-Aldrich. Calcium chloride (≥98%, anhydrous) and sodium carbonate (ACS

reagent, ≥99.5%, anhydrous) are purchased from Carl Roth. Dodecane (≥99.0%)

is purchased from ABCR, poly (dimethylsiloxane) (Sylgard 184) from Dow Corning,

HFE 7500 from 3M Novec, and 2,2,3,3,4,4,4-heptafluoro-1 butanol from TCI. The

fluorinated triblock copolymers surfactant, FSH-PEG900-FSH, is synthesized in our

laboratory by Dr. Gianluca Etienne.[228]

2.2 Studying the formation and crystallization of ACC

using a microfluidic spray dryer

2.2.1 Production of ACC particles using a spray dryer

To quench the formation of ACC particles at early stages, we produce them using a

microfluidic spray dryer made of poly (dimethylsiloxane) (PDMS).[229] We employ a

soft lithography process to fabricate the spray dryer.[230] To make the channels inside

the spray dryer non-wetting for water drops, the surfaces of these channels are treated

with dodecane containing 5 vol% trichlorododecylsilane. The spray dryer contains two

inlets for liquids and six inlets for gases, as shown in Figure 2.1. During the operation of

this device, 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 collected 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 Cl- on the structure and sta-

bility of spray-dried ACC particles, unless stated otherwise, we produce them from

an aqueous solution containing 2 mM Ca(OH)2 and expose it to CO2. To prepare this

aqueous solution containing Ca(OH)2, a saturated solution of Ca(OH)2 (∼23 mM) is

first prepared by adding 2 g Ca(OH)2 in 1 L of deionized water (Direct-Q®, Merck Mil-

lipore, 25 °C) and stirring overnight. To avoid the formation of CaCO3 precipitates, we

degas water over night using N2. This solution (pH∼12.6) is filtered through a syringe

filter (0.2 µm, CH-PTFE-20/25, HROMAFIL® Xtra) and diluted to 2 mM (pH∼11.6)

immediately before the experiments. We inject this Ca(OH)2-containing solution into

the first liquid inlet at a flow rate of 1 mL·h-1 using a syringe pump (Cronus Sigma

1000, Labhut). The second liquid inlet is included for flexibility and blocked for these
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Figure 2.1 – Schematic illustration of the production of ACC nanoparticles using
a microfluidic spray dryer. The spray dryer contains two inlets for liquids (blue)
where one is used to inject an aqueous solution containing Ca(OH)2, and the other
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 vol% CO2 (brown).

experiments. To prevent precipitation reactions prior to drop formation, we form

airborne drops containing Ca(OH)2 using air. Drops are accelerated in the main chan-

nel by introducing additional air through inlets 2-5. To ensure complete conversion

of Ca(OH)2 into CaCO3, the air injected through the last inlet is enriched with 10

vol% CO2, which 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 characterized.

To test the influence of the counterions of Ca2+ and CO3
2- ions that are often involved

in production of ACC particles, we inject an aqueous solution containing 4 mM CaCl2

at 0.5 mL·h-1 into the first liquid inlet and the second aqueous solution containing 4

mM Na2CO3 at 0.5 mL·h-1 into the second liquid inlet of the device. In this case, all

the six gas inlets are supplied with pure air.

To study how certain organic additives influence the formation and stability of ACC

particles, we produce the particles that are functionalized with poly(acrylic acid) (PAA-

100K, Mw∼100,000 Da) through co-spray-drying. We add 50 µg·mL-1 PAA-100K to the

aqueous solution containing 2 mM Ca(OH)2. We inject this solution into the device

and operate it under the same conditions.
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2.2.2 Characterizations of as-produced ACC particles

Size

To measure the size of as-produced ACC particles that are quenched at different stages

of their formation, we characterize them using a Zeiss Merlin field emission scanning

electron microscope. The microscope is operated at an acceleration voltage of 6 kV

and a probe of 100 pA. To avoid charging effects on the samples, they are coated with

a 4 nm thick iridium film. Diameters of the particles are measured using the ImageJ

software.

Composition and structure

To identify the composition and structure of the as-produced particles, we characterize

them using FTIR and XRD. FTIR traces are recorded with a Nicolet 6700 spectrometer

(Thermo Scientific) equipped with a Golden Gate Standard ZnSe Lenses ATR accessory

(SPECAC) in the attenuated total reflection mode. Traces are acquired between 4000-

600 cm-1 at a resolution of 4 cm-1. For each trace, 32 scans are averaged. XRD traces are

acquired using an Empyrean diffractometer (PANalytical) equipped with a PIXcel-1D

detector. A Cu Kα radiation source with a wavelength of 1.5405 Å is used as incident

beam. To maximize the signal to noise ratio, traces are acquired at a grazing incident

angle of 1 °. The diffraction patterns are collected within a 2θ range of 15 to 50 ° and at

a scanning rate of 0.1 °·s-1. For these measurements, the spray-dried ACC particles

are directly collected on a one-side polished silicon wafer. We also characterize two

reference samples, namely Ca(OH)2 and calcite using the same techniques. Their

crystalline peaks are identified with the HighScore Plus software.

To further quantify the structure of ACC particles, including their short-range or-

der, we characterize them using XAS. All the XAS experiments are performed at the

PHOENIX undulator 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 the incident photon beam is 1 mm × 1 mm. The spray-dried ACC particles

are directly deposited onto carbon-coated copper TEM grids. As the samples are

monolayers of particles, there are no self-absorption effects that usually distort the flu-

orescence spectra in thick samples. Hence, their XAS spectra are acquired in the total

fluorescence mode using a single element silicon drift diode (Ketek GmbH, Germany).

By contrast, thick films of Ca(OH)2 and calcite reference samples are deposited onto
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a conductive carbon tape glued on a copper plate. Their 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 the samples. X-ray absorption near-edge structure spec-

tra are normalized using the Demeter software.[231] Extended X-ray absorption fine

structure spectra are measured up to k = 10 Å-1 with a step size of 0.05 Å-1. Fitting is

conducted with k2-weighted data in the R-space using the Artemis software.[231] The

small peaks in the k-space data caused by multielectron excitations are not removed

since it has been shown that they do not significantly influence the fitting results.[232]

Theoretical phase and scattering amplitude functions used for fitting Ca-O scattering

are calculated using calcite as a model system.[76, 93]

Morphology

To investigate the morphology of ACC particles that are quenched at different stages

of their formation, we visualize them using TEM. Transmission electron microscopy

images of the particles are taken in a field emission Talos transmission electron micro-

scope (FEI) using an acceleration voltage of 200 kV. The condenser aperture 1 is 2000

µm and the condenser aperture 2 is 100 µm. The ACC particles are directly sprayed to

carbon film-coated copper grids. The dose of electrons is kept constant at 60 e·Å-2·s-1

and the magnification is kept constant at 190,000 x. In addition, we measure the

structure of particles using the SAED in TEM. SAED patterns are collected using a 10

µm aperture.

2.2.3 Dehydration and crystallization of ACC particles

To study how n of ACC influences its morphology and structure, we dehydrate the

spray-dried ACC particles through thermal annealing unless stated otherwise. ACC

particles that are deposited onto carbon film-coated molybdenum TEM grids are

heated in a nitrogen atmosphere using a Thermogravimetry Analysis 4000 (Perkin

Elmer) at a rate of 10 °C·min-1 before they are kept at the desired temperature for

3 h. Similarly, particles that are deposited onto a silicon wafer are annealed in a

muffle furnace (France-Etuves) at the desired temperature for 3 h. To study how n

influences the kinetic stability of ACC against the temperature-induced crystallization,

we crystallize the spray-dried ACC particles through annealing them at more elevated

temperatures using similar protocols. For certain experiments, we also use a vacuum
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drying method to dehydrate ACC particles, where particles are kept in a vacuum

desiccator (VWR) for 2 months.

Degree of hydration

To measure n of ACC particles during their dehydration and temperature-induced

crystallization, we characterize the as-produced particles and those that have been

annealed at different temperatures using XPS. X-ray photoelectron spectroscopy

measurements are carried out using a PHI VersaProbe II scanning XPS microprobe

(Physical Electronics) with monochromatic Al Kα X-ray source operated at 24.8 W.

The beam size of the X-ray source is 100 µm. For these measurements, samples are

deposited onto a silicon wafer that is coated with a 20 nm thick platinum film to

avoid any oxygen contribution from the substrate. Data is analyzed using the CasaXPS

software. All the binding energies are calibrated with the carbon 1s peak at 285 eV.[233]

To measure the atomic ratio of O to Ca for ACC, we fit the Ca 2p and O 1s XPS peaks,

integrate their areas, and divide them by their relative sensitivity factors[234] provided

by the CasaXPS software. Using the same procedure, we quantify O/Ca for a calcite

reference. Because calcite does not contain any water, its O/Ca should be 3. We

therefore use this measurement to normalize all our values of O/Ca by setting that of

calcite to 3.

Morphology

The morphology of the dehydrated and crystallized ACC particles is visualized with

TEM using similar parameters as described in Section 2.2.2.

Structure

To quantify the evolution of structures of ACC particles during their dehydration and

subsequent crystallization at elevated temperatures, we characterize the particles

using XAS while they are heated in situ. A resistive heating system (ISOHEAT Mil

Heating Systems GmbH, Germany) is used to vary the temperatures. The temperatures

are monitored using a Pt100 resistive sensor connected to the sample holder. X-ray

absorption spectra are acquired and analyzed using similar protocols as described in

Section 2.2.2. Similarly, to monitor the evolution of structures, we also determine the

full width half-maximum (FWHM) of the Ca 2p3/2 peak for the as-produced particles
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and those that have been annealed at different temperatures measured with XPS. To

identify the structure of crystallized ACC particles, we acquire their SAED patterns

using TEM.

Surface roughness

To relate the change of structures of ACC particles to their dehydration, we image the

surface of particles before and after having been annealed at 200 °C for 3 h with atomic

force microscopy (AFM). Atomic force microscopy measurements are conducted in

ambient conditions in the amplitude modulation mode on a Cypher S system (Asylum

Research/Oxford Instruments). The sensitivity of the cantilevers (AC240TS, Olympus)

and their spring constant are calibrated using the built-in GetReal™ Automated Probe

Calibration procedure. The cantilevers are driven acoustically. The values of the free

amplitude are in the range of 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. Image analysis is performed in Gwyddion[235]

(http://gwyddion.net/) and power spectral density (PSD) function is calculated using

the built-in function. Power spectral density function is a Fourier transform of the

autocorrelation function and represents the contributions of different spatial length

scales to the fluctuations in the topography. It therefore provides a global evaluation of

the surface roughness of the particles. To avoid the artifacts caused by the background,

the power spectral density function analysis is conducted on an inscribed rectangular

region of the surface of each nanoparticle.

2.2.4 Electron beam-induced decomposition of ACC particles

To investigate the stability of ACC particles against electron beam-induced decom-

position, we image the particles using TEM with an increased electron dose of 400

e·Å-2·s-1 and record the evolution of their morphology under such conditions.
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2.3 Studying the influence of additives on the humidity-

and pressure- induced crystallization of ACC

2.3.1 Production of ACC particles using a bulk solution method

To study the influence of additives on the humidity- and pressure- induced crystal-

lization of ACC, we produce unfunctionalized ACC particles and those functionalized

with a variety of additives using a bulk solution method. The throughput of this

method is approximately three orders of magnitude higher than that obtained using

the spray drying method, thereby enabling us to form bulk samples to which we can

easily apply different pressures with our current experimental set-up. In addition, this

significantly higher throughput allows us to characterize n of ACC with the widely

used TGA method, which was not accessible for the spray-dried ACC particles because

of the small amounts of particles that are produced.

We employ additives that are often used to control the crystallization of ACC in bulk

solutions or at elevated temperatures, including certain low molecular weight addi-

tives, such as magnesium chloride hexahydrate (Mg), Gly, CIT, and acrylic acid (AA),

as well as certain polymeric additives, such as poly(acrylic acid) with a Mw∼15,000

Da ((PAA-15K), poly(acrylic acid) with a Mw∼450,000 Da (PAA-450K), poly(sodium

4-styrenesulfonate) with a Mw∼70,000 Da (PSS-70K) and poly(allylamine) with a Mw

of 15,000 Da (PAL-15K), as summarized in Figure 2.2. To compare the influence of

different additives, we fix the molar ratio of the low-molecular weight additives or

the repeat units for the polymeric additives to Ca2+ present in the initial solution to

1: 10. In the synthesis, 1.75 mL of an aqueous solution containing 0.1 M low molecular

weight additives or repeating units of polymeric additives is mixed with 1.75 mL of

an aqueous solution containing 1 M CaCl2 for 10 min using an ultrasonic bath. In

addition, 3.5 mL of an aqueous solution containing 0.5 M Na2CO3 is prepared. All so-

lutions are stored at 4 °C for at least 2 h. The solution containing 0.5 M Na2CO3 is then

added to the solution containing CaCl2 and additives and vortexed for 10 s. To quench

the precipitation reaction, 40 mL cold ethanol (4 °C) is added after the reaction carried

out for 30 s and the mixture is again vortexed for 10 s. To extract the precipitates, the

mixture is centrifuged at 4500 rpm for 5 min at 4 °C before the supernatant is removed.

The resulting ACC particles are washed twice, each time with 35 mL ethanol, before

the ACC particles are dried and stored in a vacuum desiccator. For CIT-functionalized

ACC, we also synthesize samples where we lower the concentration of CIT three-fold
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Figure 2.2 – Chemical structures of the additives used to functionalize ACC with their
abbreviations indicated in parenthesis. The molecular weights of polymer additives
are given in the brackets.

using the same protocol. To synthesize unfunctionalized ACC particles as controls, we

prepare 3.5 mL of an aqueous solution containing 0.5 M CaCl2 and mix it with 3.5 mL

of an aqueous solution containing 0.5 M Na2CO3. All the following steps are same as

those in the synthesis of additive-functionalized ACC.

2.3.2 Characterization of as-produced ACC particles

Size

To measure the size of as-produced ACC particles synthesized using the bulk solution

method, we characterize all the synthesized ACC samples using SEM under same

operation conditions as described in Section 2.2.2. All the samples are coated with a

20 nm thick film of Au:Pd (80:20) to avoid charging effects.

Composition and structure

To identify the composition and structure of as-produced particles, we characterize

them using FTIR and XRD as described in Section 2.2.2. Because we obtain much

46



2.3. Studying the influence of additives on the humidity- and pressure- induced
crystallization of ACC

higher amounts of ACC using the bulk solution method, XRD patterns of all the ACC

samples are acquired in the normal gonio scan mode instead of the grazing incidence

mode. To conduct the measurements, sample powders are deposited on glass slides

(Corning®).

Degree of hydration

To quantify n of the produced ACC samples, we characterize them using a TGA 4000

instrument. For each measurement, approximately 5 mg of ACC powders are placed

into an alumina crucible. The crucible is heated from 30 °C to 800 °C at a rate of 10

°C·min-1 under a flow of dry N2 whose rate is kept constant at 20 mL·min-1.

2.3.3 Pressure-induced crystallization of ACC particles

To perform the pressure–induced crystallization experiments, we use a programmable

hydraulic press (PressPRO, PIKE Technologies) to precisely apply the pressures to ACC

particles. We employ a cylindrical die with an inner diameter of 13 mm that is typically

used for pressing KBr pellets for FTIR measurements to fabricate the samples. We

add approximately 30 mg of ACC powder to the pellet die and subject the powder to

well-defined pressures. In the first set of experiments, we apply pressures between 87

and 738 MPa to the ACC samples for 30 min to induce their crystallization. For the

additive-functionalized ACC samples that do not crystallize at 738 MPa, which is the

highest pressure that can be applied with this set-up, we fix the pressure at 738 MPa

and extend the pressing time to induce the crystallization. To study the kinetics of the

pressure-induced crystallization, we characterize the structure of ACC samples after

having been pressurized using FTIR and XRD, their n using TGA, and their size as well

as morphology using SEM.

2.3.4 Humidity-induced crystallization of ACC particles

To perform the humidity-induced crystallization experiments, we deposit a layer of

ACC powder on an aluminum tape that is glued to the bottom of a humidity chamber.

We supply 20 mL·min-1 N2 to the humidity chamber to keep the RH constantly around

95%. To monitor the kinetics of the humidity-induced crystallization in situ, we place

the humidity chamber containing the ACC sample under a Hyperion 3000 Fourier

Transform infrared microscope (Bruker) and measure it using an Invenio FTIR spec-
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trometer (Bruker). FTIR spectra are measured from 650 to 4000 cm-1 with a resolution

of 4 cm-1 in the reflection mode. For each measurement, 60 scans are averaged. To

minimize potential errors in the quantification of the degrees of crystallization that

are caused by shifts of the baselines occurring during the crystallization, we fit the

baseline of each absorption peak of the in situ FTIR traces using a spline interpolation

and subtract it from the measured peaks using the OriginPro software. For certain

ACC samples, we also measure their structure ex situ with FTIR as described in Section

2.2.2.

To quantify the evolution of n of ACC during the humidity-induced crystallization,

we characterize ACC samples that have been exposed to the humid environment for

different durations using TGA. To measure the size and morphology of ACC samples

crystallized in the humid environment, we characterize them with SEM. To test the

orientation of CaCO3 crystals obtained from the humidity-induced crystallization, the

crystallized sample is characterized using TEM and SAED, as described in Section 2.2.2.

To prepare the sample, an ethanol suspension of ACC particles is deposited to a carbon

film-coated copper grid before ethanol evaporates. The sample is subsequently placed

in the humidity chamber to crystallize the ACC particles.

2.4 Fabricating 2D hexagonal prismatic granular hydro-

gel sheets

2.4.1 Production of drops

We produce emulsion drops that act as templates for fabricating 2D structured hy-

drogel sheets using a microfluidic millipede device made of PDMS.[236] This device

enables the production of monodisperse drops with a very high throughput. It con-

sists of a central channel for the inner phase and on each of the two long sides of

the central channel there is a channel for the oil phase, as shown in Figure 2.3. The

central channel is connected to the two outer channels through 300 individual drop

makers that have a much smaller height such that there is a step at the end of each

drop maker. The nozzle of the drop makers opens in a triangular way. For a proper

functioning of the device, the channel walls must be non-wetting for the inner phases.

To produce water-in-oil single emulsion drops, we treat the channel walls with an HFE

7500-based solution containing 1 vol% trichloro(1H,1H,2H,2H-perfluorooctyl)silane.
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Figure 2.3 – Optical image of a section of the microfluidic millipede device in opera-
tion. The red arrows indicate the flow direction of the inner aqueous solution and the
white arrows indicate the flow direction of the HFE 7500 oil.

To produce emulsion drop templates that can be converted into hydrogels through

UV-initiated polymerization, an aqueous solution containing 50 wt% poly(ethylene

glycol) diacrylate (PEG700-DA, Mw∼700 Da) monomers and 2 wt% 2-hydroxy-2-

methylpropiophenone photoinitiators is used as the inner phase. A perfluorinated

HFE 7500 oil with 1 wt% fluorinated triblock copolymers surfactant, FSH-PEG900-FSH,

is used as the outer phase. These two phases are injected into the millipede devices

using syringe pumps. The produced drops are collected in a glass vial that is wrapped

in aluminium foil to protect the collected drops from light exposure. To produce

fluorescently labeled drops, we add 0.1 mg·mL-1 fluorescein isothiocyanate–dextran

(FITC-Dextran) to the aqueous phase containing the monomers and photoinitiators.

2.4.2 Self-assembly of hydrogel microparticles

As control experiments, we fabricate structured hydrogel sheets through the self-

assembly of individual hydrogel microparticles. To convert drop templates into hy-

drogel microparticles, they are illuminated with UV light (320 nm < λ < 500 nm) that

is guided by a liquid light guide with a diameter of 8 mm (Ominicure S 1000, Lumen

Dynamics, Canada). The polymerized hydrogel microparticles are washed three times

with 2,2,3,3,4,4,4-heptafluoro-1 butanol to remove the surfactant and subsequently

dispersed into an aqueous solution. We add 20 vol% ethanol to the aqueous dis-

persion containing the hydrogel microparticles to lower the surface tension of the

solvent, thereby facilitating the spreading of the dispersion on the solid substrate; this

is required to produce a monolayer of microparticles. We deposit a few drops of this
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Figure 2.4 – Schematic illustration of the formation of hexagonal prismatic granular
hydrogel sheets. Emulsion drops are deposited on a substrate where drops arrange
into the energetically most favorable hexagonal close packed structure. Once the
majority of the oil is evaporated, drops deform and attain a hexagonal prismatic
shape. They are subsequently illuminated with UV light to convert them into hydrogel
particles that are linked through their side walls.

dispersion onto a PDMS substrate and let the particles sediment. We subsequently

vortex the sample to agitate the particles, thereby facilitating their arrangement into a

hexagonal close packed structure monolayer.

2.4.3 Self-assembly and polymerization of drops

To fabricate structured hydrogel sheets with a better integrity, we first deposit the

emulsion drops onto a clean glass slide or into a 25 mm long, 4 mm wide and 120 µm

deep PDMS trough, as shown in Figure 2.4. The density of water is 1.6 times lower

than that of the oil such that drops cream inside the collection vial. We remove part

of the oil to increase the drop concentration before the deposition. After the drops

self-assemble into a monolayer, excessive drops are removed using a micropipette.

While the oil evaporates, drops attain a hexagonal prismatic shape. We subsequently

illuminate them with UV light for 15 s to solidify the deformed emulsion drops. The

distance between the sample and the end of the light guide is kept constant at 3 cm

unless stated otherwise. At this distance, the illumination intensity is around 1.20

W·cm-2, as measured with a radiometer (Suss MicroTec UV optometer). If we vary the

distance from 1 cm to 15 cm, the irradiance shifts from 4 W·cm-2 to 0.06 W·cm-2.
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2.4.4 Characterizations

Interfacial tension

The contact angle between the aqueous solution containing PEG-DA and the substrate

as well as the interfacial tension between the PEG-DA solution and the oil is measured

using a drop shape analyzer (DSA25, Kruss, Germany).

Microscopy

All the samples are visualized with optical microscopes (Eclipse TS 100 and Ti-E,

Nikon, Japan). Some samples are also characterized using SEM (XLF30-FEG, FEI,

USA). Scanning electron microscopy images are acquired at an acceleration voltage of

3 kV using a secondary electron detector. To avoid charging effects, they are coated

with a 30 nm thick gold film.

Mechanical properties of hydrogel sheets

We measure the Young’s modulus of the hydrogel sheets using a tensile tester (MiniMat

2000, Rheometric Systems). Sample sheets are dried in air at room temperature for at

least 2 days before the measurements. These sheets are immobilized with two clamps

that are coated with a 1 mm thick PDMS layer to avoid sample damage. We measure

the applied force as a function of the strain and calculate the stress by dividing the

force by the cross section area of the sample, which we quantify by measuring its

width using optical microscopy and its thickness using a digital micrometer.
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3 Influence of the Formation Time on

the Degree of Hydration and Stability

of ACC
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This chapter is adapted from the paper entitled “Amorphous CaCO3 : Influence of

the Formation Time on Its Degree of Hydration and Stability,” authored by H. Du,

M. Steinacher, C. Borca, T. Huthwelker, A. Murello, F. Stellacci, and E. Amstad, and

published in Journal of the American Chemical Society, vol. 140, pp. 14289–14299,

Oct. 2018.[225] H. Du and E. Amstad designed the experiments. H. Du performed

all the experiments except for the AFM measurements that were conducted by A.

Murello. The analysis of AFM results were done by H. Du and A. Murello under the

supervision of F. Stellacci. M. Steinacher contributed to the optimization of spray-

drying process and the material characterizations. C. Borca and T. Huthwelker helped

with the collection and analysis of XAS data. H. Du and E. Amstad analyzed all data

and wrote the paper.
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In this chapter, we use a microfluidic spray dryer to study the early stages of the ACC

formation with a high temporal resolution without the need of any organic solvents.

We demonstrate that the amount of mobile water contained in ACC particles increases

as the particles grow, rendering them kinetically less stable against the temperature-

induced solid-state crystallization. We also find that certain additives known to delay

the crystallization of ACC, such as PAA, reduce the amount of mobile water contained

in ACC, thereby increasing their kinetic stability.
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3.1 Introduction

Many different processing conditions, such as the pH[28, 60] and temperature[93] of

the aqueous solutions that are used to synthesize ACC particles, as well as the meth-

ods to dry particles[117] have been shown to influence the formation pathways,[60]

structure,[92, 93] and stability[40, 40, 129] of ACC particles. The stability of ACC par-

ticles, which is directly related to their size,[65, 80] is also influenced by the amount

of water contained in them.[40, 87, 129] Whether the amount of water contained in

ACC particles is influenced by the synthesis conditions remains to be determined.

To experimentally study the influence of the synthesis 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.[58]

The formation of ACC is often quenched with organic solvents, such as ethanol, which

CaCO3 has a low solubility in.[40, 77, 87] Indeed, the presence of these organic solvents

influences the degree of hydration,[77, 117, 237] structural order,[90] stability,[139]

and crystallization pathway[238] of ACC. Hence, the differentiation between effects

that are inherent to ACC from those that have been induced by organic solvents is

very difficult. The time required to quench the formation of ACC with this method is

usually of the order of minutes.[43, 239] Recently, some in situ liquid cell TEM[31, 43]

and cryo-TEM[48, 240] studies have been employed to investigate the early stages of

54



3.1. Introduction

CaCO3 formation with a resolution of a few seconds, although feasibility to achieve

a resolution down to 100 ms has been shown.[61] However, the information that

has been extracted from these measurements is limited to the size, crystallinity, and

morphology of particles. There are a few reports that employ TEM images to extract

the degree of hydration of ACC particles from the image contrast.[57, 61] However,

more systematic and quantitative studies on the influence of processing conditions on

the composition of ACC particles, including their degree 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 establish 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

analysis.

In this chapter, we employ a microfluidic spray dryer[229] to quench the formation of

ACC particles at early stages by producing these particles in airborne aqueous drops

that rapidly dry; this process does not require any organic solvents to quench the

particle formation. To study the formation of ACC particles with a high temporal

resolution, we vary the diameter of drops from 10 to 100 µm 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 formation time and

hence with increasing particle size. Because of the increased amount of mobile

water, larger particles are more prone to temperature-induced crystallization and

electron beam-induced decomposition than smaller counterparts. In line with these

observations, we find that additives known to delay or even inhibit the crystallization

of ACC, such as PAA, reduce the mobility of water contained in ACC, thereby increasing

their kinetic stability. These results indicate that the kinetics of crystallization of ACC

particles is directly related to the amount of mobile water contained in ACC particles.

These insights offer new opportunities to tune the stability of ACC with its degree of

hydration and thereby facilitate its processing into biomimetic CaCO3-based materials

with tunable structures and properties.
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Figure 3.1 – Characterization of the morphology and composition of the spray-dried
CaCO3 nanoparticles. (a) SEM image of the spray-dried nanoparticles. (b) FTIR traces
of the spray-dried nanoparticles (i) and reference traces of Ca(OH)2 (ii) and calcite
(iii). Ca(OH)2 reference contains small amounts of calcite.

3.2 Results

3.2.1 Production of ACC particles through spray-drying

We produce ACC nanoparticles with a PDMS-based microfluidic spray dryer[229] that

is fabricated using soft lithography.[230] Nanoparticles are produced inside aqueous

drops containing Ca(OH)2 that are dried using CO2-enriched air, as schematically

shown in Figure 2.1. The resulting dry nanoparticles are well separated from each

other, as shown in the SEM image in Figure 3.1a. To test if this spray-drying process is

sufficient to fully convert Ca(OH)2 into CaCO3, we characterize spray-dried particles

using FTIR. The spray-dried particles do not display any sharp absorption peak at

3640 cm-1 that corresponds to the OH stretch vibration and is prominent in the

reference trace of Ca(OH)2, as shown in Figure 3.1b. This result suggests that spray-

dried particles do not contain significant amounts of Ca(OH)2. Instead, spray-dried

particles display an ν2 absorption peak at 863 cm-1 and they do not show any ν4

peak around 712 cm-1. The location of the ν2 peak and the absence of the ν4 peak

measured for the spray-dried sample is characteristic for ACC.[33, 81, 157, 241] Hence,

our FTIR results suggest that Ca(OH)2 is fully converted into ACC during the spray-

drying process. The FTIR spectrum of spray-dried particles also displays a broad

absorption peak in the region of 2750–3600 cm-1 and a small peak around 1640 cm-1;

these peaks are characteristic for water contained in ACC,[33, 157] suggesting that

spray-dried particles contain significant amounts of water.
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To confirm the structure and composition of spray-dried particles, we perform XAS

measurements on the Ca K-edge and compare the spectrum measured for spray-

dried particles to the reference spectra of Ca(OH)2 and calcite; calcite is the most

stable crystalline form of CaCO3 at room temperature and ambient conditions for

particles whose diameter exceeds 4 nm.[28, 80, 87] X-ray absorption near-edge struc-

ture spectra of spray-dried particles display a small pre-edge peak at 4040 eV and a

single main absorption edge at 4049 eV but they do not show any shoulder around

4045 eV, as shown in Figure 3.2a. These features are in stark contrast to the refer-

ence spectra acquired on calcite, indicating that our particles are composed of ACC,

in good agreement with previously reported results for ACC particles produced in

bulk.[76, 105, 106, 241] To characterize the short-range order of spray-dried ACC parti-

cles, we fit the EXAFS regions of the XAS traces of the particles. The k-space oscillation

of the EXAFS and its Fourier transformation with a k-range of 2.4-8.0 Å-1 in the R-

space are shown in Figures 3.2b-c. Fits of these measured traces reveal that R of the

first oxygen coordination shell around calcium is 2.4 ± 0.04 Å and the corresponding

CN is 6.4 ± 3.3. No additional, more distant shells are observed, in stark contrast to

crystals, suggesting that our particles are amorphous.[76] Our EXAFS results agree

well with those reported for ACC particles produced in bulk,[76, 106, 107] providing

evidence that the spray-dried ACC particles possess a similar short-range order. To

further confirm the amorphous structure of spray-dried particles, we perform 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 3.2d.

3.2.2 Influence of the formation time on the degree of hydration of

ACC particles

To test the influence of the formation time of ACC particles on their sizes, degrees of

hydration and structures, we produce them in airborne drops with different sizes such

that the time during which particles can form inside drops varies. This formation time

is directly related to the drying time of drops: Particles 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 initiated

when drops exit the device where they are exposed to higher concentrations of CO2

such that the formation time of particles is very similar to the drying time of drops.

Indeed, as the speed of drops that exit the outlet of device is very high (∼10 m· s-1),
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Figure 3.2 – Characterization of the structure of the spray-dried CaCO3 nanoparticles.
(a) Ca K-edge XANES spectra of the spray-dried nanoparticles (i) and reference traces
of Ca(OH)2 (ii) and calcite (iii). (b,c) Measured (black) and fitted (red) Ca K-edge EXAFS
traces of the spray-dried nanoparticles (b) in the k-space and (c) its Fourier transform
in the R-space. (d) XRD patterns of the spray-dried nanoparticles (i), Ca(OH)2 (ii), and
calcite (iii).

we can neglect the time during which drops fly freely, which is after they exit the

device and before they hit the substrate (∼20 ms). Instead, we only consider the time

required to dry drops after they are deposited on a solid substrate, which depends on

the sizes and evaporation rates of drops.

To quantify the sizes of drops produced by the spray dryer, we calculate their volume

(V ) from the diameter (dcl) of the contact line and the contact angle (θ) of drops

with the substrate after they are deposited. We assume the shape of drops on the

substrate to be a spherical cap, as schematically shown in Figure 3.3a, which is a good

approximation for the small drops produced here. We calculate the volume of drops

using Equation 3.1,[242]
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Figure 3.3 – Influence of the drying time of drops on the size of the spray-dried ACC
nanoparticles. (a) Schematic illustration of a drop on the solid substrate. (b) SEM
image of ACC particles formed within one drop. (c) Diameter of the disc (ddisc) as a
function of V of the initial drop, which are calculated using two methods: contact line
( ) and mass conservation ( ). (d) Average diameter of the spray-dried ACC nanoparti-
cles (d̄ NP) as a function of the drying time of drops (tdry), namely the formation time
(tform) of particles.
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Because the drops produced with the microfluidic spray dryer are small and dry

quickly, it is very difficult to measure dcl directly. However, some of the nanoparticles

formed in one drop are pulled towards its edge through the coffee ring effect,[243]

as shown in Figure 3.3b. Hence, we approximate the diameters of the drop contact

lines to be the same as those of the discs that form after drops are dried and quantify

them from SEM images. By substituting the θ and ddisc, we obtain the values of V,

as summarized with the red circles in Figure 3.3c. To validate our results, we also

use a mass conservation method to estimate the drop volumes. We can estimate the

59



Influence of the Formation Time on the Degree of Hydration and Stability of ACC

number (NNP) and diameter (dNP) of ACC particles that are produced in one drop from

the SEM images. With this information and knowing the initial solute concentration

of Ca2+ (cCa2+) in the injected solution, we can estimate the volume of the drop using

Equation 3.2

V = ρACC ·∑NN P
1

(1
6πd 3

N P

)
MACC · cC a2+

(3.2)

Here ρACC is the density of ACC and MACC its molar mass. The results obtained from

this mass conservation method are summarized with the black squares in Figure 3.3c.

The volumes of drops obtained from these two methods are in good agreement,

indicating that our methods to calculate of the sizes of drops are robust.

To estimate the evaporation rates of drops, we assume that the vapor concentration

field around the surface of drops is quasi-steady, the contact line is pinned, and the

temperature variation is neglected.[242] In this case, the mass rate of water evap-

oration from a drop deposited on a solid substrate ( dm(t )
d t ) can be calculated using

Equation 3.3,

dm(t )

d t
=−ρH2O

dV (t )

d t
=πrcl (t )Dv (1−RH)cv (0.27θ2 +1.3) (3.3)

Here ρACC is the density of water, V(t) the volume of the drop at time t, rcl(t) the radius

of its contact line, Dv the diffusion coefficient of water vapor, cv the concentration of

saturated vapor around the drop surface, and RH the relative humidity. By combining

Equations 3.1 and 3.3, we obtain,

rcl (t )2 = rcl (0)2 − 2Dv (1−RH)cv (0.27θ2 +1.3)

ρH2O( 3
2 t an θ

2 + 1
2 t an2 θ

2 )
t (3.4)

When the drop is completely dry, rcl(t) should be zero and hence the drying time is,

tdr y = ρH2O

3
2 t an θ

2 + 1
2 t an2 θ

2

2Dv (1−RH)cv (0.27θ2 +1.3)
rcl (0)2 (3.5)

Here rcl(0) = ddisc/2, which is measured from SEM images. We approximate Dv to

be 27.9 mm2·s-1 and cv to be 1.7×10-8 g·mm-3.[242] RH is 50% as measured with a
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Figure 3.4 – Influence of the size of ACC nanoparticles on their morphology. TEM
images of ACC particles 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 a reduced pressure
for 2 months.

hygrometer and θ is 77.8° as measured with a drop shape analyzer. In this case, drops

with a diameter of 10 µm dry within 100 ms, whereas 100 µm diameter drops dry

within 10 s.

If we vary the diameters of drops from 10 µm to 100 µm, the drying time of drops

and hence the formation time of ACC particles increases from 100 ms to 10 s. As

a result, we observe that d̄ NP of the resulting particles increases from 30 nm to 120

nm, as shown in Figure 3.3d. These results are well in agreement with reports on

particles produced in bulk solution whose size increases with increasing formation

time.[29, 31, 43] Using this correlation, we can deduce the formation time of particles

by quantifying their size. This correlation allows studying early stages of the formation

of ACC particles with a high temporal resolution without the need for any organic

solvent.

To monitor the evolution of the morphology of ACC particles during the formation,

we visualize the particles that possess different diameters using TEM. To minimize

the risk for electron beam-induced artifacts, which are uncontrollably introduced

into particles during their visualization, we image them with a relatively low, well-
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Figure 3.5 – Influence of the size on the morphology of ACC nanoparticles that are
produced by co-spray-drying an aqueous solution containing CaCl2 with one contain-
ing Na2CO3. (a-d) TEM images of ACC particles with a diameter of (a) 42 nm, (b) 77
nm, (c) 105 nm and, and (d) 130 nm.

defined electron dose of 60 e·Å-2·s-1. Spray-dried CaCO3 particles do not display any

diffraction spots in their SAED patterns, as exemplified in the insets of Figures 3.4a-e.

Instead, the SAED pattern consists of diffuse rings, further confirming the amorphous

structure of the particles, well in agreement with our FTIR, XAS, and XRD results.

However, particles with varying sizes show distinctly different morphologies: while

particles with diameters below 50 nm have a uniform contrast, larger particles contain

electron-light domains that are embedded in an electron-dense matrix. The number

and average size of the electron-light domains increase with increasing particle size, as

shown in Figures 3.4a-e. To exclude that this morphology is related to the composition

of the reactants used to produce ACC particles, we co-spray dry an aqueous solution

containing CaCl2 with one containing Na2CO3. The resulting ACC particles display a

very similar morphology, as shown in Figures 3.5a-d, indicating that this morphology

is inherent to our ACC particles.

Transmission electron microscopy images of ACC particles that display two distinctly

different phases[40, 77, 117] as well as those with a homogeneous contrast[31, 244]

have been reported. The origin of these differences in morphology is not yet fully

understood. A possible reason for these abrupt changes in contrast within a single

particle is radiolysis, where the electron beam ionizes water contained in ACC particles

and converts it into gases.[245] The resulting gases are trapped within the particles

and form pores that correspond to the electron-light regions.[40, 244] In this case,

the electron beam-induced phase separation could be taken as a qualitative measure

for the degree of hydration of ACC particles. Our results would then suggest that the

propensity of particles to undergo electron beam-induced phase separation increases

with increasing degree of hydration. To test this suggestion, we store spray-dried ACC

particles in a desiccator at reduced pressure for two months to remove parts of the
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Figure 3.6 – Atomic ratio of O to Ca and the degree of hydration of ACC nanoparticles
with an average diameter of 130 nm ( ) and those with an average diameter of 30 nm
( ) as a function of the annealing temperature, as well as that of a calcite reference
sample ( ), quantified with XPS measurements.

water contained in as-prepared ACC particles.[86] Indeed, these dried particles display

much smaller electron-light regions than as-prepared particles with similar diameters,

as a comparison between Figures 3.4e and 3.4f reveals. These results suggest that the

observed phase separation is related to the degree of hydration of the particles. Hence,

we conclude that small particles, whose formation is quenched at earlier stages, are

less hydrated than their larger counterparts.

Our TEM results indicate 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 XPS. X-ray

photoelectron spectroscopy only probes the surface of particles. However, because

the TEM images do not provide any evidence for core-shell structures of our particles,

as shown in Figure 3.4, we approximate the surface composition of the particles to

be equal to that of their cores. Using this approximation, 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 n of 30 nm

diameter particles is 30% lower than that of larger particles, as indicated by the lower

atomic ratio of O to Ca (O/Ca), shown in Figure 3.6. This result indicates that n of

spray-dried ACC particles increases with increasing formation time and supports our

TEM results. The correlation between the formation time and n of ACC particles might

be a contributing reason for the wide range of the values of n from 0.4 to 1.58 reported
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Figure 3.7 – Influence of the degree of hydration of ACC particles on their structures.
(a) Ca K-edge XANES spectra and (b) 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 the arrow, the temperature is
increased from room temperature (RT) to 100, 170, 240, 300, 340, and 380 °C. (c) Full
width half-maximum of the Ca 2p3/2 peaks of ACC particles with an average diameter
of 130 nm as a function of the annealing temperature, as determined with XPS.

for particles produced under similar conditions.[40, 76, 87, 92, 94]

3.2.3 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.[103, 114, 118] Water contained in ACC

can weakly interact with CO3
2- and therefore is usually called mobile water.[76, 96,

109, 119] Water can also strongly interact with Ca2+ ions such that it has a restricted

mobility and is considered to be rigid.[76, 96, 109, 119] This strongly bound water

is an integral part of the structure of ACC, such that its loss is accompanied by a

re-arrangement of Ca2+ and CO3
2-.[108, 114] Because of the stronger interatomic

interactions, rigid water evaporates at much higher temperatures than mobile water

does.[77, 108] To test if spray-dried 130 nm diameter ACC particles contain any rigid

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 Figures 3.7a-b. These results hint at a re-arrangement of the ions that

occurs upon removal of rigid water. In line with these observations, the FWHM of the

Ca 2p3/2 peak measured with XPS increases significantly if the particles are annealed

at temperatures above 200°C, as shown in Figure 3.7c. These results indicate that ion

re-arrangement occurs both, in the core and at the surface of the particles.
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Figure 3.8 – Surface roughness of ACC particles. (a,b) Height-contrast AFM images of
ACC particles (a) freshly produced and (b) after having been annealed at 200 °C for 3 h.
The color scale ranges from 0 to 60 nm. (c) Power spectral density plots of the freshly
produced particles (blue) and those annealed at 200 °C for 3 h (red) calculated from
the AFM images. The measurement has been repeated on different particles, each
represented by one curve in the figure.

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 AFM before and after they have been annealed at 200 °C

for 3 h, as shown in Figures 3.8a-b. Indeed, a comparison of the PSD function analysis

performed on the AFM images reveals that annealed particles have a considerably

lower PSD than as-prepared ones in a spatial frequency (k) ranging from 2 × 108 to 1 ×

109 m-1 that corresponds to features with a size of 6–30 nm in real space, as shown

in Figure 3.8c. These results indicate that annealed particles possess a significantly

smoother surface than as-produced counterparts and hence, that the removal of

rigid water occured around 200 °C is accompanied by a re-arrangement of the ions

contained in ACC. However, even though ions re-arranged, we do not observe any

sign of crystallinity in these particles, suggesting that a significant amount of rigid

water is released before particles start to crystallize.

Our results suggest that spray-dried particles encompass a significant amount of rigid

water. To quantify the amount of rigid 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 H2O molecules per CaCO3. Approximately 50% of

this water is removed below 200 °C, whereas the remaining water is removed between

200 °C and 300 °C, as summarized in Figure 3.6. These results suggest that about 50%

of the water contained in 130 nm diameter particles is rigid water, corresponding to

a concentration of 0.6 molecules of structural H2O per mole of CaCO3. Remarkably,
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Figure 3.9 – Influence of the degree of hydration of ACC particles on their morphology.
TEM images and SAED pattern of 130 nm diameter ACC particles that have been
annealed at different temperatures for 3 h.

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 rigid. 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 hydration

of 30 nm diameter particles does not measurably change upon annealing at 200 °C

for 3 h, as shown in Figure 3.6. These results indicate that the vast majority of water

contained in smaller particles is rigid.

The very low concentration of mobile water contained in 30 nm diameter particles

likely renders them more resistant against radiolysis, as shown in Figure 3.4. 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 particles

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

electron beam-induced phase separations, particles annealed at 200 °C or above only

contain very few electron-light domains, as shown in Figure 3.9. These results confirm

that the presence of mobile water renders particles prone to undergo electron beam-

induced phase separation. Moreover, these results suggest that the observed increase

in the degree of hydration with increasing size of the ACC particles is mainly attributed
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Figure 3.10 – Kinetic stability of ACC particles against the electron beam-induced
decomposition. (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·Å-2·s-1. (b)
Influence of dNP of as-prepared ACC particles ( ) and those dehydrated in a vacuum
( ), on the exposure time required to induce the formation of CaO crystals. (c) Time-
lapse TEM images and SAED pattern of a 130 nm diameter ACC particle that has been
annealed at 300 °C for 3 h, when it is exposed to a focused electron beam with a dose
of 400 e·Å-2·s-1.

to the increasing amount of mobile water.

3.2.4 Influence of mobile water on the stability of ACC particles

The electron beam is known to decompose CaCO3 into crystalline CaO and CO2,

if its intensity is sufficiently high.[246] If ACC particles are imaged with a low dose

of electrons, 60 e·Å-2·s-1, we do not observe any formation of CaO. However, we

expect particles that contain a high concentration of mobile water and hence that

undergo radiolysis even if exposed to a low electron dose, to be prone to an electron

beam-induced decomposition. To test our expectation, we expose particles to a
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high electron dose of approximately 400 e·Å-2·s-1 and observe structural changes in

situ. In 130 nm diameter particles that contain significant amounts of mobile water,

the electron-light domains rapidly grow and coalesce before small crystals start to

form at the interface of the domains, as illustrated in time-lapse TEM micrographs of

Figure 3.10a. 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 3.10a. The

illumination time required to induce this decomposition increases with decreasing

particle size, as summarized in Figure 3.10b. This result suggests that the time required

to induce the decomposition 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 much more stable than as-

produced counterparts with a similar average diameter, as shown in time-lapse TEM

micrographs in Figure 3.10c and summarized in Figure 3.10b. These results confirm

that the stability of ACC particles against electron beam-induced decomposition

increases with decreasing amount of mobile water.

To study the influence of the amount of mobile water on the propensity of spray-

dried particles to crystallize, 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 crystallization occurs in the absence of any bulk water 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 3.11. These results indicate that the temperature where

ACC particles 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 particles produced in bulk.[81]

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, namely the increased amount of mobile water, rather than being purely

a size effect.

The concentration of mobile water contained in ACC particles determines their stabil-

ity against temperature-induced crystallization. Interestingly, the concentration of

mobile water contained in ACC particles also influences the size of the resulting crys-
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Figure 3.11 – Kinetic stability of ACC particles against the temperature-induced crys-
tallization. (a, b) TEM images and SAED patterns of (a) 45 nm and (b) 130 nm diameter
ACC particles after having been annealed at different temperatures for 3 h.

tals: The size of grains formed in 45 nm diameter particles is much smaller than that

of grains formed in 130 nm diameter particles, as shown in Figure 3.11. Indeed, 130

nm particles often transform into a single crystal whereas 45 nm diameter particles

are transformed into polycrystals. 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 Ca2+ and CO3
2-. The higher mobility allows nuclei to grow relatively

quickly and consume the ions before many more nuclei can form. By contrast, the

mobility of Ca2+ and CO3
2- contained in smaller particles, which 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.

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

The formation of ACC particles[143, 145] and their stability against crystallization[122,

138, 176, 196] strongly depend on the additives contained in them. To test if addi-

tives influence the amount of mobile water contained in ACC particles, we produce

ACC particles that are functionalized with PAA-100K through co-spray-drying; PAA is

known to delay the crystallization of ACC[61, 71, 138, 143, 145] without measurably

altering its degree of hydration.[138] The spray-dried PAA-functionalized particles are
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Figure 3.12 – PAA-functionalized ACC particles. (a) Overview TEM image of PAA-
functionalized ACC particles. (b, c) TEM images and corresponding SAED patterns
of a 100 nm diameter PAA-functionalized ACC particle (b) as-produced and (c) after
having been exposed to a focused electron beam with a dose of 400 e·Å-2·s-1 for 280
s. (d) TEM image and SAED pattern of a 100 nm diameter PAA-functionalized ACC
particle after having been annealed at 370 °C for 3 h.

significantly smaller than additive-free counterparts and individual particles are inter-

connected by PAA, as shown in Figure 3.12a. However, the most striking difference

between PAA-functionalized and additive-free particles is their stability against elec-

tron beam-induced phase separation: PAA-functionalized particles with diameters

up to 100 nm do not undergo any electron beam-induced phase separation, in stark

contrast to additive-free counterparts with similar sizes, as shown in Figure 3.12b.

This result indicates that the water contained in PAA-functionalized particles is less

mobile, likely because it strongly interacts with PAA.[247] This behavior is similar to

that observed for other additives, such as PSS,[247] Mg2+,[157] and PO4
3-.[128] 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 particles of a similar size, as shown in Fig-

ure 3.12c. Similarly, PAA-functionalized particles are kinetically more stable against

temperature-induced crystallization: These particles do not crystallize even if exposed

to 370 °C for 3 h although they undergo a noticeable change in morphology, as shown

in Figure 3.12d, well in agreement with results reported for particles produced in

bulk.[138] We assign the higher stability of PAA-functionalized particles again to the

lower mobility of water that delays the crystallization.[77]
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3.3 Discussion

Molecular dynamics simulations predict water to play a key role in the formation

of ACC particles.[80, 83] Our results indicate that the amount of mobile water con-

tained in ACC particles increases as they grow from 30 nm to 130 nm. To test if water

influences the formation energy of particles, we relate our experimental results to

those obtained from molecular dynamics simulations. These studies indicate that the

enthalpy of ACC particles decreases with increasing degree of hydration,[80, 114, 118]

in good agreement with calorimetric measurements.[28, 86] These results suggest that

the enthalpy of our particles decreases as they grow. Simulations indicate that the

contribution of the entropy penalty, associated with the incorporation of water into

ACC, to the free energy is much smaller than that of the enthalpy.[80, 118] We therefore

neglect the entropy for our qualitative consideration of the free energy. In this case,

as a result of the decreasing enthalpy, the free energy decreases as the particles grow

indicating that, due to the increase in the degree of hydration, the ACC particle growth

is thermodynamically favorable, as schematically illustrated in Figure 3.13a.

The most common CaCO3 crystals that exist under ambient conditions, namely cal-

cite, aragonite, and vaterite, are anhydrous, such that water contained in ACC must

be expelled before these crystals can form.[29, 40, 77, 248] If put in bulk solutions,

ACC particles dissolve and new, water-free crystals reprecipitate from a supersatu-

rated solution.[54] As the ACC particles are surrounded by bulk water, we expect the

degree of hydration to not be the most important factor determining the kinetics of

dissolution of ACC particles. Instead, the dissolution kinetics is strongly influenced

by the surface-to-volume ratio of these particles and hence, by their size. As a re-

sult of the decrease in surface-to-volume ratio with increasing ACC particle size, the

rate of crystallization in bulk solutions decreases with increasing particle size, as

was nicely demonstrated on ACC particles produced in bulk, as shown schematically

in Figure 3.13b.[81] By contrast, if crystallized in the absence of bulk water at high

temperatures,[121] ACC particles typically crystallize through a solid-state transfor-

mation. In this case, ACC must dehydrate before crystals can start to form through

re-arrangements of Ca2+ and CO3
2- ions.[77, 86, 114] Our temperature-dependent

TEM results indicate that ACC particles dehydrate before they crystallize, suggesting

that they crystallize through a solid-state transformation[16–18, 87, 121] despite the

fact that they initially contain a high concentration of water. Moreover, our results

indicate that the kinetics of this crystallization is influenced by the amount of water

contained in ACC particles: The more mobile water is present in ACC particles with
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Figure 3.13 – Schematic illustration of the formation of ACC particles and their trans-
formation into crystals. (a) The free energy (G) of ACC particles decreases with in-
creasing tform, dNP, and n. ACC particles can transform into crystals through a (b)
dissolution-reprecipitation pathway or (c) solid-state transformation. If crystallized
through dissolution-reprecipitation, the time required for crystals to form (tdis-cry) in-
creases with increasing particle size. By contrast, if crystallized through a temperature-
induced solid-state transformation, the temperature where crystals start to form
within a given amount of time (Tcry) decreases with increasing particle size and hence
with increasing amount of mobile water contained in ACC particles.

sizes exceeding 30 nm, the higher is the mobility of the Ca2+ and CO3
2- ions and

the faster do they crystallize. Hence, in the absence of bulk water, the temperature

where ACC particles start to crystallize within a given amount of time decreases with

increasing size because the amount of mobile water contained in them increases, as

schematically illustrated in Figure 3.13c. These results indicate that the kinetics of

the crystallization is influenced by the amount of mobile water contained in ACC

particles with sizes varying between 30 and 130 nm. Hence, while the growth of these

ACC particles is thermodynamically driven, their crystallization in the absence of bulk

water is kinetically controlled.
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3.4 Conclusion

The microfluidic spray dryer quenches reactions through rapid drying of the aqueous

solution without the need for organic solvents. Thereby, it enables studying early

stages of the formation of ACC particles with a high temporal resolution. We demon-

strate 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 stability against

temperature-induced solid-state transformation and electron beam-induced decom-

position. While we investigated the role of water in the formation and transformation

of CaCO3, 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, calcium oxalate, and calcium sulfate. These findings might offer

new insights to better understand the role of water in the biomineralization process

occurring in nature. They might also open up new possibilities to control the crystal-

lization of CaCO3 through tuning the degree of hydration of ACC, thereby facilitating

the fabrication of biomimetic CaCO3-based materials whose structures and properties

more closely resemble those of natural biomaterials.
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4 Influence of the Additives on the

Humidity- and Pressure- Induced

Crystallization of ACC
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This chapter is adapted from the paper entitled “Additives: Their Influence On the

Humidity- and Pressure- Induced Crystallization of Amorphous CaCO3,” authored by

H. Du, C. Courrégelongue, J. Xto, A. Böhlen, M. Steinacher, C. Borca,T. Huthwelker, and

E. Amstad, and submitted in Oct. 2019.[226] H. Du designed all the experiments. H. Du

and C. Courrégelongue performed all the experiments. A. Böhlen and M. Steinacher

contributed to the material synthesis and characterizations. J. Xto, C. Borca and T.

Huthwelker helped with the in situ FTIR measurements. H. Du, C. Courrégelongue

and E. Amstad analyzed all the data. H. Du and E. Amstad wrote the paper.

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

In this chapter, we present a systematic study of the influence of additives on the

crystallization of ACC when exposed to humid environments or elevated pressures.

We find that the humidity-induced crystallization of ACC follows a distinctly different

pathway than that induced by pressure. As a result, the influence of additives on

the crystallization kinetics of ACC, and hence, the size, morphology, structure, and

orientation of the resulting CaCO3 crystals differs considerably.
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4.1 Introduction

Amorphous CaCO3 is metastable and hence crystallizes with time.[1, 40, 117, 123] This

crystallization can be accelerated if particles are immersed in bulk solutions, where the

crystallization occurs through a dissolution-reprecipitation pathway.[1, 29, 30, 40, 52–

54, 81, 121, 122] While this crystallization pathway is often used, it offers very limited

control over the formation of CaCO3 and hence over the properties of resulting crys-

tals. Crystallization of ACC can also be accelerated if particles are exposed to elevated

temperatures,[28, 81, 86, 87, 121, 122, 127, 128] where ACC undergoes a solid-state

transformation that includes a complete dehydration of ACC and a subsequent for-

mation of CaCO3 crystals.[28, 77, 81, 121, 122, 127, 225] These two crystallization

pathways possess distinctly different activation energies and hence crystallization

kinetics[1, 40, 77, 114, 118] that translate into differences in the size, morphology, and

structure of the resulting CaCO3 crystals.[1, 81] The crystallization of ACC in solu-

tion or at elevated temperatures can be influenced by certain low molecular weight

additives such as Mg2+,[86, 157, 159, 161] PO4
3-,[86, 128] CIT,[145, 176] Gly,[177] and

Asp,[177] as well as high-molecular weight counterparts such as PAA,[53, 138, 143, 225]

PSS,[43, 122, 138, 145] PAsp,[44, 106] poly(allylamine hydro chloride),[192, 249] and

acidic proteins.[74, 250, 251] The effects of these additives on the crystallization of

76



4.1. Introduction

ACC depend on their molecular weight,[122, 148, 252] functional groups,[86, 122, 138,

143, 145, 249] and quantity contained in ACC.[138, 157, 159, 161, 176, 196] Interest-

ingly, the influence of additives on the crystallization of ACC also depends on the

processing conditions.[1, 122] This was nicely demonstrated for ACC functionalized

with PSS, PAsp, or AOT; these additives increase the kinetic stability of ACC against

crystallization if ACC is exposed to bulk solutions but decrease it if exposed to elevated

temperatures.[122, 127]

The crystallization of ACC can also be induced if it is exposed to a humid

environment[40, 86, 121, 123, 131, 132] or elevated pressures.[129, 130] Interestingly, it

has been shown that the kinetic stability of ACC as well as the size, morphology, struc-

ture, and orientation of the resulting crystals are distinctly different from those formed

if ACC is exposed to bulk solutions or elevated temperatures.[40, 86, 121, 123, 129–131]

This finding might open up new possibilities to fabricate CaCO3-based materials with

structures and hence properties that can be tuned over a much wider range.[129, 253]

However, the effects of additives on the crystallization of ACC induced by exposing

it to a humid environment or elevated pressures are poorly understood. While it

has been shown that Mg2+[86, 131] and PO4
3-[86] can increase the kinetic stability of

ACC against humidity-induced crystallization, the effects of other additives remain

unknown. Moreover, a study on the influence of additives on the pressure-induced

crystallization of ACC is missing. This incomplete understanding of the effects of

additives on the humidity- and pressure- induced crystallization of ACC limits the

range of structures and properties of CaCO3-based materials that can be accessed. To

close this gap, a better understanding of the influence of additives on the humidity-

and pressure- induced crystallization of ACC and how these parameters relate to the

size, structure, and morphology of the resulting crystals is warranted.

In this chapter, we systematically study the influence of different additives on the

crystallization of ACC when exposed to a humid environment or elevated pressures.

We monitor the evolution of the structure and degree of hydration of ACC during its

crystallization in situ and ex situ as well as relate these results to the size, morphology,

structure, and orientation or the resulting crystals. We find that the humidity-induced

ACC crystallization pathway is distinctly different from the pressure-induced counter-

part. As a result of the different crystallization pathways, the influence of additives

on the crystallization kinetics of ACC as well as the size, morphology, structure, and

orientation of the resulting CaCO3 crystals differs considerably. These new insights

might offer new possibilities to design CaCO3-based materials whose structures and
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Figure 4.1 – Kinetic stability of CIT-functionalized ACC particles that are synthesized
from an aqueous solution containing CIT and Ca2+ with a molar ratio of 1:10. (i) FTIR
trace of as-synthesized CIT-functionalized ACC and those of particles after they have
been (ii) exposed to a RH around 95% for 30 h or (iii) subjected to a pressure of 738
MPa for 30 h. The similar features in these FTIR traces indicates no crystallization
occurs during the exposure.

properties can be tuned to more closely resemble natural counterparts.

4.2 Results

4.2.1 Synthesis and characterization of ACC particles

To study the influence of additives on the crystallization of ACC, we employ additives

that are often used to control the crystallization in bulk solutions or at elevated

temperatures, as summarized in Figure 2.2.[53, 86, 122, 138, 157, 176, 177, 192, 249] We

keep the molar ratio of the low molecular weight additives or the repeat units for the

polymeric additives to Ca2+ present in the initial solution constant at 1:10. However, if

we produce CIT-functionalized ACC particles with this ratio, they do not crystallize

within 30 h under the crystallization conditions used in this study, which is more

than 10 times longer than it takes ACC particles functionalized with the other tested

additives to crystallize, as shown in Figure 4.1. Therefore, we lower its concentration

threefold. We characterize the synthesized particles using FTIR and powder XRD.

The FTIR traces of all the synthesized particles display the characteristic features of

ACC,[16, 90, 106, 225] including the presence of a ν2 absorption peak around 860 cm-1

and the absence of a ν4 absorption peak around 700 cm-1, as shown in Figures 4.2a-c.
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Figure 4.2 – Characterization of the structure of the synthesized ACC particles. (a-
c) FTIR and (d) XRD traces of unfunctionalized ACC particles (bottom) and those
functionalized with Mg, Gly, CIT, AA, PAA-15K, PAA-450K, PSS-70K and PAL-15K (in
the direction of the arrows). The absorption peaks corresponding to the vibration of
the hydroxyl group are indicated with asterisks.
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In addition, the broad absorption peak around 3300 cm-1 and the small peak around

1650 cm-1 are characteristic for the vibrations of the -OH group, indicating that the

synthesized ACC particles contain structural water.[33, 157, 225] The amorphous

structure of these particles is confirmed by the absence of any sharp peak in the XRD

traces, as shown in Figure 4.2d.

4.2.2 Humidity-induced crystallization kinetics

To monitor the kinetics of the humidity-induced crystallization of ACC, we expose

ACC particles to a N2 gas atmosphere possessing a RH around 95% and measure their

structure using time-resolved in situ FTIR. When ACC particles are exposed to such

a humid environment, we observe the characteristic ν2 peak around 874 cm-1 and

ν4 peaks between 700 and 750 cm-1 corresponding to crystalline CaCO3 appearing,

as exemplified for AA-functionalized ACC in Figure 4.3a and unfunctionalized ACC

in Figure 4.3b. The intensity of these peaks increases with increasing exposure time

while the intensity of the ν2 peak characteristic for ACC around 863 cm-1 gradually

decreases. If these particles are sufficiently long exposed to this humid environment,

the characteristic ν2 peak of ACC disappears and the intensity of the ν2 peak around

874 cm-1 and the ν4 peaks between 700 and 750 cm-1 level off, indicating that the

crystallization of ACC is complete. These results are in good agreement with reports

on the crystallization of unfunctionalized ACC particles that are induced through the

exposure to a humid environment[121] or water drops.[90]

To determine the crystallization kinetics of ACC, we extract the degrees of crystalliza-

tion (α) from the time-resolved in situ FTIR data. By approximating that the intensity

of the absorption peaks in the FTIR spectra scales linearly with the amount of the

corresponding chemical species, we can estimate the amount of crystals from the

intensity of the ν4 peaks or that of the ν2 peak around 874 cm-1. Similarly, we can

extract the amount of ACC from the intensity of the ν2 peak around 863 cm-1. We

then measure the intensity of the ν4 peak at 712 cm-1 characteristic for calcite and

that at 744 cm-1 characteristic for vaterite and use the sum of the intensities (Iν4,tr h )

of these two peaks to obtain the relative amount of crystals at the exposure time

(trh). In addition, we approximate that the degree of crystallization at the end of the

crystallization is one. Hence, we can determine the degree of crystallization at specific

trh as,
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Figure 4.3 – Structural evolution of ACC particles if exposed to a RH around 95%. (a,b)
Time-resolved FTIR spectra of (a) AA-functionalized ACC particles and (b) unfunction-
alized counterparts measured in situ when they are exposed to the high humidity. The
baselines of these spectra are subtracted. The ν4 features corresponding to vaterite
are indicated with triangles ( ) and those corresponding to calcite with circles ( ). (c)
Degree of crystallization as a function of the exposure time for unfunctionalized ACC
particles extracted from the intensities of different absorption peaks in the in situ
FTIR traces. αν4 is indicated in green, αν2-cry in violet and αν2-acc in blue. (d) Degree
of crystallization as a function of the exposure time obtained from three different
repetitions of in situ FTIR measurements of unfunctionalized ACC.
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αν4,tr h = Iν4,tr h − Iν4,0

Iν4,e − Iν4,0
(4.1)

where Iν4,0 is the sum of intensities of the two ν4 peaks measured at tr h = 0 and Iν4,e is

that measured in the end of the crystallization.

Similarly, we can extract the relative amount of crystals from the intensity of the ν2

peak around 874 cm-1. Due to the difficulty of directly deconvoluting the ν2 peak

corresponding to crystalline CaCO3 and that corresponding to ACC, we measure the

intensity of the overall ν2 peak at 874 cm-1 (Iν2−cr y,tr h ) after an exposure time trh. We

can also obtain the corresponding degree of crystallization as,

αν2−cr y,tr h = Iν2−cr y,tr h − Iν2−cr y,0

Iν2−cr y,e − Iν2−cr y,0
(4.2)

Alternatively, we can extract the relative amount of ACC by measuring the intensity

of the overall ν2 peak at 863 cm-1 (Iν2−acc,tr h ). The degree of crystallization at trh is

expected to be equal to the amount of ACC that has been transformed at this time,

expressed as,

αν2−acc,tr h = 1− Iν2−acc,tr h − Iν2−acc,0

Iν2−acc,e − Iν2−acc,0
(4.3)

Indeed, the degree of crystallization as a function of the exposure time determined by

analyzing these three different peaks are in good agreement with each other, as shown

in Figure 4.3c. As the ν2 peak at 874 cm-1 has the highest intensity among these three

peaks, it contains the smallest error that is introduced from the baseline subtraction.

Therefore, we use this peak to calculate α for all the studied ACC samples. Moreover,

to test the reproducibility of the humidity-induced crystallization kinetics, we carry

out three repetitions of in situ FTIR measurements on the unfunctionalized ACC and

ACC functionalized with AA and PAA-450K, which crystallize relatively fast. For all

these three samples, the crystallization kinetics obtained from different repetitions

are very similar, as exemplified with the case of unfunctionalized ACC in Figure 4.3d,

indicating that our analysis is robust and reproducible.

To compare the crystallization kinetics of all the studied ACC samples, We plot their

degrees of crystallization as a function of exposure time, as shown in Figure 4.4a. Each
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Figure 4.4 – Kinetics of the humidity-induced crystallization of ACC particles at a RH
around 95%. (a) Degree of crystallization as a function of the exposure time. The
values extracted from the time-resolved in situ FTIR measurements are indicated with
empty symbols and the fits with solid lines. In the direction of the arrow, the traces cor-
respond to ACC particles functionalized with PAA-450K or AA, unfunctionalized ACC,
and ACC functionalized with PAA-15K, PSS-70K, Gly, PAL-15K or Mg. (c) Induction
time and crystallization rate coefficient of ACC obtained by fitting the traces of degree
of crystallization as a function of time with the Gompertz model. There was no sign of
crystallization of CIT-functionalized ACC within 6 h in the in situ FTIR measurements,
such that we could not determine these values for it.

trace is subsequently fitted with the Gompertz model,

lnα=−e(−kc (tr h−t0)) (4.4)

which has previously been employed to describe the kinetics of the humidity-induced

crystallization of ACC.[131] From these fits, we extract the induction time required

to detect first signs of the crystallization (t0) and the crystallization rate coefficient

(kc), as summarized in Figure 4.4b. The t0 for unfunctionalized ACC particles is 12.4

min and kc is 0.14 min-1. The functionalization of ACC with AA or PAA-450K decreases

t0 and increases kc, indicating that these additives decrease the kinetic stability of

ACC against the humidity-induced crystallization. By contrast, the functionalization

with Mg, Gly, PAA-15K, PSS-70K, or PAL-15K, increases t0 and decreases kc, indicating

that these additives increase the kinetic stability of ACC. Remarkably, even though

the amount of CIT added during the synthesis of ACC is three-fold lower than that of

the other tested additives, CIT-functionalized ACC does not crystallize after having

been exposed to the same humid environment for 6 h, as determined with in situ
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Figure 4.5 – Crystallization kinetics of CIT-functionalized ACC particles that are syn-
thesized from an aqueous solution containing CIT and Ca2+ with a molar ratio of 1:30,
if exposed to a RH around 95%. (a,b) FTIR spectra of particles measured (a) in situ
and (b) ex situ if exposed to such humidity for different durations.

FTIR measurements and shown in Figure 4.5a. Indeed, we only observe signs of

crystallization after these particles have been exposed to this humid environment for

12 h, as shown in the ex situ FTIR results in Figure 4.5b. These results indicate that

the kinetics of the humidity-induced crystallization and hence the kinetic stability

of ACC can be tuned with additives, by analogy to the crystallization induced in bulk

solutions or through the exposure to elevated temperatures.

The functionalization of ACC particles with additives imparts different kinetic stabili-

ties to them. Remarkably, the kinetic stability of ACC particles functionalized with AA

monomers, PAA-15K, and PAA-450K differs significantly even though they all possess

the same functional group: PAA-15K increases the kinetic stability of ACC, whereas AA

and PAA-450K reduce it, as shown in Figure 4.4. This result indicates that the molecu-

lar weight of additives influences the kinetic stability of additive-functionalized ACC

if exposed to a humid environment. In addition, the kinetic stability of ACC is influ-

enced by the composition of the functional group: ACC functionalized with PAL-15K

displays a much higher kinetic stability than PAA-15K-functionalized counterparts

even though their average molecular weight is very similar. In good agreement with

this indication, we observe distinctly different kinetic stabilities for ACC particles

functionalized with small molecules that possess similar molecular weights: AA, Gly,

Mg, and CIT. These results suggest that the kinetic stability of additive-functionalized

ACC if exposed to a humid environment depends on the composition of the func-

tional groups and molecular weight of the additives, in good agreement with the

results obtained for additive-functionalized ACC particles that are exposed to bulk
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Figure 4.6 – Degrees of hydration of ACC particles. (a) Normalized TGA curves of
as-synthesized unfunctionalized ACC particles (bottom) and those functionalized
with Mg, Gly, CIT, AA, PAA-15K, PAA-450K, PSS-70K or PAL-15K (in the direction of the
arrow). The temperature range corresponding to the evaporation of water contained
in ACC particles is indicated in blue and that corresponding to the decomposition of
CaCO3 into CaO and CO2 in violet.[165] (b) Degrees of hydration of particles extracted
from TGA measurements.

solutions[122, 138, 143, 252] or elevated temperatures.[86, 122, 138]

The kinetic stability of ACC against the humidity-induced crystallization has been

shown to depend on n of ACC: A higher n results in a lower kinetic stability.[86] To

test if the observed effects of the composition of the functional groups and molecular

weight of the additives on the kinetic stability of ACC are related to differences in n,

we quantify n for all the ACC samples using TGA. The degrees of hydration for most of

the additive-functionalized and unfunctionalized ACC particles synthesized here are

around 1 without significant differences between each other, as shown in Figure 4.6,

and well in agreement with literature.[81, 92] Indeed, even if n of ACC functionalized

with PAA-15K is slightly higher than that of ACC functionalized with PAA-450K, it

displays a significantly higher kinetic stability, as shown in Figure 4.4. These results

indicate that the observed differences in the kinetic stability are not caused by the

different degrees of hydration of ACC particles.

The kinetic stability of ACC particles that are exposed to humid environments has also

been shown to depend on the size of these particles : Smaller ACC particles display

a higher kinetic stability.[86] To test if ACC particles functionalized with different

additives possess different sizes, we quantify this parameter using SEM, as shown

in Figure 4.7. The diameters of the synthesized ACC particles range from 30 nm to
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Figure 4.7 – Size of ACC particles. SEM images of as-synthesized unfunctionalized
ACC particles and those functionalized with different additives. The average diameters
of particles are quantified from SEM images using the Digimizer software by averaging
at least 70 particles, as indicated on top of each image.

300 nm without significant differences between different ACC samples. Even if the

size of AA-functionalized ACC is slightly smaller than that of ACC functionalized with

Mg, Gly, CIT or PSS-15K, its kinetic stability is much higher, as shown in Figure 4.4.

These results suggest that the measured difference in the kinetic stability cannot be

explained with differences in the sizes of ACC.

To elucidate the reason for the dependence of the kinetic stability of ACC on the

composition of the functional groups and the molecular weight of additives, we must

understand the pathway of the humidity-induced crystallization of ACC. Humidity-

triggered crystallization has been suggested to occur through a surface-coupled partial

dissolution-reprecipitation pathway, where water contained in the humid environ-

ment is absorbed on the surface of ACC and partially dissolves it. Thereby, a su-

persaturated solution forms in proximity of the particle surface from which CaCO3
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Figure 4.8 – Evolution of the degree of hydration and morphology of ACC particles
if exposed to a RH around 95%. (a) n for unfunctionalized ACC particles ( ) and
those functionalized with PSS-70K ( ) or CIT ( ) as a function of trh, quantified using
TGA. Samples that remain amorphous are indicated as empty symbols whereas those
containing crystalline CaCO3 are depicted as solid symbols. (b-f) SEM images of
ACC particles functionalized with PSS-70K after having been exposed to the humid
environment for (b) 0 min, (c) 5 min, (d) 30 min, (e) 150 min, and (f) 240 min.

crystals can start to form.[1, 40, 86, 121, 123, 131] It has been demonstrated that for

ACC particles initially possessing a n of 0.4, the dissolution-reprecipitation process

only occurs if n increases to values above 0.65.[123] Hence, a significant amount of

water contained in the humid environment must be absorbed on the surfaces of ACC

particles before crystallization can occur, resulting in an induction time.[131] To check

if a measureable amount of water is absorbed on the surfaces of ACC particles studied

here, we measure n of particles as a function of the time which they are exposed to

the humid environment for using TGA. We conduct this analysis on unfunctionalized

ACC that shows a fast crystallization kinetics and ACC functionalized with PSS-70K

and CIT that displays a slow crystallization kinetics, as previously shown in Figure 4.4.

Despite their striking difference in the crystallization kinetics, none of these three

samples displays a measurable increase in n during the induction stage, as shown

in Figure 4.8a. In line with this observation, the morphology of these particles does

not change during this process, as shown in the SEM images in Figures 4.8b-c and

Figures 4.9b-c. These results indicate that water absorption does not measurably

influence t0 in the induction stage. Instead, we expect t0 to depend on the kinetics of
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Figure 4.9 – Evolution of the morphology of unfunctionalized ACC particles. (a-d)
SEM images of unfunctionalized ACC particles after having been exposed to a RH
around 95% for (a) 0 min, (b) 1 min, (c) 5 min, and (d) 30 min.

the partial dissolution-reprecipitation process of ACC. Once ACC starts to crystallize

into the anhydrous crystalline forms vaterite or calcite, water contained in ACC is

expelled and accelerates the partial dissolution-reprecipitation process of adjacent

ACC, as shown in Figure 4.4 and Figure 4.8a. Similarly, we expect kc to depend on the

kinetics of the partial dissolution-reprecipitation process of ACC. During this process,

we observe a coalescence of particles that results in an increase in the average particle

size, as shown in Figures 4.8d-f and Figures 4.9c-d. These results suggest that the

composition of the functional groups and the molecular weight of additives influ-

ence the kinetics of the partial dissolution-reprecipitation,[1, 86] thereby affecting the

humidity-induced crystallization kinetics of ACC, including t0 and kc.

4.2.3 Crystals obtained from the humidity-induced crystallization

Many additives are known to influence the structure of CaCO3 crystals that form

through the crystallization of ACC in bulk solutions.[1] To test if this is also the case

when ACC is exposed to a humid environment, we determine the structures of all our

crystallized samples with FTIR, as shown in Figure 4.10a. Unfunctionalized ACC and

ACC functionalized with Gly, AA, PAA-15K or PAA-450K, crystallize into a mixture of

vaterite and calcite, as indicated by the presence of the ν4 absorption peak around
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Figure 4.10 – Structure of CaCO3 crystals after the humidity-induced crystallization
of ACC. FTIR spectra of CaCO3 crystals obtained from unfunctionalized ACC (bottom)
and ACC functionalized with Mg, Gly, CIT, AA, PAA-15K, PAA-450K, PSS-70K, or PAL-
15K (in the direction of the arrows).

744 cm-1 characteristic for vaterite and that around 712 cm-1 characteristic for calcite.

ACC functionalized with Mg, CIT, or PAL-15K, predominantly transforms into calcite,

as suggested by the presence of the ν4 absorption peak around 712 cm-1 and the

absence of the ν4 absorption peak around 744 cm-1. By contrast, ACC functionalized

with PSS-70K predominantly transforms into vaterite, as suggested by the presence of

the ν4 absorption peak around 744 cm-1 and the absence of that around 712 cm-1. To

check if the differences in the structure translate into morphological variations, we

image the formed CaCO3 crystals with SEM. All the studied samples are composed of

loosely packed nanocrystals. Samples that are composed of a mixture of vaterite and

calcite contain some nanocrystals that display the rhombohedral morphology typical

for calcite, whereas the rest of the samples does not possess any well-defined facets,

as exemplified in Figures 4.11a-c. These results indicate that vaterite crystals obtained

from the humidity-induced crystallization do not possess any well-defined facets.

In line with this indication, no well-defined facets are present in the nanocrystals

formed from ACC functionalized with PSS-70K, which are predominantly vaterite,

as shown in Figure 4.8f. By contrast, crystals formed from ACC functionalized with

Mg or CIT that mainly possess the calcite structure, have a truncated rhombohedral

morphology, as shown in Figures 4.11d-e. These results indicate that certain additives

influence the crystalline structure and morphology of the forming CaCO3 crystals

if the crystallization occurs in a humid environment. Interestingly, many CaCO3

89



Influence of the Additives on the Humidity- and Pressure- Induced Crystallization

Figure 4.11 – Size, morphology and orientation of CaCO3 crystals after the humidity-
induced crystallization of ACC. (a-e) SEM images of CaCO3 crystals obtained from
(a-b) unfunctionalized ACC and ACC functionalized with (c) PAA-15K, (d) Mg, or (e)
CIT. (f) TEM image of CaCO3 crystals obtained from unfunctionalized ACC with the
corresponding SAED pattern included.

nanocrystals contained in agglomerates display a similar orientation, as shown in the

SEM images in Figure 4.11. The preferential orientation of nanocrystals is confirmed

by the SAED patterns, as exemplified in the inset in Figure 4.11f. These results are

in good agreement with those reported for the humidity-induced crystallization of

unfunctionalized ACC and ACC functionalized with Mg.[40, 131]

4.2.4 Pressure-induced crystallization kinetics

The crystallization of ACC can also be induced without the addition of water if it is

subjected to elevated pressures.[129, 130] To study the influence of additives on the

kinetics of the pressure-induced crystallization, we uniaxially pressurize ACC for 30

min and subsequently measure its structure ex situ using FTIR and XRD. We observe a

shift of the ν2 absorption peak from 863 cm-1 to 874 cm-1, the appearance of the ν4

absorption peak around 712 cm-1, characteristic for calcite and that around 744 cm-1

characteristic for vaterite, if AA-functionalized ACC is subjected to pressures of 222

MPa or above, as shown in Figure 4.12a. These results indicate that these samples

only start to crystallize at pressures of 222 MPa or above. They are supported by XRD

measurements where sharp diffraction peaks indicating the crystalline structure only

become apparent if ACC is subjected to pressures at or above 222 MPa for 30 min, as
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shown in Figure 4.12b.

To compare the kinetics of the pressure-induced crystallization of unfunctionalized

ACC particles with that of particles functionalized with different additives, we sum-

marize the critical pressure (Pc) above which crystallization occurs within 30 min in

Figure 4.13a. Unfunctionalized ACC has a Pc of 222 MPa. Similarly, AA-functionalized

ACC has a Pc of 222 MPa, as shown in Figures 4.12c-d, indicating that AA does not

measurably change the kinetic stability of ACC against the pressure-induced crys-

tallization. Remarkably, the kinetic stability of ACC decreases if it is functionalized

with PAA-450K, as indicated by the significant decrease of Pc to 87 MPa. By contrast,

Mg, Gly and PAA-15K increase the kinetic stability of ACC, as indicated by the higher

values of Pc. The kinetic stability of ACC is increased even more if it is functional-

ized with CIT, PSS-70K, or PAL-15K: These particles do not crystallize within 30 min

even if subjected to a pressure of 738 MPa, which is the maximum pressure we can

apply in our experimental set-up, as shown in Figures 4.12e-f. Indeed, these samples

only crystallize if they are subjected to 738 MPa for a critical amount of time (tc), as

summarized in Figure 4.13b. These results demonstrate that additives influence the

kinetics of crystallization of ACC not only if exposed to humid environments but also

if subjected to elevated pressures.

Our results of the humidity-induced crystallization demonstrate that the kinetic sta-

bility of ACC depends on the composition of the functional groups and the molecular

weight of additives. To test if this is also the case for the pressure-induced crystal-

lization, we compare the values of Pc and tc for ACC particles functionalized with AA,

Gly, Mg and CIT. Indeed, Pc and tc of ACC particles functionalized with these different

additives vary significantly even though the molecular weight of these additives is

similar, as shown in Figure 4.13. These results indicate that the composition of the

functional groups of additives also influences the kinetic stability of ACC against the

pressure-induced crystallization. Similarly, the molecular weight of the additives

influences the kinetic stability: Pc of AA-functionalized ACC is similar to that of un-

functionalized ACC, whereas that of ACC functionalized with PAA-15K is higher and

that of ACC functionalized with PAA-450K is lower, as summarized in Figure 4.13a. By

contrast, the kinetic stability of ACC against pressure-induced crystallization does not

scale with n or the size of ACC particles studied here, by analogy to that against the

humidity-induced crystallization, as indicated by the comparison between Figure 4.13,

Figure 4.6 and Figure 4.7.
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Figure 4.12 – Pressure-induced crystallization of ACC particles. (a,c) FTIR traces and
(b,d) XRD patterns of (a,b) AA-functionalized ACC and unfunctionalized one after
having been exposed to different pressures for 30 min. (e) FTIR traces and (f) XRD
patterns of ACC particles functionalized with PSS-70K after having been exposed to
738 MPa for different durations.
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Figure 4.13 – Comparison of the pressure-induced crystallization kinetics of ACC
particles. (a) Critical pressure where crystallization is observed if ACC is pressurized
for 30 min. Samples possessing a critical pressure above 738 MPa, the maximum
pressure that our experimental set-up can achieve, are indicated as empty bars. (d)
Critical time that it takes ACC to crystallize if subjected to a pressure of 738 MPa.
Samples that crystallize within 30 min are indicated as empty bars.

The composition of the functional groups of additives and their molecular weight

influence the kinetic stability of ACC against the humidity- and pressure-induced crys-

tallization. However, the effect of certain additives on the stability of ACC against crys-

tallization is distinctly different for these two crystallization processes, as a compari-

son between Figure 4.4 and Figure 4.13 reveals. For example, while Mg-functionalized

ACC displays a higher kinetic stability against the humidity-induced crystallization

than ACC functionalized with Gly, PAA-15K, or PSS-70K, it shows a lower kinetic stabil-

ity against the pressure-induced crystallization. A similar process-dependent effect

of certain additives on the stability of ACC against crystallization has been reported

if ACC particles were exposed to bulk water or elevated temperatures.[122, 127] In

this case, the difference in the effect of additives was attributed to differences in the

crystallization pathways. By analogy, the difference in the effects of additives observed

here indicates that ACC crystallizes through a different pathway if exposed to a humid

environment or to elevated pressures.

The pressure-induced crystallization of ACC has been suggested to occur through

a solid-state transformation.[130] If this is the case, ACC must be fully dehydrated

before CaCO3 crystals can start to form, by analogy to the temperature-induced

crystallization.[1, 77, 86, 121, 122, 225] To test if the pressure-induced crystallization

indeed occurs through a solid-state transformation, we quantify the evolution of n

of ACC when subjected to 738 MPa using TGA. To obtain a high temporal resolution,
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Figure 4.14 – Evolution of the degree of hydration and morphology of ACC particles
if subjected to a pressure of 738 MPa. (a) n for ACC functionalized with PAL-15K ( ),
PSS-70K ( ), CIT ( ), and PSS-70K that has been annealed at 100 °C for 10 min ( ) as a
function of the time (tp) they have been exposed to 738 MPa, as measured using TGA.
Samples that remain amorphous are indicated with empty symbols and crystallized
samples with solid symbols. (b-f) Cross-section SEM images of compacted films
obtained by pressing ACC functionalized with PSS-70K for (b-c) 10 min, (d-e) 10 h,
and (f) 68 h.

we quantify the evolution of n of ACC that is functionalized with PAL-15K, PSS-70K

or CIT and hence, crystallizes slowly, as summarized in Figure 4.14a. n measured

for ACC functionalized with CIT decreases from 1 to 0.82 within 1 h, even though we

can observe the first sign of crystallization only after 10 h, as previously shown in

Figure 4.13b. Similar results are obtained for the other two ACC samples. These results

indicate that ACC can dehydrate while being exposed to elevated pressures, consistent

with the results previously reported for unfunctionalized ACC.[124] Interestingly, if

ACC functionalized with PSS-70K or CIT is subjected to such pressures for an extended

amount of time, its n remains nearly constant until it starts to crystallize. Once the

crystallization is initiated, n of these samples further decreases, suggesting that ACC

only partially dehydrates before it starts to crystallize. This finding is in stark contrast

to the full dehydration that is typically observed for the temperature-induced solid-

state transformation.[1, 77, 86, 121, 225]

The dehydration of ACC is endothermic,[80, 86, 114, 118] such that external energy

is often required to initiate this process.[1] This can be achieved, for example, by
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Figure 4.15 – Crystallization kinetics of unfunctionalized ACC if exposed to ambient
air with a RH around 50%. FTIR spectra of particles after having been exposed to
ambient air for different time.

subjecting ACC to elevated temperatures[77, 86, 121, 225] or pressures.[124] The

kinetics of this process is mainly controlled by the interaction strength between

water and ions contained in ACC.[1, 77, 96, 118, 225] Weakly interacting water, of-

ten called mobile water, is released easily, whereas the strongly bound water, often

called rigid water, is released only if a sufficient amount of energy is input into the

system.[76, 77, 96, 110, 114, 118, 225] Here, we also observe two distinct regions of de-

hydration: The first region of dehydration is observed before we can measure any sign

of crystallization, suggesting that mobile water is expelled before the crystallization

is initiated. The second region of dehydration is only observed after the crystalliza-

tion is initiated. This observation suggests that the pressure is insufficient to expel

the rigid water to initiate the solid-state transformation. Instead, the crystallization

might occur through a dissolution-reprecipitation pathway that typically requires a

significantly lower energy than the solid-state transformation.

A dissolution-reprecipitation process of ACC typically requires water to dissolve ACC

such that a supersaturated solution with respect to the crystalline CaCO3 results,

from which crystals start to form. To check if the amount of water contained in

ambient air is sufficient to initiate this process, we expose unfunctionalized ACC

particles to ambient air that has a RH around 50% without applying any pressure and

measure their crystallization kinetics ex situ with FTIR. We cannot detect any sign

of crystallization even after the particles have been exposed for 56 h, more than 100

times longer than the time it takes these particles to crystallize at elevated pressures,

as shown in Figure 4.15. This observation indicates that the humidity of ambient air

95



Influence of the Additives on the Humidity- and Pressure- Induced Crystallization

Figure 4.16 – Kinetic stability of ACC particles functionalized with PSS-70K that has
been annealed at 100 °C for 10 min, if subjected to 738 MPa. (a) FTIR traces and (b)
XRD patterns of annealed particles after having been exposed to 738 MPa for different
durations.

does not measurably influence our pressure-induced crystallization results. Instead,

the dissolution-reprecipitation process is most likely initiated by the mobile water that

is released during the partial dehydration of ACC particles under elevated pressures.

Indeed, we observe that several micro-sized crystals form within a compact film

composed of dehydrated ACC particles, as shown in SEM images in Figures 4.14b-e.

This observation suggests that the released mobile water accumulates within certain

regions of the film composed of ACC particles because these samples are contained in

a closed die. This accumulated water initiates the local dissolution-reprecipitation

of adjacent ACC particles. Interestingly, this suggestion is in contrast to the surface-

coupled partial dissolution-reprecipitation process observed in the humidity-induced

crystallization; in this case, the crystallization starts at the interface between the ACC

particles and the humid gas, as shown Figure 4.8 and Figure 4.9. Once the dehydrated

ACC transforms into anhydrous vaterite or calcite, rigid water previously contained in

ACC is released and accelerates the dissolution-reprecipitation process of adjacent

particles, thereby favoring the formation of additional and larger CaCO3 crystals,

as shown in Figure 4.14f. These observations support our finding that it is not the

humidity of the ambient air but the mobile water initially contained in ACC that

initiates the pressure-induced crystallization of ACC. In this case, the ease of the

pressure-induced crystallization is expected to depend on the amount of mobile

water contained in ACC particles. This amount is much lower for CIT-functionalized

ACC compared to ACC functionalized with PSS-70K or PAL-15K, as shown in Figure

Figure 4.14a. As a result, tc of CIT-functionalized ACC particles is significantly longer
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than that for particles functionalized with PSS-70K or PAL-15K if exposed to the same

pressure, as exemplified in Figure 4.13b.

To further check the role of mobile water in the pressure-induced crystallization, we

remove most of the mobile water contained in ACC particles functionalized with

PSS-70K by annealing them at 100 °C for 10 min and subject these particles to the

same pressure. Indeed, n for this ACC only slightly decreases even after having been

exposed to such a high pressure for 66 h, a time that is more than 20-fold longer

than tc measured for its non-annealed ACC counterpart, as shown in Figure 4.14a

and Figure 4.16. This clear difference indicates that the majority of mobile water

is removed during the annealing process, thereby strongly increasing the kinetic

stability of annealed ACC against the pressure-induced crystallization. These results

confirm that the pressure-induced crystallization is initiated by the mobile water that

is released from ACC particles when these particles are pressurized. This released

water dissolves adjacent ACC particles to generate a confined aqueous solution from

which CaCO3 crystals can precipitate. In this case, additives possessing different

functional groups or molecular weights likely influence the kinetic stability of ACC

against the pressure-induced crystallization because they facilitate or hamper the

dehydration-assisted local dissolution-reprecipitation of ACC.

4.2.5 Crystals obtained from the pressure-induced crystallization

To test if additives influence the structure of CaCO3 crystals that form through the

pressure-induced crystallization of ACC, we characterize the resulting crystals using

FTIR, as shown in Figure 4.17. Crystalline samples obtained from unfunctionalized

ACC and ACC functionalized with Gly, AA, PAA-15K, PAA-450K, PSS-70K, or PAL-15K

are composed of a mixture of vaterite and calcite. By contrast, ACC that is functional-

ized with the Mg or CIT predominantly transforms into calcite. To relate the crystalline

structure to the morphology of the formed crystals, we visualize them with SEM. All

these samples are composed of heavily agglomerated CaCO3 nanocrystals. However,

depending on the additives contained in ACC, the size of the agglomerates varies from

a few hundreds of nanometers to tens of micrometers, as shown in Figure 4.18. The

vast majority of crystals contained in the samples that transform into a mixture of

vaterite and calcite does not display any well-defined facets, whereas a few crystals

possess the characteristic rhombohedral morphology of calcite, as exemplified in

Figures 4.18a-b. Similarly, crystals formed from CIT-functionalized ACC, which are
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Figure 4.17 – Structure of CaCO3 crystals after the pressure-induced crystallization.
FTIR spectra of CaCO3 crystals obtained from unfunctionalized ACC (bottom) and
ACC functionalized with Mg, Gly, CIT, AA, PAA-15K, PAA-450K, PSS-70K or PAL-15K
(in the direction of the arrow).

predominantly calcite, do not show any well-defined facets, as shown in Figure 4.18c.

By contrast, a truncated rhombohedral morphology is present in crystals formed from

Mg-functionalized ACC that mainly possess the calcite structure, as shown in Fig-

ure 4.18d. These results suggest that certain additives can influence the structure, size,

and morphology of CaCO3 crystals obtained from the pressure-induced crystallization

of ACC, by analogy to what we observed for the humidity-induced crystallization.

4.3 Discussion

4.3.1 Kinetic stability of ACC

Our results suggest that additives can influence the humidity- and pressure-induced

crystallization of ACC. The influence of additives on the crystallization of ACC depends

on the composition of their functional groups and their molecular weight. Remarkably,

certain additives tested here influence the humidity-induced crystallization of ACC

in a distinctly different way than the pressure-induced crystallization. This discrep-

ancy suggests that the crystallization under these two processing conditions follows

different pathways, as schematically illustrated in Figure 4.19.

During the humidity-induced crystallization of ACC, water contained in the humid

environment is absorbed on the surfaces of particles and partially dissolves part of the
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Figure 4.18 – Size and morphology of CaCO3 crystals after the pressure-induced
crystallization. (a-d) SEM images of CaCO3 crystals formed through the crystallization
of (a,b) unfunctionalized ACC and ACC functionalized with (c) CIT and (d) Mg.

surfaces such that CaCO3 crystals form from a supersaturated solution, as shown in

Figures 4.19a-b. In this case, the kinetic stability of ACC against crystallization mainly

depends on the kinetics of the partial dissolution-reprecipitation. The kinetics of the

partial dissolution-reprecipitation process depends on the mobility of water that is

absorbed on the surfaces of particles and that initially contained in them.[1, 86, 123,

131] If no additives are contained in ACC, the mobility of water is mainly determined

by the degree of hydration of ACC[1, 86, 225] and the amount of water contained in

the surrounding environment.[29, 121, 131, 138] If ACC is functionalized with certain

additives, such as Mg2+,[157, 165] PO4
3-,[128] PSS,[247] PAA,[225, 247] and Asp-rich

proteins,[254] the mobility of water can also be influenced by its interaction with these

additives. In this case, the kinetics of the partial dissolution-reprecipitation process

also depends on the interaction strength between additives and water.[86, 131] The

tested additives do not significantly change the degree of hydration of ACC and we

keep the humidity constant. Hence, we assign the observed differences in the kinetic

stability of additive-functionalized ACC to the different interaction strengths of these

additives with water that result in different dissolution-reprecipitation kinetics.

During the pressure-induced crystallization, mobile water is released from ACC. This

released water accumulates in certain regions of the pressed film composed of ACC

particles, thereby initiating the local dissolution-reprecipitation process of ACC, as
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Figure 4.19 – Schematic illustration of the crystallization pathways for the humidity-
and pressure-induced crystallization of ACC. (a-b) The humidity-induced crystalliza-
tion follows a surface-coupled partial dissolution-reprecipitation pathway. (a) Water
contained in the humid environment is absorbed on the surface of ACC particles,
where it initiates the partial dissolution of ACC that is followed by the formation crys-
tals. (b) Once ACC starts to transform into anhydrous crystals, additional water con-
tained in ACC is released and accelerates the dissolution-reprecipitation process. (c-e)
The pressure-induced crystallization follows a dehydration-assisted local dissolution-
precipitation pathway. (c) While being compressed, ACC particles dehydrate. (d)
The released mobile water accumulates in certain regions of the film composed of
dehydrated ACC particles, where it initiates a local dissolution-reprecipitation process.
(e) Once ACC starts to transform into anhydrous crystals, rigid water is released from
dehydrated ACC and accelerates the dissolution-reprecipitation process.

shown in Figures 4.19c-e. Additives studied here have different interaction strengths

with water[1, 165, 225] such that the dehydration kinetics of ACC functionalized

with them varies. As a result, these additives influence the amount of water that is

released if ACC is subjected to a defined pressure, thereby further influencing the

dissolution-reprecipitation kinetics and hence, the kinetic stability of ACC against the

pressure-induced crystallization.

4.3.2 Size, morphology, orientation and structure of CaCO3 crystals

Our results demonstrate that the size and morphology of CaCO3 crystals formed

through the humidity-induced crystallization of ACC differs from those obtained from

the pressure-induced crystallization. CaCO3 crystals formed through a humidity-

induced crystallization are typically composed of loosely packed nanoparticles with

diameters of a few hundreds of nanometers, which resemble those of as-synthesized

ACC particles. By contrast, CaCO3 crystals obtained from the pressure-induced crystal-

100



4.3. Discussion

Figure 4.20 – Intensity ratio of the ν4 peaks of vaterite and calcite (Iνvat /Iνcal ) as a
function of the exposure time measured with in situ FTIR, when unfunctionalized
particles are exposed to a RH around 95%.

lization are typically micro-sized agglomerates composed of densely packed nanopar-

ticles. This difference is likely caused by the varying amounts of free water present in

the two crystallization processes. During the humidity-induced crystallization, a lim-

ited number of water molecules is absorbed on the surfaces of ACC particles such that

these particles only partially dissolve.[40, 123] The small volume of the supersaturated

solution confines the growing crystals such that their size and morphology is similar

to that of the initial ACC particles.[121, 131] Moreover, the small amount of water

results in a slow dissolution-reprecipitation kinetics, thereby enabling a continuous

propagation of the crystal growth fronts through the amorphous phase such that the

resulting crystals display a preferential orientation.[40, 131, 253] By contrast, during

the pressure-induced crystallization, the released mobile water molecules accumulate

in certain regions of the compacted film composed of ACC particles and locally initiate

the dissolution of adjacent particles. The larger volume of the supersaturated solution

enables crystals to rapidly form such that they attain a morphology and size that is

similar to those formed in bulk solutions.

Unfunctionalized ACC transforms into a mixture of vaterite and calcite after the

humidity- and pressure-induced crystallization, in good agreement with previous

reports.[86, 129] The metastable vaterite does not transform into calcite under the

conditions tested here, as indicated by the constant Iνvat /Iνcal obtained in the in situ

FTIR measurements in Figure 4.20. This observation is in stark contrast to reports on

the formation of CaCO3 crystals in bulk solutions, where ACC typically crystallizes into

the metastable vaterite before it transforms into stable calcite.[29, 54] The structure
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of CaCO3 crystals usually depends on the degree of supersaturation of the aqueous

solution: High degrees of supersaturations typically result in the formation of vaterite

whereas lower degrees of supersaturations result in the formation of calcite.[81] Our

results suggest that the degree of supersaturation varies throughout the samples such

that vaterite and calcite simultaneously form. For vaterite to transform into the stable

calcite form, it must dissolve and reprecipitate.[29, 54] The small amounts of water

available during the humidity- and pressure-induced crystallization of ACC are most

likely too low to enable this process such that we cannot detect any change in the ratio

of calcite to vaterite in our samples.

The effects of additives on the structure of crystals obtained from the humidity-

or pressure-induced crystallization depend on the composition of their functional

groups and the processing conditions. For example, functionalization with Mg or

CIT favors the formation of calcite if ACC is subjected to a humid environment

or elevated pressures, in line with results reported for the crystallization in bulk

solutions.[157, 176] By contrast, if ACC is functionalized with PSS-70K, the structure

of the formed CaCO3 crystals depends on the processing conditions: it predominantly

transforms into vaterite during the humidity-induced crystallization process, and into

a mixture of vaterite and calcite during the pressure-induced one. Similarly, ACC func-

tionalized with PAL-15K primarily transforms into calcite if crystallized in a humid

environment and into a mixture of vaterite and calcite if crystallized under elevated

pressures. This process-dependent behavior of additives is likely related to the differ-

ences in the local supersaturations and the crystallization kinetics that exist in the two

crystallization processes.[81, 123] These examples demonstrate possibilities to tune

the size, morphology, orientation, and structure of CaCO3 crystals with processing

conditions without altering their composition.

4.4 Conclusion

We show that the size, morphology, structure, and orientation of CaCO3 crystals

formed from certain additive-functionalized ACC depend on the crystallization condi-

tions: These parameters can be distinctly different if ACC is crystallized in a humid en-

vironment or at elevated pressures. We assign this process-dependent behavior to the

different pathways through which ACC crystallizes: While the humidity-induced crys-

tallization of ACC follows a surface-coupled partial dissolution-reprecipitation, the

pressure-induced crystallization undertakes a dehydration-assisted local dissolution-
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reprecipitation. In both crystallization pathways, the amount and mobility of wa-

ter that triggers the crystallization of ACC is influenced by the composition of the

functional groups of additives and their molecular weight. As a result, they display a

variation in the crystallization kinetics of ACC and in the size, morphology, orientation,

and structure of resulting CaCO3 crystals. These insights provide new opportunities

to more closely control the formation of CaCO3 crystals and hence, the properties of

CaCO3-based materials by using appropriate additives and tuning the crystallization

conditions.
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5 Fabrication of 2D Hexagonal Pris-

matic Granular Hydrogel Sheets
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This chapter is adapted from the paper entitled “Fabrication of Hexagonal- Prismatic

Granular Hydrogel Sheets,” authored by H. Du, A. Cont, M. Steinacher, and E. Amstad,

and published in Langmuir, vol. 34, pp. 3459–3466, Mar. 2018.[227] H. Du, A. Cont

and E. Amstad designed the experiments and analyzed all data. H. Du and A. Cont

conducted the experiments. M. Steinacher helped with the SEM imaging. H. Du and

E. Amstad wrote the paper.
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In this chapter, we present a new method to fabricate 2D structured hydrogel sheets

that can potentially be used as insoluble scaffolds for the fabrication of strong and

tough CaCO3-based composite materials. These hydrogels sheets are composed of

covalently crosslinked hexagonal prismatic hydrogel microparticles. We demonstrate

that the structure and composition of these sheets can be tuned on a microscale by

controlling the size, composition and arrangement of individual particles. We also

show that their surface morphology can be varied with the polymerization conditions

and their mechanical properties with their structure and composition.

105



Fabrication of 2D Hexagonal Prismatic Granular Hydrogel Sheets

Contents

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.2.1 Fabrication of granular hydrogel sheets . . . . . . . . . . . . . . 107

5.2.2 Mechanical properties of hydrogel sheets . . . . . . . . . . . . . 111

5.2.3 Structure, morphology and composition of hydrogel sheets . . 114

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.1 Introduction

Many natural biomineral-based composite materials have well-defined hierarchical

structures and local composition that are crucial for their mechanical properties.[3–5]

A prominent example is nacre: It is composed of 95 vol% of layered aragonite platelets,

interspaced with 5 vol% of thin insoluble organic scaffolds composed of β-chitin and

silk fibroin, as shown in Figures 1.1b-c.[5, 13, 23, 25] These insoluble organic scaffolds

confine the formation of aragonite platelets, thereby enabling an excellent control

over the hierarchical structure and local composition of nacre.[8, 13] In addition,

these soft scaffolds allow the aragonite platelets to plastically deform if subjected to

a mechanical impact, such that the toughness of nacre is 40-fold higher than that of

aragonite single crystals.[4, 5, 24, 26, 27]

Inspired by the superior mechanical properties of natural biomineral-based materi-

als, a lot of research has been devoted to designing synthetic soft materials includ-

ing hydrogels that possess similar structures and mechanical properties to natural

scaffolds.[151, 154, 155, 255, 256] However, these synthetic materials typically have

inferior mechanical properties than natural counterparts, because they possess dif-

ferent structures.[5] By analogy to the self-assembly process that occurs during the

formation of natural scaffolds,[257] a potential strategy to produce soft materials

with well-defined structures is self-assembling individual particles into macroscopic

materials and subsequently crosslinking the adjacent particles to impart the materials

mechanical strengths. For example, spherical hydrogel microparticles have been

assembled into superstructures[258–263] that are crosslinked through introducing re-

active groups on the surfaces of particles[264] or by adding external crosslinkers.[265–
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269] The structure of the resulting macroscopic hydrogels is determined by the size

and size distribution of the particles and their arrangement. However, all these parti-

cles are spherical such that the area where adjacent particles are in close proximity

is limited and hence, the number of crosslinks between them is insufficient. As a

result, macroscopic hydrogels are fragile and often lose their integrity if removed

from the substrate.[270] To improve the mechanical strength, the crosslink density

between adjacent particles must be increased. Feasibility to do so has been shown for

spherical microparticles with diameters below 2 µm by functionalizing their surface

with additional reactive groups.[271–273] However, the control over the structure and

local crosslink density of these microparticle assemblies is limited because particles

are randomly assembled.[274, 275] Hence, a fabrication technique that simultane-

ously offers a good control over the microscale structure and local crosslink density of

macroscopic hydrogels remains to be developed.

In this chapter, we develop a new protocol to fabricate 2D macroscopic hydrogel

sheets made of regularly arranged, covalently crosslinked 40-120 µm diameter hexago-

nal prismatic hydrogel particles that display a narrow size distribution. The microscale

structure and local composition of these sheets can be varied with the size, compo-

sition, and arrangement of granular components. The surface morphology can be

controlled with the polymerization conditions. The mechanical properties of the

sheets can be tuned with their structure and composition. These results might open

up new possibilities to fabricate hydrogels that possess similar structures and me-

chanical properties to those of natural ones. This would also offer new opportunities

to produce structured organic materials that can serve as scaffolds for the formation

of minerals, thereby facilitating the fabrication of strong and tough mineral-based

composites possessing well-defined structures.

5.2 Results and Discussion

5.2.1 Fabrication of granular hydrogel sheets

To produce hydrogel particles with a well-defined size, we employ emulsion drops

as templates. Aqueous drops that display a narrow size distribution are produced

using a microfluidic millipede device that contains 550 parallelized nozzles, each one

having a triangular shape, as shown in the optical image in Figure 2.3.[236] We employ

a device with 40 µm tall nozzles to produce aqueous drops with an average diameter
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Figure 5.1 – Production of drop templates and hydrogel particles. (a,b) Optical images
of (a) water-in-oil emulsion drops produced in 40 µm tall nozzles, which are illumi-
nated with UV light to convert them into (b) hydrogel microparticles that display a
coefficient of variation below 2.5%. These hydrogel particles are dispersed in water.

of 119 µm. Their coefficient of variation, defined as the standard deviation of the

drop size distribution divided by the mean diameter, is as low as 2.5%, as shown in

Figure 5.1a.

Two dimensional colloidal crystals composed of hard spheres are usually made by

spreading a dispersion containing monodisperse colloids onto a solid substrate

and letting the particles arrange into the energetically most favorable crystalline

structures.[276, 277] To mimic this process, we produce aqueous drops containing

PEG700-DA and photoinitiators. These drops are converted into spherical hydrogel

particles through the exposure to UV light to initiate the polymerization reaction. The

resulting microparticles display a narrow size distribution, as shown in Figure 5.1b.

The dispersion is deposited onto a substrate composed of PDMS such that the parti-

cles sediment. To facilitate the re-arrangement of spherical hydrogel particles into

the energetically most favorable hexagonal close packed structure, we agitate the sub-

strate, as shown in Figure 5.2a. However, upon evaporation of water, the crystalline

structure becomes defective because the particles shrink without being connected to

each other, as shown in Figure 5.2b.

To build macroscopic materials from individual microparticles, adjacent particles

must be connected to each other, for example by back-filling the structured hydro-

gel particles with a second matrix.[278–280] However, this procedure risks that the

structure and properties of the particles are changed during the infiltration of the

matrix. To overcome this limitation, adjacent particles can be connected covalently

using reactive groups that are present at their surfaces. This can be achieved if drops

rupture before all the monomers contained in the drops are consumed. However,
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Figure 5.2 – Assembly of hydrogel particles in the wet and dry state. (a,b) Optical
image of hydrogel particles (a) that are assembled into a hexagonal close packed
structure in the wet state and (b) that become loosely packed upon water evaporation.

unreacted monomers can only crosslink adjacent particles, if they are located at their

surface. Indeed, unreacted monomers accumulate at the surface of polymerizing

particles, if they are preferentially located at the water-oil interface. This is the case

if the interfacial tension between the monomers and the HFE 7500 oil is below that

between the hydrogel particles and the oil.[281] Here, the interfacial tension between

PEG-DA monomers and HFE 7500 is 15.7 ± 0.1 mN·m-1; it is much lower than that

between PEG-based hydrogels that contain a high fraction of water such that we

assume this interfacial tension to be similar to that of water-HFE 7500 interfaces, 41.6

± 0.6 mN·m-1. Hence, we expect the polymerized hydrogel particles to be surrounded

by monomers that can covalently link adjacent particles.

To covalently link adjacent particles, drops must rupture before all the monomers are

consumed. The rate at which drops rupture depends on the oil evaporation rate, and

hence is in a first approximation independent of the UV light intensity, if we neglect the

heating of the UV source. The rate at which monomers are crosslinked depends on the

UV light intensity. If we reduce the UV light intensity to sufficiently low values, thereby

slowing down the initiation of the polymerization reaction, we expect drops to rupture

before all the monomers are consumed. To test this expectation, we deposit drops on

a glass slide where they spontaneously assemble into a hexagonal close packed 2D

structure and let the oil evaporate, as shown in Figure 2.4. Once the majority of the oil

is evaporated, drops deform to attain a hexagonal prismatic shape, as shown in the

time-lapse optical images in Figures 5.3a-c. If they are subsequently illuminated for

15 s with a UV light source that is 1 cm apart from the sample, monomers polymerize

before drops rupture such that individual hexagonal prismatic particles result, as

shown in the SEM image in Figure 5.4a. By contrast, if we increase the distance
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Figure 5.3 – Time-lapse optical images of self-assembled drops taken during the
evaporation of the surrounding oil. (a) Monodisperse drops self-assemble into a
hexagonal close packed structure. While the oil evaporates, drops (b) deform and (c)
attain a hexagonal prismatic shape.

between the UV light source and the sample to 3 cm, we can easily detach a connected

film composed of the hexagonal prismatic particles from the glass slide, as shown

in Figure 5.4b. However, the particles are not connected through any of their side

walls. Instead, they are connected through a thin film at the bottom of this structure,

as shown in the SEM image in Figure 5.4c. We assign the film formation to the low

contact angle between the monomer solution and the glass slide, 14 ± 2 °. Hence, the

monomer containing aqueous solution wets the glass slide as soon as drops rupture.

Upon exposure to UV light, the monomers contained in these thin films polymerize,

thereby forming a connecting hydrogel sheet at the bottom of the particle array. While

these structures are mechanically sufficiently stable to be detached from the glass

slide, the sheet tends to roll. Rolling is likely caused by the free volume between

adjacent hexagonal prismatic particles that is present on one side of the sheet: This

free volume induces contraction of the sheet on one side only, thereby causing a

non-uniform deformation that makes it cumbersome to handle.

To connect adjacent particles through their side walls we must avoid the formation

of a connecting bottom layer. We expect these connecting films to form because the

substrate is wetted by the monomer-containing solution. To test this expectation,

we deposit drops onto a hydrophobic substrate made of PDMS; the contact angle

between the monomer solution and PDMS is 87 ± 4°. After drops attain a hexagonal

prismatic shape, we illuminate them with UV light for 15 s. The resulting macroscopic

sheets are again mechanically sufficiently stable to be detached from the substrate, as

shown in Figure 5.5a. Sheets formed on PDMS substrates remain flat even after they

have been detached from the substrate, indicating that the stress distribution along

their height is more homogeneous. Indeed, there is no connecting film at the bottom
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of the particle assembly, as shown in the SEM images in Figures 5.5b-c, indicating that

adjacent particles are connected through their sidewalls.

5.2.2 Mechanical properties of hydrogel sheets

To quantify the influence of the granular structure of hydrogel sheets on their me-

chanical properties, we perform tensile tests on dried samples. The measured Young’s

modulus (E) of unstructured sheets is 7.7 ± 0.7 MPa, as detailed in Table 5.1, well

in agreement with that measured for bulk hydrogels made of PEG-DA with similar

molecular weights.[282] The measured E of hexagonal prismatic granular hydrogel

sheets is higher than that of unstructured counterparts, 12.0 ± 1.0 MPa, as shown in

stress-strain curve in Figure 5.6a and summarized Table 5.1. The increased stiffness of

granular hydrogels suggests that the average crosslinking density is higher than that in

unstructured samples. The density of covalent crosslinks depends on the monomers

used to form hydrogels. Hence, the average density of covalent crosslinks should, in a

first approximation, be the same in granular and unstructured hydrogels. The density

of physical crosslinks depends on the density of the polymers. The initial concentra-

tion of monomers contained in the aqueous solution is the same for granular and

bulk hydrogels. To produce granular hydrogels, this aqueous solution is processed

into 120 µm drops that are converted into microparticles through polymerization of

the monomers contained in them. If microparticles are produced from unconfined

undeformed spherical drops, they have a diameter of 99 µm, resulting in a volume

of 5.1 × 105 µm3. By contrast, if particles are produced from drops that are deformed

and arranged into a hexagonal close packed structure due to oil evaporation, their

Figure 5.4 – Morphology of individual hydrogel particles and granular hydrogel sheets
on a glass slide. (a) SEM image of individual hexagonal prismatic particles, obtained
by polymerizing the monomers before drops ruptured. (b) Top view and (c) side view
SEM images of granular hydrogel sheets made from drops that are self-assembled on
a hydrophilic glass slide.
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Figure 5.5 – Morphology of granular hydrogel sheets produced on a hydrophobic
PDMS substrate. (a) Optical image of a hexagonal prismatic granular hydrogel sheet
made by self-assembling drops on a PDMS substrate and subsequently illuminating
them with UV light to convert them into hydrogels. The entire sample is shown in
the photograph in the inset. (b) Top view and (c) side view SEM images of granular
hydrogel sheet made from hexagonal prismatic particles that are covalently linked to
each other. The sample is cut to visualize the connection between adjacent particles.

Table 5.1 – The Young’s modulus of hydrogel sheets as function of the concentration
of monomers contained in drops (cmono), their composition, and the hydrogel sheet
structure.

cmono (wt%) Mw of PEG Structure E (MPa)

50
700

unstructured 7.7 ± 0.7
granular 12.0 ± 1.0

575
unstructured 9.6 ± 1.0

granular 12.0 ± 1.5

40
700

unstructured 6.3 ± 0.5
granular 9.8 ± 0.3

575
unstructured 6.8 ± 0.8

granular 9.6 ± 1.2

projected area is 8.9 × 103 µm2 and they are 48 µm tall, such that their volume is 4.3

× 105 µm3. Hence, the volume of these hexagonal prismatic particles is 16% below

that of spherical counterparts while the type and number repeat units contained in

this volume is the same. These results suggest that the density of physical crosslinks

within the hexagonal prismatic particles is higher than that in spherical counterparts.

Hence, we also expect it to be higher than that of unstructured hydrogels that are

fabricated without any spatial deformation. This increased physical crosslink density

within the hydrogel particles is likely a contributing reason for the increased E.

Structured sheets rupture along the grain boundaries, as shown in the SEM image

in Figure 5.5c and the optical image in the inset of Figure 5.6a, by analogy to the

fracture mechanism of ceramics.[283, 284] These results demonstrate that the grain
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Figure 5.6 – Mechanical properties of hydrogel sheets. (a) Stress as a function of strain
for unstructured (black) and structured, granular (red) PEG700-DA hydrogel sheets.
Optical images of the corresponding ruptured sheets are shown in the insets. (b) SEM
image of the cross-section of a granular hydrogel sheet. The white arrows indicate the
voids present in the grain boundaries.

boundaries are the weakest points of the hydrogels. Moreover, these results suggest

that the low ductility and toughness observed for the granular hydrogels is related to

the grain boundaries. To investigate possible reasons for this reduction in toughness

and ductility, we visualize a cross-section of the granular hydrogels using SEM. Grain

boundaries encompass long voids, as shown in Figure 5.6b. These voids, which are

defects within the granular structure, facilitate crack propagation, thereby lowering

the ductility and toughness of the granular hydrogels.

The increase in E and the decrease in fracture toughness and ductility caused by

introducing grain boundaries into hydrogel sheets indicate that the crosslink density

inside the particles is high whereas that between adjacent particles is low. We expect

this difference in crosslink density to decrease if the density of covalent crosslinks is

increased. To test this expectation, we produce particles from PEG-DA with a lower

molecular weight, PEG575-DA, which results in a higher density of covalent crosslinks.

Also for these samples, E of hexagonal prismatic granular hydrogel sheets is signifi-

cantly higher than that of unstructured counterparts. However, in agreement with

our expectation, the difference in Young’s moduli decreases to 25% as summarized in

Table 5.1.

The density of physical crosslinks depends on the density of polymers and hence on

the initial monomer concentration. To test the influence of the physical crosslink

density on the mechanical properties, we reduce the monomer concentration to 40
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Figure 5.7 – Arrangement of microparticles within granular hydrogel sheets. SEM
image of a granular hydrogel sheet composed of spherical particles arranged in a
cubic lattice. Drops are assembled using a template containing hexagonal wells that
are arranged into a cubic structure. They are polymerized within this template such
that their surfaces attain the shape of the wells.

wt%. Indeed, E of these hydrogels is lower than that of hydrogels produced from a

monomer concentration of 50 wt%; E of granular sheets is again approximately 50%

higher than that of unstructured counterparts, as summarized in Table 5.1. If we

further reduce the monomer concentration to 30 wt%, the crosslink density between

adjacent particles becomes too low such that no integral films can be obtained any

more.

5.2.3 Structure, morphology and composition of hydrogel sheets

Drops spontaneously assemble into the thermodynamically most favorable hexagonal

close packed structure, if deposited on a flat substrate, resulting in hexagonal prismatic

particles. To test if we can control the drop arrangement and therefore the structure

of the resulting granular films, we deposit drops on a PDMS substrate containing 95

µm diameter hexagonal wells. The wells are arranged in a cubic lattice with a distance

of 130 µm, which is slightly larger than the drop diameter. After drops are illuminated

with UV light, we can detach a connected sheet made of spherical particles that are

arranged in a cubic lattice. The bottom surfaces of the particles have adopted the

hexagonal shape of the wells that are used to arrange the drops into the cubic structure,

as shown in Figure 5.7.

Our results indicate that we can tune the surface morphology of granular hydrogel

sheets using templates. However, the use of templates makes the assembly process

more time consuming. To test if we can also control the surface topology of these
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Figure 5.8 – Controlling the surface morphology of granular hydrogel sheets using a
two-step polymerization. (a) SEM image of a granular hydrogel sheet composed of
hexagonal prismatic particles, each one containing a semi-spherical dome, with a
side view of a single particle as inset. (b-d) Optical images of self-assembled drops
containing spherical hydrogel particles made by illuminating self-assembled PEG-DA-
containing drops with a light source located at a distance of (b) 15 cm, (c) 10 cm, and
(d) 4 cm from the sample surface.

hydrogels without the use of templates, we polymerize the hydrogels in two steps: We

illuminate the drops with UV light for 3 s immediately after they have been assembled

into the hexagonal structure, when they are still spherical. These partially polymerized

drops deform into hexagonal prisms after the majority of the oil is evaporated. During

this process, we observe the formation of domes at the surface of the deformed drops.

When all the drops deformed into hexagonal prisms, we expose them again to UV

light for 15 s to fully solidity the drops. Thereby, we obtain 2D sheets composed of

hexagonal prismatic particles; each particle contains a semi-spherical dome, as shown

in Figure 5.8a. The size of the domes can be tuned with the distance between the UV

light source and the sample, as shown in Figures 5.8b-d. These results suggest that a

spherical hydrogel particle forms inside the spherical drops when they are illuminated

for the first time. As the oil evaporates, drops deform into hexagonal prisms whose

height is below the diameter of the growing microparticles such that these particles

are trapped in the deformed drops and form domes. The remaining monomers are

polymerized when illuminated with UV light for the second time, such that hexagonal

prismatic particles with semi-spherical domes result. This two-step polymerization
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Figure 5.9 – Varying the local composition of granular hydrogel sheets. Fluorescent
images of hexagonal prismatic granular hydrogel sheets composed of a mixture of
FITC-dextran labeled and label-free particles with an average diameter of (a) 120 µm,
(c) 67 µm, and (d) 36 µm. (b) The normalized fluorescent intensity profile measured
along the red line in Figure 5.9a.

enables tuning the microscale surface morphology of granular hydrogel sheets without

the need for any solid templates.

The main advantage of using drops to build structured granular hydrogel sheets is

the ease with which the composition can be varied locally. To exploit this feature, we

produce two different batches of drops with identical sizes but different compositions.

We add FITC-labeled dextran to one batch of PEG-DA containing drops and produce

a second batch of label-free PEG-DA containing drops. The two batches are mixed

before drops are assembled on a PDMS substrate and subsequently illuminated with

UV light to be converted into granular sheets. The appearance of these sheets closely

resembles the skin of cellated lizards,[285] as shown in Figure 5.9a. By analogy to the

lizard skin, the composition of these sheets changes over very short length scales,

as indicated in Figure 5.9b. The size of the particles can be conveniently varied by

controlling the diameter of the drops, as shown in Figures 5.9c-d.
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5.3. Conclusion

5.3 Conclusion

We demonstrate a new method to fabricate 2D granular hydrogel sheets with locally

varying crosslink densities. The sheets are composed of self-assembled hexagonal pris-

matic particles that are covalently crosslinked through their side walls. The structure

and surface morphology of these sheets can be tuned with the size and arrangement

of drop templates as well as with the polymerization conditions. The mechanical

properties of these granular hydrogels can be controlled by tuning their structure and

composition. These granular hydrogel sheets open up new possibilities to design

biomimetic soft materials with structures and mechanical properties that closely

resemble those of natural ones. This could open up new possibilities to use them

as scaffolds for the formation of minerals to fabricate mineral-based composites

possessing well-defined structures and properties.
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6 Conclusion and Outlook

Many natural CaCO3-based materials display superior mechanical properties that

are difficult to reproduce with synthetic counterparts. To produce materials with

such fascinating properties, nature has established processes that offer a precise

control over the formation of CaCO3 crystals and hence, the local composition and

structure of resulting materials. Inspired by these natural materials, a lot of research

has been devoted to the fabrication of synthetic CaCO3-based materials with similar

compositions and structures. However, these synthetic materials typically display

inferior mechanical properties. The poor properties are, at least partially, related

to the inferior control over the formation of these materials, which is caused by

our incomplete understanding of the influence of different variables, such as the

processing conditions, soluble additives, and insoluble scaffolds, on different stages

of the CaCO3 formation.

To gain a better understanding of the influence of the formation time on the early

stages of the CaCO3 formation, we employ a new microfluidic spray drying method.

This method allows us to quench the formation of ACC with a temporal resolu-

tion of hundreds of milliseconds without introducing any organic solvent. Using

this method, we reveal that the amount of mobile water contained in ACC parti-

cles increases with their formation time and, hence with an increasing particle size.

The amount of mobile water contained in these particles influences their kinetic

stability if particles are exposed to elevated temperatures or to a focus electron

beam. We also demonstrate that the amount of mobile water contained in ACC

particles can be reduced if they are functionalized with certain additives, such as PAA.

Thereby, these additives increase the kinetic stability of ACC against the temperature-

induced crystallization. These results hint at the importance of water in the forma-
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tion and stability of ACC. Similar to CaCO3, many other materials such as calcium

phosphate,[286, 287] calcium oxalate,[288, 289], calcium sulfate,[290, 291], titanium

oxide,[292, 293] silica,[82, 294, 295], iron oxide[296], and certain proteins[250, 295]

form via amorphous precursors. Hence, our results are likely not limited to CaCO3

but also offer new insights on the role of water in the formation and stability of these

amorphous precursors.

To process ACC particles into bulk CaCO3-based materials with well-defined proper-

ties, it is crucial to understand the influence of amount of mobile water contained

in them on their kinetic stability against crystallization under different processing

conditions. The amount of mobile water contained in ACC particles can be tuned

with soluble additives. To study how this difference in the amount of mobile water

contained in ACC influence the humidity- or pressure- induced crystallization of

ACC, we synthesize unfunctionalized ACC particles and those functionalized with

different additives using a bulk solution method. Therefore,we can produce sufficient

quantities of ACC to form bulk samples that we can easily subject to elevated pres-

sures. We monitor the evolution of the structure and degree of hydration of these

particles when exposed to a well-defined humid environment or elevated pressures

and relate these results to the size, morphology, structure, and orientation or the

resulting CaCO3 crystals. We reveal that the humidity-induced crystallization of ACC

follows a distinctly different pathway than the pressure-induced one: The humidity-

induced crystallization follows a surface-coupled partial dissolution-reprecipitation,

whereas the pressure-induced crystallization undertakes a dehydration-assisted local

dissolution-reprecipitation. In both pathways, the amount of water and its mobility

that is determined by its interaction strength with additives can significantly influence

the crystallization kinetics of ACC and hence, the size, morphology, orientation, and

structure of resulting CaCO3 crystals.

Natural CaCO3-based materials are often produced in insoluble soft scaffolds that

offer a good control over the local composition and structure of the resulting materials

across multiple length scales. Inspired by these soft scaffolds and as a proof-of-

concept work, we develop a simple method to fabricate 2D granular hydrogel sheets

that mimic the structure and mechanical properties of natural insoluble scaffolds.

We produce the granular hydrogel sheets using monomer-filled drop templates that

self-assemble into a macroscopic film. We subsequently covalently crosslink the

assembled drop templates through a UV-initiated polymerization. The resulting

hydrogel sheets are composed of hexagonal prismatic hydrogel microparticles. We
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can vary the microscale structure and composition of these hydrogel sheets with

the size, composition, and arrangement of individual particles. In addition, we can

control the surface morphology of hydrogel sheets with the polymerization conditions.

The developed method might offer new opportunities to fabricate structured soft

materials that can potentially serve as scaffolds for the formation of CaCO3 crystals.

The influence of size, chemical composition, structures, and mechanical properties

of these scaffolds on the formation of CaCO3 crystals as well as on the mechanical

properties of resulting CaCO3-based materials remains to be further investigated.

To summarize, this thesis provides new insights in the influence of water, soluble

additives, and crystallization conditions on the formation of CaCO3 crystals that form

via ACC precursors. These insights hint at possibilities to more closely control the size,

morphology, orientation, and structure of CaCO3 crystals. Hence, by carefully tuning

these parameters as well as rationalizing the size, chemical composition, structure,

and mechanical properties of the insoluble scaffold, we might achieve a significant

higher level of control over the local composition and structure of synthetic CaCO3-

based materials, such that their mechanical properties more closely resemble those

of natural ones.
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Appendix A. Abbreviations

• 2D: two-dimensional

• 3D: three-dimensional

• AA: acrylic acid

• AAS: atomic absorption spectroscopy

• ACC: amorphous CaCO3

• AFM: atomic force microscopy

• AOT: bis(2-ethylhexyl)sulfosuccinate

• AUC: analytical ultracentrifugation

• Asp: aspartic acid

• CCHH: calcium carbonate hemihydrate

• CIT: citric acid

• CNT: classical nucleation theory

• CP PASS: cross-polarization phase adjusted spinning sideband

• CSA: chemical shift anisotropy

• Cryo-TEM: cryogenic transmission electron microscopy

• DOLLOPS: dynamically ordered liquid-like oxyanion polymers

• DSC: differential scanning calorimetry

• EXAFS: extended X-ray absorption fine structure
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• FITC-Dextran: fluorescein isothiocyanate–dextran

• FTIR: Fourier-Transform infrared

• FWHM: full width half-maximum

• Gly: glycine

• LCST: lower critical solution temperature

• MAS: magic angle spinning

• MD: molecular dynamics

• MHC: monohydrocalcite

• Mg-ACC: ACC containing Mg2+

• NMR: nuclear magnetic resonance

• PAA-100K: poly(acrylic acid) with a Mw∼100,000 Da

• PAA-15K: poly(acrylic acid) with a Mw∼15,000 Da

• PAA-450K: poly(acrylic acid) with a Mw∼450,000 Da

• PAA: poly(acrylic acid)

• PAL-15K: poly(allylamine) with a Mw of 15,000 Da

• PAsp: poly(aspartic acid)

• PDF: pair distribution function

• PDMS: poly(dimethyl siloxane)

• PEG700-DA: poly(ethylene glycol) diacrylate with a Mw∼700 Da

• PILP: polymer-induced liquid precursors

• PNCs: prenucleation clusters

• PSD: power spectral density

• PSS-70K: poly(sodium 4-styrenesulfonate) with a Mw∼70,000 Da
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• PSS: poly(styrene sulfonate)

• PVA: poly(vinyl alcohol)

• RMC: reverse Monte-Carlo

• SAED: select area electron diffraction

• SAXS: small angle X-ray scattering

• TEM: transmission electron microscopy

• TGA: thermogravimetric analysis

• WAXS: wide-angle X-ray scattering

• XANES: X-ray absorption near-edge structure

• XAS: X-ray absorption spectroscopy

• XPS: X-ray photoelectron spectroscopy

• XRD: X-ray diffraction
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Appendix B. Symbols

• d̄N P : average diameter of ACC particles

• θ: contact angle of drops on the substrate

• α: degree of crystallization

• χ: molar fraction of Mg2+ ions incorporated in Mg-ACC

• ρACC : density of ACC

• ∆G : free energy of ACC with respective to calcite

• ∆H : enthalpy of ACC with respective to calcite

• ρH2O : density of water

• χH2O : molar fraction of water contained in ACC

• A: surface area of ACC particles

• C N : average coordination number

• Cb : concentration of ions in bulk solutions

• Cs : saturation concentration of ions with respect to the solubility of ACC

• Di on : diffusion coefficient of ions

• Dv : diffusion coefficient of water vapor

• E : Young’s modulus

• E A: activation energy

• G : free energy
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• Iν2−acc,tr h
: intensity of the ν2 peak at 863 cm-1

• Iν2−cr y,tr h
: intensity of the ν2 peak at 874 cm-1

• Iν4,tr h
: sum of the intensities of the ν4 peaks

• MACC : molar mass of ACC

• NN P : number of ACC particles

• O/C a: atomic ratio of O to Ca

• Pc : critical pressure for the pressure-induced crystallization

• R: average distance of coordination shells

• RH : relative humidity

• Tcr y : critical temperature for the temperature-induced crystallization

• V : volume of drops

• V (t ): volume of drops at time t

• cC a2+ : concentration of Ca2+

• cmono : concentration of monomers

• cv : concentration of saturated vapor

• dN P : diameter of ACC particles

• dcl : diameter of contact line

• ddi sc : diameter of discs

• k: spatial frequency

• kc : crystallization rate coefficient for the humidity-induced crystallization

• l : distance over which the ion concentration gradients exists

• m(t ): mass of water at at time t

• n: degree of hydration of ACC, CaCO3·nH2O
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• q : scattering vector

• rcl : radius of contact line

• rcl (t ): radius of contact line at time t

• rdi s : dissolution rate of ACC particles

• t0: induction time for the humidity-induced crystallization

• tc : critical time for the pressure-induced crystallization

• tdi s−cr y : critical time required for the crystallization in bulk solutions

• tdr y : drying time of drops

• t f or m : formation time of ACC particles

• tp : pressing time

• tr h : exposure time in the humid environment
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