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1. Introduction

Nanotechnology provides a unique approach to create
specific properties of a material by preparing it in the form of
nanoparticles or with a suitable nanostructure. Examples of
such properties are color, reactivity, magnetism, and bioavail-
ability, which differ in many cases from the behavior of both
the corresponding bulk material and the constituting mole-
cules. These specific nanoeffects have been used for the
development of a large number of products in the fields of
advanced materials and coatings, catalysis, electronics, energy
and water management, sensors, drug delivery, and other
medical applications.[1] A much less frequently discussed
aspect of nanotechnology—which represents the actual topic
of this Review—is its importance in materials and soft matter
science, where the formation of nanostructures is an integral
part of solidification and formulation processes. In this
context, we have chosen two model systems: the crystalliza-
tion of an extensively studied inorganic mineral, calcium
carbonate, and—even more specific—the hydration of
cement-silicate phases. Knowledge gained from these prom-
inent examples should also be applicable in other areas, where
self-organizing or bottom-up principles are employed to
determine the properties of a material by tailoring its
nanostructure. Nature provides the most intriguing arche-
types for successful, and seemingly perfect, control over
solidification at the nanoscale, yielding hierarchical hybrid
structures with outstanding and task-specific performance, as
found, for example, in bone and teeth.[2]

It should be stressed that the term nanotechnology not
only covers the synthesis/fabrication of nanoparticles but also,
and more generally, the preparation of bulk materials and
films with specific nanostructures. This aspect is taken into
account by the following definitions:[3] “Nanotechnology:
Application of scientific knowledge to manipulate and
control matter in the nanoscale, where size- and structure-
dependent properties and phenomena, as distinct from those
associated with individual atoms or molecules or with bulk
materials, can emerge,” and “Nanoscale: size range from

approximately 1 nm to 100 nm.” Apart
from the broader definition of nano-
technology covering one-, two-, and
three-dimensional systems, and not
only nanoparticles, it is important to
realize that one of its key elements is
the understanding of how to design
matter on the nanoscale with the

desired specific properties; that is, (nano-)structure–property
relationships represent a focal point of nanotechnology.

In this Review, we address the above points from two
distinct perspectives: 1) it is shown how the picture of
nanoparticle formation in precipitation reactions has changed
over the past years through the observation of transient
nanostructures and how we may benefit from these findings to
create new materials. 2) In hydrated cement, which is a true
multiscale material, nanostructures play a key role in both the
setting and the hardening phases; here we describe the
current state of knowledge and outline approaches to control
structure formation at the nanoscale.

2. Formation of Nanoparticles and Nanostructured
Materials

Crystallization in itself is a crucial step in the production
and processing of many materials, such as catalysts, pharma-
ceuticals, pigments, and concrete,[4, 5] as well as for the
occurrence of minerals in natural environments, both in
their inanimate form[6] and associated with living organisms.[7]

This is one of the reasons why crystallization has been
intensively investigated for decades.[8] However, it is generally
accepted that many properties of an emerging solid phase can
essentially already be determined at the onset of precipita-
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tion, that is, at the nano-
scale. Moreover, there is
increasing evidence that
in most cases, crystalli-
zation does not proceed
through a simple one-
step pathway directly
from the dissolved mon-
omeric constituents to
the macroscopically
stable crystalline phase,
but rather involves
a series of precursor
and intermediate spe-
cies that successively
transform into one
another.[9–12] Clearly,
such multistep reaction
pathways implicate
additional and previ-
ously not recognized
possibilities to steer the
progress of crystalliza-
tion in certain desired
directions. Figure 1 pro-
vides an overview of the
various stages that have
recently been discussed
to occur during the for-
mation of (nano)parti-
cles from supersaturated
solutions, and which will
be addressed in more
detail below.

The most fundamental and important step in the evolution
of any solid particle is the actual process of phase separation,
that is, nucleation. Interestingly, despite continuous research
in this area, it is still quite common to analyze data taken from
precipitation experiments by means of classical nucleation
theory (CNT), which in its original form was developed
almost 100 years ago[13] and has since been the subject of
numerous books and reviews.[6, 14] The popularity of this
approach is due, on the one hand, to the conceptual simplicity
of CNT. On the other hand, deeper insight into the nucleation
process is usually limited because of the difficulty to

experimentally access the very early stages of crystallization
with the necessary temporal and spatial resolution of, at least,
milliseconds and nanometers, respectively. However, only
with a profound understanding of these first steps—which
often differ from the picture suggested by classical theories of
nucleation and growth—will full control over crystallization
become possible. In fact, CNT frequently fails to correctly
predict quantitative values for real systems.[15] One explan-
ation for these shortcomings lies in the sequential precipita-
tion scenario depicted by Figure 1, that is, the initially
nucleated phase may be substantially different from the
finally obtained solid one (as shown more explicitly for
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Figure 1. The various stages that have been proposed to occur during nanoparticle formation and crystallization of
both inorganic and organic compounds from solution. In the homogeneous one-phase system, dissolved
monomeric units (e.g. cations and anions; a) may undergo association into solute clusters with chainlike (b) or
more compact structures (c). Once a critical level of supersaturation is reached, phase separation will take place,
resulting in dense liquid droplets (binodal (I)-(I) demixing; d), bicontinuous liquid patterns (spinodal (I)-(I)
decomposition; e), or solid nuclei (binodal (s)-(I) demixing) with either amorphous (f) or crystalline (g) structure.
Over time, the liquid precursors and/or solid nuclei evolve into nanoparticles that can be stable (h), grow into
larger amorphous (i) or crystalline (k) particles, potentially involving amorphous-to-crystalline solid-state trans-
formations (j), or aggregate in a random (l) or ordered (m) fashion. Further ripening ultimately affords the final
product, which can be a stable colloidal suspension of nanoparticles (n), micrometer-sized amorphous particles
(o), or crystals with various habits (p,q), depending on the boundary conditions and the presence of additives.
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calcium carbonate below). Another reason is that the proper-
ties of a given phase can change when the particle size is
decreased to nanoscopic dimensions. For example, the
tendency of macroscopically metastable phases to exhibit
lower surface energies than their stable counterparts could
lead to a crossover in thermodynamic stability at the nano-
scale (where the surface-to-bulk ratio is high).[16–18] While this
may rationalize the empirical step rule of Ostwald,[19] there is
still one central problem, namely that the nature of size-
dependent variations in phase energetics is currently not
known.[20] For further discussions on extensions and limita-
tions of CNT, the interested reader is referred to the articles
by Erdemir et al.[21] and Sear.[22]

2.1. Prenucleation Clusters

A fundamental consequence of classical nucleation theory
is that nuclei, or clusters, should not exist to any significant
extent in solution prior to particle formation. Evidence
arguing against this notion was already reported decades
ago for certain organic compounds.[23] In the case of calcium
carbonate, it has long been conjectured that ion pairing leads
to an equilibrium population of associated species in solution
next to the free ions (stages (a)–(c) in Figure 1).[24] In more
recent work, it was demonstrated that association proceeds
beyond simple ion pairs and instead affords a distribution of
larger clusters comprising as many as several tens of CaCO3

units.[25–27] The presence and size of these species was inferred
from analytical ultracentrifugation[25] and high-resolution
cryo-TEM experiments.[28] In addition, by tracking calcium
activities in titration-based precipitation assays, it could be
shown that such ion clusters are not at all rare in solution, but
in fact represent a preferred state in thermodynamic equilib-
rium.[25] In other words, these so-called “prenucleation
clusters” appear to be stable solute complexes that exist
within the boundary of a one-phase system, rather than solid
particles or nuclei—all completely at odds with the concepts
of CNT.[27] Computer simulations have confirmed the ther-
modynamic stability of prenucleation clusters and moreover
indicate that they are ionic polymers, composed of chains of
alternating calcium and carbonate ions, which may adopt
linear, ringlike or branched structures (see stage (b) in
Figure 1).[29]

Although ion association in CaCO3 solutions seems now
to be broadly accepted in the community, the sheer existence
of any such clusters does not have a direct bearing on
nucleation, that is, these species do not necessarily act as
precursors of crystals.[26] However, there is evidence suggest-
ing that under certain conditions they may become relevant
for nucleation, namely by aggregation in solution,[25,28] to give
diffuse entities (ca. 30 nm) that later appear to transform into
solid nanoparticles of amorphous calcium carbonate
(ACC)[30] (i.e. a pathway along steps (a), (b), and (f) in
Figure 1).

The discovery of prenucleation clusters has spurred
a great deal of research related to early stages of crystal-
lization over the past few years, also on compounds other than
CaCO3, such as calcium phosphate[31] and amino acids.[32]

However, the concept of these clusters and their actual role
in phase separation is still heavily debated; a comprehensive
recent update on this topic is provided by Gebauer et al.[27]

and Kellermeier et al.[33]

2.2. Liquid–Liquid Phase Separation

Another fact that opposes the classical picture of nucle-
ation is the observation of liquid precursors during crystal-
lization, presumably formed by demixing of a supersaturated
and originally homogeneous solution into two liquid phases,
one rich and one poor in solute. In the case of calcium
carbonate, it was Faatz et al.[34] who first speculated that
spherical nanoparticles of ACC—which represent the initial
phase observed upon CaCO3 nucleation under most exper-
imental conditions[11, 35]—could form through a liquid–liquid
demixing process. They proposed a hypothetical phase
diagram with a lower critical solution temperature (LCST;
Figure 2), which comprises stable homogeneous regions at
both low (A) and high (F) solute concentrations, metastable
binodal regimes (B-C and D-E) where phase separation is
thermodynamically favored, as well as a spinodal area in
which the system becomes unstable and will decompose
spontaneously.

Figure 2. Schematic phase diagram of the aqueous calcium carbonate
system suggested by Faatz et al. (the horizontal axis represents the
composition). For further explanations see the text (reproduced from
Ref. [34] with permission from John Wiley & Sons, Copyright 2004).
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Conceptually, liquid–liquid phase separation in the bino-
dal regime is equivalent to nucleation in the classical sense,
with the sole exception that a liquid instead of a solid phase is
nucleated. Binodal demixing is expected to yield (spherical)
droplets of the new liquid phase dispersed in the mother
solution (stage (d) in Figure 1), which may subsequently
transform into solid particles by progressive dehydration. This
pathway has been discussed by Wolf et al. to explain the
liquidlike appearance of carbonate nanoparticles isolated
from contact-free crystallization experiments in an acoustic
levitator.[36] However, these observations were made after
drying the specimens on a solid support, which may poten-
tially lead to structural changes. Later, Bewernitz et al. were
able to actually prove the liquid character of early CaCO3

precursors in situ by means of NMR spectroscopy.[37] Inter-
estingly, precipitation was carried out in all of these studies by
gradually increasing the supersaturation at a rather low
pH value. One may thus speculate that dense liquid phases
indeed occur generally as transient intermediates in CaCO3

crystallization, but their particular lifetime—and hence
experimental detectability—depends on specific conditions,
such as the presence of intrinsically stabilizing bicarbonate
ions.

Similar mechanisms were also proposed for other mineral
systems, as for example in the case of magnesium sulfate,
where MgSO4 polymers appeared to form in phase-separated
solute-rich droplets under hydrothermal conditions.[38] Dense
liquid clusters are, moreover, common in the field of protein
crystallization, where mesoscopic entities enriched in protein
play a key role in the so-called two-step mechanism of
nucleation.[39]

Spinodal decomposition, on the other hand, is presumed
to produce more complex bicontinuous patterns (see inset in
Figure 2 and stage (e) in Figure 1). In the case of calcium
carbonate, potential signatures of this inherently unstable
state could be traced by ultrafast quenching of the very early
stages of precipitation, as shown in Figure 3:[11] initially,
a disordered emulsion-like structure forms (Figure 3a), which
then becomes coarser over time to yield nanosized amor-
phous spheres (Figure 3b). The existence of emulsion-like
intermediate states as a possible result of spinodal phase
separation or, alternatively, structure formation upon (turbu-
lent) mixing of the reactant solutions, is still a matter of
debate; to our knowledge, the sole direct experimental
support for a spinodal mechanism is based on cryo-TEM

data, which should be interpreted carefully because of
possible structural rearrangements during vitrification of the
sample. Early attempts to use small-angle X-ray scattering to
track the development of the precipitating systems in situ
unfortunately did not provide unequivocal evidence for this
phenomenon.[40] However, cryo-TEM studies performed in an
independent, more recent study again provided hints for
liquid–liquid demixing in supersaturated calcium carbonate
solutions, as smooth networks of electron-dense regions
(presumably a CaCO3-rich phase) with liquidlike morpholo-
gies were found interspersed in a less-dense matrix (residual
CaCO3-depleted bulk solution).[41] In addition, similar mor-
phological evolution—from phase-separated emulsion-like
states to coarsened particle shapes—was also traced during
the precipitation of quinacridone, an organic pigment, and
boehmite (aluminum oxohydroxide).[40] Thus, there are sev-
eral experimental observations that argue for the relevance of
spinodal demixing pathways in mineralization, but clearly,
more work needs to be done to fully elucidate the detailed
underlying mechanisms.

Substantial support for liquid–liquid phase separation
being a viable pathway for CaCO3 nucleation comes from
recent computer simulations.[42] Wallace et al. were able to
model the growth of small clusters into larger entities that
exceed the presumed critical size. It was found that the
initially dynamic solute species rapidly evolve into more
condensed states as further ions are added. The calculated ion
diffusivities decreased with growing cluster size, but remained
markedly higher than in solid ACC. This suggests that the
clusters become less dynamic as the driving force for phase
separation increases, and at some point transform into
droplets of a dense ion-rich liquid phase. Subsequent agglom-
eration and dehydration/solidification would then produce
amorphous nanoparticles, in line with what is observed
experimentally.[43] Another important result of the simula-
tions by Wallace et al. is that the free energy decreases
continuously with increasing cluster size, and that there is no
significant barrier to both the growth and association of the
clusters.[42] This was taken as an indicator for spinodal
decomposition into a dense liquid phase and the formation
of an ion-depleted bulk solution being the actual mechanism
of nucleation under the conditions of the simulations (i.e. at
0.015m CaCO3)—which, interestingly, were close to those
chosen in the study represented in Figure 3.[11] From an
experimental point of view, it is intuitive to assume that the
spinodal region can only be reached if a high level of
supersaturation is established in a sufficiently short frame of
time (i.e. by rapid mixing of solutions at high concentration
and/or pH value), so that the system can pass the binodal
regime and becomes unstable against density fluctuations,
thereby leading to emulsion-like structures, as described in
Figure 3. In practice, it is well known that nucleation often
requires an energetic barrier to be overcome, especially at
lower supersaturation. Thus, while spinodal decomposition
may occur under certain conditions, it can hardly serve as
a general mechanism for calcium carbonate nucleation.
Further details and controversial discussions on this fascinat-
ing topic can be found elsewhere.[27]

Figure 3. Cryo-TEM micrographs of calcium carbonate precipitation
about a) 100 ms and b) 2 min after mixing 0.01m solutions of CaCl2
and Na2CO3. Scale bars: 200 nm (reproduced from Ref. [11] with
permission from the Royal Society of Chemistry, Copyright 2007).
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2.3. Amorphous Nanoparticles and Their Transformation to
Crystalline Polymorphs

Regardless of the particular pathways leading to nuclea-
tion, the precipitation of calcium carbonate from aqueous
solutions frequently affords amorphous nanoparticles as the
first solid product, as already mentioned in the previous
section. This has been confirmed for various experimental
conditions, including fast reactions at high supersatura-
tion[11, 44, 45] (Figure 4a) and elevated pH values,[46] as well as

slow mineralization under diffusion- or reaction-controlled
processes.[34, 47] Moreover, there are various approaches to
enhance the yield and/or lifetime of ACC in solution
syntheses, for example, by adding magnesium ions,[48] by
quenching in ethanol,[49,50] through confinement of the
reaction space,[51] or by introducing certain additives, most
notably polymers[52] (which will be discussed in more detail in
the following section), but also small molecules,[53] surfac-
tants,[54] proteins,[55, 56] and inorganic silicate.[44] An interesting
observation in this context is that there appears to be more
than one structural form of amorphous calcium carbonate,
a phenomenon that has been known for biogenic samples of
ACC for quite some time.[57] On the one hand, the amorphous
phase can have distinct degrees of hydration, which affect its
(meta)stability and may also be important for the trans-
formation into more stable states.[58, 59] On the other hand, it
was shown that the short-range structural order of solid ACC

materials can vary depending on the conditions chosen for
their preparation, a behavior recently denoted as polya-
morphism.[60] For example, ACC particles obtained from
solutions at modest levels of supersaturation were found to
exhibit structural features that to some extent resembled the
regular order observed in the crystalline polymorphs calcite
and vaterite.[49] Furthermore, pressure treatment led to the
formation of an ACC phase with a protostructure reminiscent
of aragonite.[61] In turn, a different structural model—
suggesting a calcium-rich framework with channels contain-
ing water and carbonate ions—was proposed for ACC
precipitated from solutions at higher supersaturation.[62]

If no specific measures are taken to stabilize the ACC
particles, the material will ultimately transform into the
thermodynamically stable form (stages (i)–(k) and (o)–(q) in
Figure 1), which is calcite under ambient conditions. This
process may involve vaterite as an intermediate phase,[11,63]

which typically occurs as roughened aggregates of small
nanoparticles and eventually gives way to smooth rhombohe-
dral crystals of calcite (Figure 4b).[11, 45,64] However, calcite
can also be formed directly from ACC without vaterite as an
intermediate.[44] To illustrate that amorphous precursors and
metastable crystalline intermediates are not unique to CaCO3

crystallization, we present here also the case of zinc oxide,
which was precipitated by mixing 0.05m solutions of zinc
nitrate and sodium hydroxide at 40 8C: initially, spherical
amorphous nanoparticles are formed (Figure 4c), which first
transform into a granular structure with a feature size of
about 20 nm (presumably zinc hydroxide), and then to the
thermodynamically stable crystalline form, that is, hexagonal
wurtzite-type ZnO (Figure 4d). Another system exhibiting
fairly complex precipitation behavior is calcium sulfate, an
abundant natural mineral that is used on large scales for
construction applications. Here, very recent studies have
suggested that the stable modification (gypsum,
CaSO4·2 H2O) does not crystallize directly from aqueous
solutions, but is potentially preceded by an amorphous phase
and/or nanoparticles of actually metastable bassanite
(CaSO4·0.5 H2O),[65–67] which then aggregate in an ordered
fashion (oriented attachment) and finally transform collec-
tively into gypsum.[67] Further examples of inorganic materials
forming transient precursor and intermediate phases can be
found elsewhere.[68]

Another matter of debate is the actual mechanism
whereby ACC transforms into crystalline phases. For exam-
ple, when crystallizing vaterite under self-assembled mono-
layers, Pouget et al. observed assemblies of amorphous nano-
particles that over time developed crystalline domains within
their volume (as indicated in step (j) in Figure 1).[28] Further
evidence for such transformations in the solid state—how-
ever, not in contact with a solution—has recently been
provided by a series of experiments in which ACC was
crystallized by heating.[59] On the other hand, by using X-ray
microscopy, Rieger et al. could show that ACC spheres
dissolve completely, while crystalline calcium carbonate is
formed somewhere else in the sample (see also Sec-
tion 2.4.3).[69] This scenario is supported by a number of
other studies.[36, 44, 70] The only conclusion we can draw so far is
that both mechanisms are possible: solid-state phase trans-

Figure 4. a) Cryo-TEM and b) SEM images showing the progress of
calcium carbonate precipitation about a) 1 min and b) 10 min after
mixing 0.01m solutions of CaCl2 and Na2CO3. Scale bars: 1 mm.
Reproduction of (a) from Ref. [11] with permission from the Royal
Society of Chemistry, Copyright 2007, and (b) from Ref. [64], Copyright
2002 Carl Hanser Verlag, M�nchen. c,d) Cryo-TEM micrographs of zinc
oxide/hydroxide particles observed c) 6 min and d) 15 min after precip-
itation was initiated. Scale bars: 200 nm (unpublished data).
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formation within amorphous particles, as well as dissolution
of these particles and a subsequent re-precipitation that is
spatially decoupled from the position of the precursors.
Furthermore, one could also imagine that the two mecha-
nisms operate in parallel or successively, for example when
a crystalline seed is initially formed by rearrangements in
solid ACC and subsequently grows with units released
through concurrent dissolution of the amorphous phase.

An alternative pathway to produce nanoparticles is
growth by accretion of even smaller subunits (typically 1–
3 nm). These primary particles are often assumed to form by
classical nucleation, and may or may not already exhibit the
crystalline structure of the final product (stages (f) and (g) in
Figure 1). The aggregation of such building blocks can occur
either by random or oriented attachment (stages (m) and (l)
in Figure 1), thereby leading to superstructures with a greater
or lesser degree of order.[71] A comprehensive overview on
crystal architectures made from smaller subunits—so-called
mesocrystals—and particle-based crystallization pathways in
general can be found in the literature.[9, 72]

2.4. Polymers Control the Formation of Nanoparticles

Allowing water-soluble polymers or polymeric template
matrices to participate in the processes described in Sec-
tions 2.1–2.3 provides an additional degree of freedom for
control over the outcome of particle formation and crystal-
lization. This has clear potential for industrial applications as
well as for understanding (and possibly mimicking) natural
biomineralization.[2, 7, 9, 73] Recent advances made in this prom-
ising field have been reviewed by Meldrum and Cçlfen.[74]

Some of the effects that will be described in the following are
unexpected, such as the stabilization of amorphous liquid
phases, while others may be expected, such as nucleation
inhibition/promotion, templating, stabilization of nanoparti-
cles, and modification of the crystal habit.

2.4.1. Polymer-Induced Liquid Precursors (PILPs) and Films

Even before the work of Faatz et al.,[34] liquid–liquid
phase separation was experimentally verified by Gower and
Odom,[75] who supersaturated a calcium carbonate solution in
the presence of polymers, such as poly(aspartic acid), and
observed liquid droplets large enough to be detectable under
a light microscope. Originally, these species were named
“polymer-induced liquid precursors” (PILPs) because it was
assumed that they could only be formed with the help of
polymers, which are thought to locally enrich calcium and/or
carbonate ions in a condensed environment.[76] Meanwhile, it
has become apparent that liquid CaCO3 precursors may also
occur in the absence of additives (see Section 2.2) and hence,
the role of the polymers might rather be to stabilize this
otherwise transient state than to actually induce it.[56] Another
interesting recent finding in this area is that positively charged
polymers can also sustain PILP phases.[77] In any case, the
main advantage of liquidlike mineral precursors—from the
point of view of crystal engineering and materials science—is
the fact that they can be molded into basically any shape and

thus yield complex non-equilibrium morphologies, which are
eventually preserved by crystallization. The key task of the
polymer is thus to delay solidification until structure forma-
tion is completed. Most notably, the PILP method seems to be
very well suited for the preparation of thin films.[12] Similarly,
porous matrices or template structures can readily be
infiltrated by the liquid, thus giving relatively easy access to
complex hybrid materials,[78] such as artificial bone.[79] More
applications are discussed below. Details of the interaction
between the dissolved polymers and the distinct calcium
carbonate species in solution are still not well understood, but
it is believed that the PILP phenomenon plays an essential
role in biomineralization.[12, 80]

2.4.2. Effects of Polymers during the Early Stages of Crystalliza-
tion

Anionic polymers have been used for many years as
additives to prevent scale formation, that is, the deposition of
mineral particles on heat exchangers, in oil drilling holes, or in
household appliances.[64, 81] As evident from the information
provided so far, it is difficult to identify the mode of action of
these additives for the following reasons: 1) There are various
possible precursor species that may all be affected or even
controlled by the presence of polymers; since these structures
have dimensions on the nanoscale they will not scatter light,
hence will not appear turbid and thus evade standard tests
used in industry.[82] 2) The interaction of, for example,
polycarboxylates with divalent cations is complex and may
involve the non-adjacent binding of ions to carboxylate
groups for entropic reasons,[83, 84] ion-induced polymer aggre-
gation,[83,85] as well as ion-specific non-equilibrium effects.[86]

3) Polymers may bind to CaCO3 ion pairs[87] or larger
clusters[88] instead of simply sequestering calcium ions.
4) Polymer-ion, polymer-ion pairs, or polymer-cluster com-
plexes may act as nucleating centers.[89] All this indicates that
the mode of action of polymers at the level of precursors and
initial particles is still not well understood and that further
research is needed to enable a fully rational design of these
polymers. A promising step in this direction has recently been
made by the development of a quantitative, titration-based
crystallization assay that allows different stages during the
pre- and early post-nucleation phase to be probed.[90] This
method has allowed a quite broad range of additives to be
tested and classified with respect to effects such as ion
complexation, (de)stabilization of prenucleation clusters,
nucleation inhibition, and changes in the nature of the
initially precipitated solid phase.[88, 91] Even more insight can
be gained when such experimental data are complemented by
results from computer simulations, as has been done in
a recent study on the influence of simple additives that differ
only in the number of carboxylate groups.[92] One particularly
interesting observation with respect to scale inhibition is that
advanced antiscalants are able to effectively prevent nucle-
ation at concentrations of only a few ppm, which is much less
than actually needed for a mechanism based on simple ion
sequestration. Here, one might argue that the key role of the
scale inhibitors lies in their interaction with ion clusters and/
or liquid droplets; for example, colloidal stabilization of these

.Angewandte
Reviews

J. Rieger et al.

12386 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 12380 – 12396

http://www.angewandte.org


species against aggregation and coalescence is a feasible
scenario for polymer-induced nucleation inhibition at low
additive concentrations.[30, 88]

2.4.3. Stabilization of Nanoparticles

The above-described findings on the structures of nano-
scale precursors in mineralization processes are of scientific
relevance because of the rich behavior of precipitating
systems and the many—still unsolved—questions occurring
in this context. An interesting aspect of industrial relevance is
the possibility to stabilize the intermediate nanoparticles,
either amorphous or crystalline, against further ripening
(stages (h) and (n) in Figure 1) by means of certain
crystallization modifiers such as polymers or surfactants.[52,93]

The amount of additive present during precipitation plays
a decisive role in the evolution of the solid phase. In the case
of calcium carbonate, it was shown that if the concentration of
polymer is not sufficient to cover the surfaces of the nano-
particles efficiently, they will dissolve and crystals of meso-
scopic size will form.[11] This effect is exemplarily illustrated in
Figure 5 by means of a time sequence of X-ray microscopy

(TXM) images recorded directly from solution. First, amor-
phous nanoparticles embedded in a network of polymers are
observed (see enlargement of the left panel in Figure 5). In
the second micrograph, these particles have started to
dissolve and objects with dimensions of about one micro-
meter have appeared. In view of the regular shape of these
objects (which becomes even clearer in the third picture), it is
assumed that the calcium and carbonate ions released during
dissolution of the nanospheres re-precipitate as crystalline
particles in the vicinity. However, these crystals re-dissolve

(images 4 and 5 in Figure 5), which suggests that they are
composed of a metastable phase. This indicates that either
one of the less stable modifications of calcium carbonate is
formed and stabilized against further growth by adsorbing
polymers, or that the crystal itself is destabilized by the
presence of—possibly incorporated—polymers. Since there
must be a sink for the ions released upon dissolution of the
observed structures, we conclude that more stable crystals
must have formed during the process outside the area
observed with the X-ray microscope.

More information about the role of the polymer during
the formation of the solid phase can be gained by means of
calcium activity measurements performed with ion-selective
electrodes. In this way, the amount of polymer necessary to
stabilize the particles could be determined quantitatively and
related to the surface area of the particles. Furthermore, it
could be shown that part of the polymer is trapped inside the
particles while another fraction is still active in the solution,
interacting with free ions or ion clusters.[11]

2.5. Industrial Relevance—Making Use of Precursor Structures

The occurrence of multiple precursor and intermediate
stages in the crystallization of solid materials—as well as the
properties and interactions of these distinct species in
solution—has numerous potentially important implications
for industrial processes, some of which will be briefly outlined
in the following. We do not seek to be comprehensive in this
context, but rather intend to give selected examples that we
find particularly interesting. One of these refers to the
discovery that amorphous minerals, both biogenic and
synthetic, can apparently exist in different structural
forms.[49, 57,60, 61] Even more intriguingly, it seems as if the
short-range order in amorphous particles (and perhaps even
in prenucleation species) can to some extent prescribe the
pathway to the thermodynamically more stable crystalline
phases, that is, polymorph selection might already be encoded
in these early precursors.[25,60] This field of research is still in
its infancy, but one may speculate whether it will be possible
to control the polymorphism of pharmaceuticals or pigments
by influencing the protostructure of their amorphous state—
which in turn could be accomplished by adjusting the process
conditions or introducing suitable additives.

The distinct ability of PILP phases to form mineral/
polymer thin films has clear potential for the fabrication of
hybrid coatings.[12] In addition, the PILP approach can also be
used to generate mineral fibers.[94] This becomes even more
attractive when considering that the phenomenon is not
limited to calcium carbonate. For example, it has been shown
that uniform and smooth films of zinc oxide can be obtained
by directing mineral formation through an intermediate
amorphous phase stabilized by poly(vinylpyrrolidone).[95]

Furthermore, it has recently been reported that polymer-
induced liquid precursors may also occur in the crystallization
of organic compounds:[96] in the presence of poly(acrylic
acid), the amino acid lysine formed PILP droplets that
coalesced into spherulitic thin films, which later recrystallized
to give mesocrystalline mosaic patterns. However, at the

Figure 5. Direct in situ imaging of the progress of calcium carbonate
crystallization by means of TXM. The first micrograph (left) was taken
about ten minutes after mixing 0.01m solutions of CaCl2 and Na2CO3

in the presence of 200 ppm polycarboxylate. The five micrographs
cover a time interval of four minutes. Scale bars: 1 mm. Adapted from
Ref. [11] with permission from the Royal Society of Chemistry, Copy-
right 2007.

Nanostructures
Angewandte

Chemie

12387Angew. Chem. Int. Ed. 2014, 53, 12380 – 12396 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


moment it has not yet been explored to what extent strategies
such as this could provide coatings and fibers with properties
superior to those achieved in established production process-
es.[97]

From a materials science perspective, another feasible
way to benefit from transient crystallization precursors is to
capture amorphous nanoparticles directly during precipita-
tion by incorporation into an organic matrix, thus yielding
hybrid nanostructures in a simple one-step synthesis. This has
been realized by Oaki et al. , who prepared crack-free trans-
parent composite materials consisting of small ACC grains,
about 2 nm in size, embedded in a framework of poly(acrylic
acid).[98] Interestingly, these structures were found to be
capable of including a variety of functional organic molecules
and inorganic particles, which clearly broadens the scope of
possible applications. In a similar approach, Gebauer et al.
synthesized composites of nanocrystalline cellulose and
amorphous calcium carbonate, which showed promising
optical and mechanical properties and hence may serve as
multifunctional biodegradable hybrid materials.[99]

As already discussed in the previous section, the use of
polymers to prevent scaling is well-established in both
household and industrial applications.[64, 81] Even though the
precise mode of action of these additives at the nanoscale is
not yet fully understood, the growing interest in the inter-
action between polyelectrolytes and inorganic precursor
species over the past years raises hope that progress in this
field will be faster in the future. Perhaps, the insight gained
from such studies may at some point allow for a more rational
development of even better additives (more selective, more
efficient) for scale inhibition as well as for the fabrication and/
or processing of hybrid and construction materials (which will
be addressed in more detail below).

Stabilizing intermediate nanoparticles with the aid of
suitable additives furthermore represents a valuable concept
to exploit the specific size-dependence of properties inherent
to materials applied as pigments, ion exchangers, fillers, and
others. One example in this context is the development of
a production process for nanosized zinc oxide particles for
transparent UV protection.[100] This was achieved by precip-
itation from solutions containing zinc acetate (0.2m), sodium
hydroxide (0.4m), and, for example, poly(aspartic acid)
(4 gl�1). Under these conditions, the formed ZnO nano-
particles (ca. 50 nm in diameter; Figure 6) are stabilized by
the polymer and kept in a dispersed state.

By using a similar concept, stable (nano)particles of
vaterite can be obtained in the presence of additives such as
poly(vinylsulfonic acid),[101] or by conducting the precipitation
in membrane reactors in the presence of alcohols.[102] More-
over, Nudelman et al. achieved stabilized ACC particles with
an average size of 50 nm by protecting them against
crystallization with poly(aspartic acid).[103] In the case of
calcium sulfate, the kinetic stability of both the amorphous
and the hemihydrate phase could be improved by the addition
of polymers such as poly(acrylic acid) or poly(styrene
sulfonate),[104] as well as small molecules such as citrate.[66]

This is particularly interesting because bassanite, a widely
applied binder in cements and mortars, is currently produced
by heating gypsum, and an additive-based process at room

temperature might hence represent a cost-efficient alterna-
tive synthesis strategy. Despite all these examples of success-
ful nanoparticle stabilization, our understanding of how to
select the right polymer for a given inorganic system is still
only slowly evolving.

3. The Nanostructure of Cement

3.1. Industrial Relevance of Cement and Perspective

Concrete is a construction material consisting of cement,
sand, gravel, and water. It is by far the largest scale man-made
material when measured by total weight. Although known for
thousands of years, concrete still offers plenty of opportuni-
ties to innovative industries. One of these is to use more
sustainable raw materials in cement production (without any
detriment to the final properties) to reduce the CO2 emissions
arising from concrete. As a consequence of the huge volume
produced each year (ca. 8 billionm3), concrete is responsible
for about 7% of the anthropogenic CO2 emissions. Reducing
these emissions poses one of the biggest challenges in terms of
sustainability.[105] Two approaches have been identified to
address this issue. The first one is based on the optimization of
technologies associated with concrete production, such as
burning or grinding, the switch to biomass fuels, and the use of
secondary cementitious materials which are either by-prod-
ucts of other processes or some readily accessible natural
materials. The second approach—related to the topic of this
Review and further explained below—is to modify the
intrinsic mechanical properties of concrete through the
design of more efficient nano-, micro-, and mesostructures
to obtain more strength with less reactive material. In the
past, the emergence of highly efficient organic plasticizers
enabled the development of ultrahigh-performance concretes
(UHPCs) with compressive strengths above 200 MPa, which
could still flow despite their very high solid content. The
performance of UHPC was ascribed to the geometrical
optimization of the packing of all the elements constituting
the concrete. This technique represents a typical top-down
approach to drastically reduce the porosity and thus to
increase the mechanical strength.[106]

Figure 6. SEM image of ZnO nanoparticles obtained by precipitation
in the presence of poly(aspartic acid) (unpublished data).
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For roughly a decade, chemists and physicists have also
scrutinized the nanoscale to improve the properties of cement
and related materials. This time, bottom-up approaches are
being investigated. The aim is to “build” the properties of
concrete materials from its basic constituent units (atoms) to
form macroscopic structures,[107] where one of the targets is to
reduce creep.[108] Substantial effort is still required to devise
the right molecules or additives for obtaining a cement
structure at the nanoscale with the desired enhanced perfor-
mance. The success of this endeavor depends on whether it is
possible to bridge the gap of scientific understanding at the
various length scales. Nevertheless, some progress has been
made with respect to controlling the precipitation of calcium
silicate hydrate (C-S-H), which is the most important phase of
hydrated cement and which will be discussed in the following
section.

3.2. The C-S-H Phase: The Nanoglue of Cement

Cement is a complex, nanostructured multiphasic mate-
rial mostly composed of tricalcium silicate (C3S), dicalcium
silicate (C2S), anhydrous aluminate phases (C3A and
C4AF),[109] and sulfate carriers (essentially bassanite and
anhydrite). All these phases dissolve in contact with water
and produce various species, the cement hydrates. The key
reactions are the dissolution of C3A and C4AF, which rapidly
gives ettringite-type phases, and above all the hydration of
C3S and C2S, which lead to the precipitation of C-S-H phases
and portlandite (Ca(OH)2). The typical evolution of the
composition of ordinary cement over three years is shown in
Figure 7,[110] while the microstructure developed after 24 h of
hydration is shown in Figure 8. The cohesion of cement and its
mechanical properties are mainly due to C-S-H, as will be
explained in detail below.

Despite its omnipresence in daily life, the basic constitu-
tion—that is, the crystal structure—of C-S-H in cement pastes
is not yet fully resolved and still debated in the scientific

community. There is some agreement that the C-S-H struc-
ture is close to tobermorite-11 �, a natural calcium silicate
consisting of layers that are composed of calcium atoms
sandwiched between parallel silicate chains. While the silicate
chains in the tobermorite structure are infinite, C-S-H grains
typically contain shorter oligomers. Figure 8d shows one of
the likely C-S-H structures, which contains dimeric silicates
exclusively, as proposed by Richardson.[111] As a consequence
of the lack of conclusive experimental evidence, the most
recent attempts to elucidate the crystal structure of C-S-H are
based on computer modeling[112] and still subject to contro-
versy.[113] Resolving the structure of C-S-H is of prime
importance, since the data are used[107] and/or could be used
in the future for advanced meso- or macroscopic models to
assess the final mechanical properties and thus the durability
of cementitious materials. In addition, a better knowledge of
the C-S-H structure and of its ability to accommodate, for
example, aluminum ions could enhance the sustainability of
concrete[114] and also lead to a better thermodynamic model,
which is a necessary requirement for prediction of the long-
term service life of cement waste materials.[115]

Figure 7. Evolution of the composition of typical ordinary cement upon
hydration (when 1 g of cement is mixed with 0.4 g of water).
Reproduced from Ref. [110] with permission from Elsevier, Copyright
2008.

Figure 8. a,b) Cryo-SEM images of cement with the same composition
as in Figure 7 and observed after one day. The main hydration
products are clearly visible (unpublished work; see Ref. [117] for more
information on sample preparation). c) Arrangement of C-S-H platelets
leading to nanoporosity according to Jennings’ colloidal model (SGP
stands for small gel pore). Reproduced from Ref. [116] with permission
from Elsevier, Copyright 2008. d) Proposed C-S-H structure with
a calcium-to-silicon ratio of 1.5:1. Reproduced from Ref. [111] with
permission from Elsevier, Copyright 2004.
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The C-S-H particles are nanoplatelets with dimensions in
the range of 50 nm (Figure 9c)[116] or fibril-like struc-
tures[111,113] (Figure 8b);[117] they form within a gel around
the C3S grains. The mechanical properties of cementitious
materials are dependent on C-S-H for two reasons. First,
C-S-H precipitates in the form of small interlocked crystal-
lites, that is, with a high specific surface area, which results in
a large contact area between individuals. Second, there is
strong attraction between the C-S-H surfaces at the typical
pH value of cement (ca. 13) and in the presence of calcium
ions (Figure 9b).[118] These electrostatic forces are caused by
the high surface charge density of C-S-H (4.8 e�nm�2)[119]

resulting from the deprotonation of silanol groups at the
surface under alkaline conditions. In the presence of divalent
cations, such as Ca2+, this negative charge density leads to
strong ion–ion correlation effects.[120]

One characteristic feature of these forces is their insensi-
tivity to the composition of the cement pore solution, which
may vary substantially depending on the local raw materials
used for production. Despite an ionic strength of up to 1m, the
force remains attractive as long as the pH value is high
enough and the calcium concentration exceeds about 2 mm.
On the other hand, the strength of these forces is also
responsible for the irreversible aggregation of the C-S-H
particles, which causes a more or less disordered assembly of
these nanobricks (Figures 8c and 9a);[116, 121] consequently, the
formed nanopores exhibit a certain size distribution, which

can be measured by 1H NMR relaxometry during hydration
or by scattering techniques.[122]

The formation of a disordered inorganic network con-
stituted of layered nanoplatelets is a challenge for chemists
interested in designing cementitious materials with superior
mechanical properties. First attempts to achieve this on the
basis of polymer–cement composites were made in the 1920s,
and resulted in improved flexibility and adhesion, as well as
good abrasion and chemical resistances.[123] Typically, the
cement matrix and polymer are mixed on the micrometer
scale. The addition of high-molecular-weight water-soluble
polymers, such as poly(vinylpyrrolidone) or poly(vinyl alco-
hol), enhances the toughness of cement pastes by increasing
the energy necessary to initiate cracks and by impeding crack
propagation through polymer–cement bridges.[124] Although
many examples demonstrate the good performance of
composite materials based on hybridization at the micrometer
level,[125] even better mechanical properties could be expected
when the cement hydrates and organic compounds are
intimately combined at the nanoscale. For example, it is
possible to insert polymers between distinct C-S-H crystal-
lites[126] or to form organosilicate hybrids.[127] Franceschini
et al. showed that the Young�s modulus of silane-based C-S-H
hybrid materials almost doubled with the incorporation of
2% silanated polymers.[126] In another study, the addition of
poly(ethylene glycol) or poly(acrylic acid) increased the
degree of polymerization of the silicate chains present in
C-S-H.[128] The authors aimed to improve the chemical
resistance, and thus the durability of the material, but did
not provide experimental evidence to support this was
achieved. Furthermore, as the C-S-H structure exhibits
some similarities with clays (smectites)—in which the inter-
calation of polymers at the atomic level leads to the formation
of nanocomposites with excellent mechanical properties[129]—
it was expected that this concept can be transferred to C-S-H.
However, C-S-H cannot swell like smectites, and it is there-
fore impossible to intercalate polymers in its layered crystal
structure,[130] although other studies seem to provide some
supportive evidence.[131] Thus, the smallest scale realized to
date for the hybridization of C-S-H and polymers is still
limited to the size of the C-S-H crystallites. Nevertheless,
there is evidence that other cement hydrates, namely calcium
hydroaluminates (the so-called AFm phases), can form
layered polymer–inorganic structures even at a smaller
scale.[132] This may open a new window in the field of
cementitious composites based on aluminum-rich raw mate-
rials or for aluminous cement.

3.3. C-S-H Nucleation and Prenucleation Stages

The mechanisms underlying the nucleation of C-S-H
particles are still not well understood. So far, the only
information about nucleation in real systems derives from
time-dependent data of the degree of cement (or C3S)
hydration, which were analyzed using different models—
with some cases of disagreement.[117, 133] Unsurprisingly, all the
models suggest that the nucleation step plays an important
role in the hydration kinetics, at least during the very early

Figure 9. a) Sketch illustrating the role played by C-S-H nanoplatelets
forming around the C3S grains in the development of a cohesive nano-
and microstructure. At very early stages, the grains are connected only
at a few points, thereby resulting in a weak network. Upon hydration,
the C-S-H platelets continue to precipitate and enlarge the contact
surface area between the grains, thus strengthening the network.
Reprinted from Ref. [121] with permission from the American Chemical
Society, Copyright 2005. b) Force as a function of distance between
C-S-H surfaces as measured by atomic force microscopy at different
concentrations of calcium hydroxide in solution. Above 1 mm

Ca(OH)2, the force switches from repulsive to attractive because of
ion–ion correlation effects. Reprinted from Ref. [118] with permission
from the American Chemical Society, Copyright 2005. c) C-S-H nano-
particles precipitated onto a cement surface and visualized by AFM.
Reproduced from Ref. [113e] with permission from Elsevier, Copyright
2004.
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stages, thus affecting the mechanical properties from the
onset of setting. This insight is crucial for improving the cost
efficiency of industrial concrete production, especially in the
precast industry. Understanding C-S-H nucleation is essential
for developing strategies to, first, accelerate the hydration
process and, second, gain better control over cement reac-
tivity, a key aspect in the concrete industry.

When discussing the complexity of both nucleation and
prenucleation stages, it is of course important to know the
final crystal structure, which in the case of C-S-H is still under
debate, as pointed out above. Experimental work by Gar-
rault-Gauffinet and Nonat allowed the estimation of the
interfacial energy of the critical C-S-H nucleus to be about
10–15 mJm�2,[134] a relatively small value compared to other
crystals. This finding indicates that C-S-H should already
precipitate at low supersaturation. The elementary steps
occurring before and after the formation of this critical
nucleus are still obscure; in particular, it is not known whether
a sequence of phase transitions, as discussed for CaCO3 in
Section 2, has to be considered. However, recent studies
indicate that negatively charged silicate chains (oligomers)
are first formed by condensation of monomeric species under
the charge-screening influence of Ca2+ counterions, and
subsequently transform into a C-S-H phase.[135] Such catalytic
behavior of calcium ions was already proposed in the context
of the formation of silico-calco-alkaline gels.[136]

Despite the relatively poor knowledge about the mech-
anisms underlying C-S-H nucleation (as compared to the
calcium carbonate case, for example), concrete and mortar
formulators have been using organic additives to retard the
nucleation of C-S-H in cement pastes for a long time.[137] The
main purpose of this effect is to provide a sufficiently long
workability period to transport the formulated concrete from
the plant to the job site. It is important to note that
modification of the nucleation may not only have consequen-
ces for the early hydration and strength of cement,[133a] but
also for the properties of the aged concrete.[138] The study by
Garrault and Nonat, who investigated C-S-H nucleation on
a more systematic basis,[139] undoubtedly demonstrates that
the amount of generated nuclei influences cement hydration
over several days. Indeed, the porosity, thickness, and
structure of the dense C-S-H layer (Figure 8 b) developing
around the cement particles can be determined by nucleation.
For example, a loosely packed and thus more permeable
C-S-H layer will enhance subsequent hydration if the process
is limited by the diffusion of ions at that time.[140] More
generally speaking, all current hydration models agree on the
fact that the early nano- and microstructure of cement pastes
is strongly influenced by nucleation and its accompanying
structural evolution. On the other hand, the compressive
strength after 28 days,[141] which represents the key reference
value of concrete, is not significantly affected by the presence
of additives interfering with nucleation. In this regard, we can
conclude that with our current knowledge it is possible to
accelerate the development of the nano- and microstructure
in the early stages, but it is still challenging to modify the final
microstructure and properties of concrete.

3.4. C-S-H Suspensions—Control of Aggregation

As a consequence of the attractive forces mentioned in
Section 3.2 (Figure 9b), C-S-H particles are prone to aggre-
gation and then become difficult to manipulate. It is therefore
desirable to prevent uncontrolled particle aggregation and
achieve stable colloidal suspensions, which might help to
produce modified C-S-H-based materials with improved
properties. An interesting example is to use suspensions of
C-S-H seeds as hardening accelerators for concrete. The
seeding technique, well-established in many other fields, has
been known for a long time in concrete applications,[142] but
has been explored only with limited success until recen-
tly.[133a, 143] However, a breakthrough has been achieved, and
colloidally stable seed suspensions can be synthesized. In one
particular example, hydrophilic phosphated comb polymers
control the aggregation of C-S-H particles in such a way that
the disclike particles will still aggregate, but preferentially in
an edge-to-edge orientation.[144] This yields open fractal
structures of C-S-H platelets, in which the particles are
stabilized to such an extent that compact aggregates are
prevented (Figure 10).

The obtained suspensions show unique properties that are
not displayed by either perfectly dispersed nanoparticles or
dense aggregates. In particular, if the fractal dimension is low,
C-S-H aggregates exhibit an open texture with high surface
area, which is beneficial for application as seeding addi-
tives.[145] This finding also emphasizes that aggregates of
nanoparticles do not necessarily need to be ordered in
a regular manner to become relevant for industrial processes.
Indeed, fractal objects are a class of disordered structures
with interesting properties in many respects; for example,
corresponding fumed silica materials can be used as thicken-
ing agents, abrasives, or desiccants. Furthermore, fractal
structures can be tuned by orienting the particles in an

Figure 10. TEM image of an aggregate formed by C-S-H platelets that
were synthesized in the presence of a comb polymer. The particles are
only 1.4 nm thick and are mostly connected edge-to-edge. Therefore,
they exhibit large specific areas and can be used as seeding substrates.
Reproduced from Ref. [144] with permission from the Royal Society of
Chemistry, Copyright 2013.
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external field (e.g. magneto-rheological fluids),[146] and have
found applications in the pharmaceutical sciences[147] as well
as for analytical techniques.[148]

Apart from the controlled aggregation into fractal clusters
as described above, it is also possible to stabilize C-S-H
particles by the addition of adsorbing high-molecular-weight
polymers. For example, comb-type copolymers of acrylic acid
and poly(ethylene glycol) macromonomers protect single
C-S-H particles against aggregation.[144] An important feature
of these polymers is that they contain groups which promote
adsorption (e.g. carboxylate functionalities) as well as neutral
hydrophilic segments that provide steric repulsion between
the C-S-H platelets.[149] The interactions between inorganic
surfaces and polymers can be complex and the range of
(co-)polymers available to achieve specific effects is large.
Phage display has proven to be a valuable tool to identify the
polymer which has the most suitable chemical motif and/or
best sequence of functional groups for binding to a given
substrate.[150] This technique is mostly used for the high-
throughput screening of protein–protein interactions, but also
for protein–substrate interactions. Applied to C-S-H, it was
shown that peptides including amino acids with anionic
functionalities and proton donors can specifically adsorb on
C-S-H at pH 13, that is, the typical conditions found in
cement.[151]

3.5. Organization of C-S-H Particles into Mesocrystalline
Structures

Inspired by nature�s ingenuity to design hybrid materials
of seemingly unlimited structural complexity in living organ-
isms,[7] scientists have undertaken many attempts to organize
matter into more and more intricate systems, as for example
in supramolecular chemistry[152] or hybrid nanomaterials
research.[1] One general concept often used to generate
elaborate crystalline structures in the laboratory is to prepare
so-called mesocrystals,[9, 72,153] as already mentioned in Sec-
tion 2.3. These architectures look (and scatter) like single
crystals even though they are composed of nanoparticles, and
are not all perfectly aligned. Moreover, mesocrystals can
exhibit very different behavior from their constituting nano-
crystals, sometimes outperforming their corresponding refer-
ence materials. Some of the properties they display are very
interesting, such as anomalous magnetism, superior strength,
collective vibrations, high internal porosity, or enhanced
stability. Some illustrative examples of superstructures made
from nanocrystals are reproduced in Figure 11. All of them
are distinguished by one specific property that renders their
use as new materials attractive.[153, 154] By using mesocrystals
synthesized in vitro, it is now possible to bridge the field of
biomaterials with that of functional materials including new
sensors,[154] photonic devices,[155] catalysts,[156] and
others.[9,72, 157]

The motivation to synthesize C-S-H-based mesocrystals is
the hope to remedy the poor ductility of concrete. The
attractive forces between C-S-H crystallites are very short-
ranged, which has a negative effect on the tensile strength. As
in the case of many hybrid materials found in nature where

fragile minerals are one of the constituents, the addition of
polymers lends ductility to the inorganic structure.[158] The
potential of this approach is highlighted in a very recent study
on the crystallization of calcium carbonate in the presence of
a silicatein protein, which gave calcite spicules exhibiting
outstanding flexibility and unprecedented elastic bending
behavior, completely distinct from the properties of the pure
mineral and even outperforming natural spicules.[159,160] It is
tempting to draw a parallel with C-S-H, but applying such
concepts to the nanobricks of cement requires the identifica-
tion of suitable organic components. For example, C-S-H
nanoplatelets can be stabilized and assembled into large
mesocrystals with the aid of hydrophilic block copolymers, as
shown in Figure 11c.[135, 161] These hybrid structures show
mechanical properties superior to those of ordinary cements,
especially in terms of flexibility, and thus represent promising
candidates for construction materials in earthquake-prone
areas, since the brittle character of concrete may be drastically
reduced.

Most of the properties of concrete are closely related to
the nanostructured C-S-H network. A profound understand-
ing of C-S-H formation, ranging from initial nucleation
event(s) over the crystal structure to the way the crystallites
pack together, will ultimately permit the design of stronger
and more sustainable cementitious materials. For example,
the incorporation of more aluminum ions or alkali ions into
the crystal structure will allow the use of more supplementary
matter during the clinkering process, and hence will improve
the sustainability.[162] For a given composition, the under-
standing and subsequent design of a cement matrix on all
length scales appears to be the only route toward “greener”
concrete materials.[163] As a result of the complexity of the
material, the next breakthrough developments are expected

Figure 11. a) FESEM image of a gold “mesoflower” showing excellent
(near-)infrared absorption properties, which might be used for optical
filters. Reprinted from Ref. [153] with permission from Springer, Copy-
right 2009. b) Cu2O nanowire based mesocrystalline octahedron exhib-
iting superior gas-sensing performance. Reproduced from Ref. [154]
with permission from the American Chemical Society, Copyright 2012.
c) Large C-S-H mesocrystals observed by polarized optical microscopy
(image courtesy of H. Cçlfen). The crystals consist of single C-S-H
platelets, about 50 nm in diameter. Both pieces exhibit uniform color
when viewed under crossed polarizers, which means that all the
particles are aligned in the same direction.[135]
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to be strongly supported by multiscale modeling approaches
capable of addressing all relevant aspects.[164] Polymers offer
the possibility to modify the intrinsic properties of concrete,
and some promising strategies have already been identified.
The next, but still ambitious, step is to transfer the laboratory-
scale insight to the mass-production of concrete, which
remains heavily constrained by cost considerations.

4. Conclusion

Solute clustering, liquid–liquid phase separation, nuclea-
tion, growth and ripening, polymorphic transformations,
particle aggregation, and superstructure formation are
stages involved in many precipitation and crystallization
processes. Understanding all these complex and often cou-
pled steps is crucial to shed light on biomineralization
phenomena, but it also bears fundamental relevance for
industry, where one promising way to provide even better
materials is to mimic the self-organization principles mas-
tered by nature. There is a steady need for better and more
sustainable materials to address important contemporary
challenges. However, the performance of all solid materials
depends on structural features at various hierarchical levels,
that is, from the nano- over the meso- up to the macroscale.
Therefore, the improvement of existing—and design of
future—high-performing materials essentially relies on a pro-
found understanding of structure–property relationships at all
relevant length scales. An ultimate goal would be the ability
to predict interactions between, preferably simple, starting
compounds and “program” their self-assembly into more
complex matter, that is, a rational concept of bottom-up
approaches to materials with specific structures and hence
properties. There are indeed some model systems where this
has partially been achieved,[165] but clearly much work
remains to be done to gain full control over crystallization.

Our knowledge about the materials science behind many
macroscopic phenomena is still limited, especially at the
nanoscale—despite the fact that some of these materials have
already been used on a large scale for decades or even
centuries, as cement can attest. There are still many key
questions left unanswered—especially those related to the
composition, structure, and properties of precursors occurring
during the solidification of materials in crystallization reac-
tions. One of the main hurdles lies in the difficulty to
experimentally access the time and length scales at which
nucleation processes take place, that is, to design techniques
that provide micro- to millisecond temporal and (sub-)nano-
meter spatial resolution. As an alternative, or rather a com-
plementary approach, much effort is being invested in the
development of more powerful modeling tools to probe these
stages. Although there is still a long way to go to finally
achieve true multiscale simulations of dynamic phenomena,
impressive progress has been made in recent years. We are
convinced that at least some of the open questions addressed
in this Review will find satisfying answers in the near future.
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