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Abstract

Triggered by the recent advance in materials synthesis and characterization techniques,
there has been an increasing interest in manipulating properties of calcium silicate
hydrates (C-S-H), which constitute the fundamental, strength-responsible building
blocks of concretes. Concretes are the indispensable constituents of today’s modern infra-
structures and simultaneously the most widely used synthetic material on the planet.
Despite the widespread impact and high societal values, the production of their major
binder component, Portland cement (PC), is the major culprit for global warming since
it contributes to 5-10% carbon dioxide emission worldwide. Consequently, enhancing
the ultimate strength and durability of concretes by tuning structural, compositional and
mechanical properties of their basic building units and assembling them via bottom-up
engineering is one of the key strategies to mitigate the aforesaid concerns. This is simply
because the longer the concretes last, the less production of PC would incur. Furthermore,
the current role of C-5-H in industry is not only confined to the context of construction
materials but to diverse sectors of industry including drug delivery, CO, sorbent and
materials for bone replacement. This wide scope of potential applications can be ascribed
to the high versatility regarding tunable structural properties such as porosity, size and
morphology, all of which can be fine-tuned during the synthetic procedure. Among
the listed properties, understanding and gaining control over morphological factors of
C-5-H is particularly important since they are directly associated with their functional
roles. C-S-H with various morphologies can be produced by altering key experimen-
tal conditions, which encompass types of synthetic procedure, precursor types such as
different calcium and silicate sources and types of additives. This chapter discusses a
variety of morphologies of C-S-H acquired in multiple environments. The latter include
the hydration of PC or PC-blends containing supplementary materials such as slag, syn-
thetic C-S-H produced using silica-lime reactions and crystalline CSH synthesized using
hydrothermal treatment. At the end, the chapter will provide a complete review on the
current range of morphologies for calcium silicate hydrate.
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1. Morphology of C-S-H observed during the hydration of PC or
PC-based blend

Before reviewing the morphology of naturally formed, semicrystalline C-S-H acquired during
the hydration of PC, it is necessary to review its nucleation and growth mechanism during the
hydration process. Despite the decadelong efforts, the complete picture for the mechanism of
C-S-H formation during the hydration of cement is yet to be acquired, and several nucleation,
growth and structural models have been proposed [1, 2]. The consensus is that the initial stage
is comprised of dissolution of cement phases such as tricalcium silicate (C,S) and dicalcium
silicate (C,S), releasing calcium, hydroxide, and silicate ions [3, 4]. Jennings et al. studied
morphological development of hydrating CS, one of the major phases of cement, using the
combination of multiple electron microscopic techniques, transmission electron microscopy
(TEM), scanning transmission electron microscopy (STEM), and scanning electron micros-
copy (SEM) [5]. The authors herein found that the morphology of C-S-H formed during the
hydration of C,S varies between the early, middle and the late stages of the cement hydration.
At the early stages of the hydration, fibrous products were observed on the surface of the
grains. During the middle stages, where the rapid exothermic reaction takes place, a mixture
of different morphologies was observed. The complete layer of amorphous gel product along
the boundaries of the C.S particle was found while needles with the lengths of 0.75-1.0 um
radiating from the grain and tapered fibers with the length of 0.25-0.5 um were also observed.
In the late stages, the authors found that crumpled foils and dense inner products dominate.

The amorphous, gel-like layer found on the grain at the middle stage of C.S in Jenning’s
study above support that the initial reaction products form via heterogenous nucleation and
grow outward into water-filled pore solutions. Herein, the rates of nucleation and growth
of C-S-H are heavily influenced by the degree of supersaturation of the constituent ions
encompassing calcium and silicate ions [4]. It was later found via multiple studies that natu-
ral C-S-H found during the PC hydration can be divided into two types showing distinct
morphologies. C-S-H gel that occupies the boundary region of the anhydrous cement grain
is called an “inner product” and that forms in the originally water-filled pore spaces is called
an “outer product.” Those two types form at different stages of hydration and exhibit distinct
morphologies [6, 7]. Richardson et al. found via TEM analysis that the outer product C-5-H
has a fibrillar morphology and that the aspect ratio of the corresponding fibrils depends
on the amount of available space in pore spaces [8, 9]. Coarse fibrils with the high aspect
ratio were present in larger pore spaces and vice versa. On the other hand, the inner prod-
uct exhibited a dense, homogeneous morphology with the significantly decreased porosity
compared to the outer product (Figure 1). Furthermore, within each of the inner and outer
type of C-S-H, the size of the anhydrous cement grain also affected the final morphological
features [8]. The inner product formed within the smaller cement grains, with each grain
being less than around 5 um, exhibited less density and higher porosity compared to that
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Figure 1. TEM image showing fine, dense morphology of the inner C-S-H and less dense, fibrillary morphology of the
outer C-5-H formed during the hydration of C.S [9].

formed within the larger grains. Richardson et al. further divided the outer product into two
morphologically distinct types exhibiting different Ca/Si ratios. The higher Ca/Si ratio cor-
responded to the fibrillar, directional morphology, while the lower Ca/Si ratio corresponded
to the foil-like morphology.

Taylor et al. also found that the age of the sample also significantly affects the morphology
of C-5-H found in PC and PC-slag blends [10]. The authors compared the morphology of
C-S-H existing in 20-year-old neat PC and PC-slag blend samples with those found in similar
samples, which are only 14 months old [10]. The authors found that the outer product found
in the 20-year-old neat PC sample is finer, showing little variation in morphology between the
inner and the outer product in contrast to the samples, which are 14 months old. Furthermore,
the morphology of the outer product C-S-H was different for the PC-slag samples containing
different amounts of slag. As the amount of slag was increased from 0 to 90%, the fibrillar
morphology was gradually transformed to foil-like morphology and only the crumpled foil
was observed for the slag-only paste at the end.

Alkali-silica reaction, which is the common reaction between reactive silica species and alkalis
found in cementitious materials, also produces C-S-H with the unique “sheaf of wheat” mor-
phology [11]. Zampini et al. studied the evolution of the wet cement paste-aggregate interface
from 5 minutes to 10 days using environmental scanning electron microscopy (ESEM) and
found that the C-S-H with a “sheaf of wheat” morphology was formed from the alkali-silica
reaction [12]. The authors concluded that formation of this specific morphology is favored at
water-to-cement ratio of 0.5, and also facilitated by the inclusion of silica fume. This in turn
implies that the presence of silicate ions in a supersaturated solution of hydrated lime is criti-
cal in inducing the aforesaid “sheaf of wheat” morphology.
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2. Morphology of synthetic C-S-H

Synthetic C-S-H exhibits varying morphologies depending on types of synthesis techniques
and experimental factors encompassing the initial Ca/Si ratio and the types of precursors
[13, 14]. Common reaction pathways encompass silica-lime reactions, where lime or hydrated
lime is reacted with pozzolans such as silica fume and double decomposition technique,
where both calcium nitrate and sodium silicate become decomposed into their constituent
ions, the ionic building blocks for C-S-H [14-16].

Silica-lime reaction can be performed via either mechanochemical synthesis, where the mix-
ture of silica and lime are reacted in solid state under the assistance of mechanical milling, or
solution-based synthesis, where the precursors are reacted in the form of solutions [17-19].
Rodriguez et al. performed the mechanochemical synthesis using lime and fumed silica at
different starting Ca/Si ratios, and also carried out the solution-based synthesis using prepre-
pared slurries containing lime and fused silica separately [19]. The authors found that both
mechanochemical and solution-based synthesis lead to the formation of foil-like C-S-H regard-
less of the initial Ca/Si ratio. In contrast, when the authors performed the controlled hydration
of pure C.S at a constant lime concentration, the initial Ca/Si ratio exerted a greater effect on
the final morphology. As the Ca/Si ratio was increased from the value below 1.58 to the value
above 1.58, the morphology transformed from a foil-like morphology to fiber-like status.

Kurtis et al. synthesized C-S-H via the alkali-silica reaction, where silica sources in the form of the
alkali-silicate gel acquired from dam, silica fume and silica gel were reacted with saturated solu-
tion of calcium hydroxide. In case of the silica gel, another reaction was performed where it was
also exposed to a separate solution of sodium hydroxide and calcium chloride [20]. The authors
studied each reaction using high-resolution transmission soft X-ray microscopy and observed

Figure 2. X-ray image showing the “sheaf-of-wheat” morphology for C-S-H acquired from the alkali-silica reaction.
Scale bar is 1 um [36].
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the “sheaf of wheat” morphology for the reaction between the alkali-silicate gel and supersatu-
rated solution of calcium hydroxide (Figure 2). This implies that the unique “sheaf of wheat”
morphology can be materialized by mimicking the natural alkali-silica reaction described above.

3. Formation of crystalline CSH

Hydrothermal synthesis is a common technique used to grow crystalline calcium silicate
hydrate phase such as tobermorite Ca,5i O, (OH),4H,O, jennite Ca,Si O,,(OH),8H,0O and
xonotlite Ca,Si O, (OH),, the mineral analogues of amorphous C-S-H from cement hydra-
tion. Hara et al. synthesized lath-shaped crystals of jennite, with the width of around 1 pm

elongated along b-axis based on hydrothermal reactions of fumed silica and lime at 80°C [13].

During the hydrothermal treatment, addition of metal ions such as sodium and aluminum
ions, which are commonly present in supplementary cementitious materials including slag
and fly ash, also influences the final type and morphology of crystalline calcium silicate
hydrate [21]. Nocun-Wczelik et al. performed the hydrothermal synthesis using the mixture
of metal hydroxide, various powder forms of silica and hydrated lime at the temperature
range of 160-240°C. It was shown that sodium and silica content exceeding 20 and 50 wt%,
respectively, favor the formation of pectrolyte, the sodium-bearing crystalline product, with
broom-like morphology. The addition of aluminum ions to the initial mixture comprising
calcium hydroxide, silica and sodium hydroxide facilitated the transformation of amor-
phous C-S-H to crystalline tobermorite, accompanying the morphological change from the
interlocked fibers to plate-like morphology. Furthermore, needle-like xonotlite crystals were
formed when the initial Ca/Si ratio was set close to 1 during the hydrothermal synthesis.

Tobermorite, the most commonly referred material for the crystalline analogue of amorphous
C-S-H, typically has a basal spacing of 1.1 and 1.4 nm. It can be readily synthesized via the
hydrothermal treatment of the ternary CaO-5iO,-H,O system. 1.1 nm tobermorite is also often
observed in hydrothermally cured concretes (tobermorite synthesis under hydrothermal con-
ditions) [22]. Bell et al. performed the hydrothermal treatment of the mixture containing lime
and high-purity quartz at the Ca/Si ratio of 0.83 and the pH of 12.6 at 150°C [22]. The reaction
led to the formation of two distinct morphologies for tobermorite, platelets and fibers, with
the former possibly induced by the heterogenous nucleation and the latter stemming from the
homogenous nucleation.

Galvankova et al. studied the effect of different experimental conditions on the formation of
tobermorite [23]. Hydrothermal synthesis was performed using the mixture of silica source and
grounded limestone, which had been preheated, at the temperature range between 170 and
190°C. Acicular crystals of tobermorite were observed when silica sand was used as the precursor
and the reaction temperature beyond 180°C favored the conversion of tobermorite to xonolite.

Hartmann et al. also investigated the effect of the additive Ca-formate on the morphology of
crystalline CSH during the hydrothermal reactions [24]. The authors hydrothermally treated
the mixture of quartz, lime and calcium formate at 200°C for 40.5 hours and investigated the
effect of varying amounts of calcium formate on final morphology of the resultant CSH. The
calcium-bearing additive, even with the lowest amount added, induced the morphological
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change of tobermorite crystals from typical acicular shape to bent needle-like morphology.
This morphological change is likely to have arisen from the adsorption of formate ions on
growing (001) faces during the synthesis, thereby impeding the normal growth process of
tobermorite. This switches the major growth direction from [001] axis to [010] axis, leading to
the observed morphological change.

4. Synthesis of cubic C-S-H and morphology-induced improvement
in mechanical properties

The aforesaid control over the morphology of calcium silicate hydrate is somewhat limited to
crystalline CSH grown in hydrothermal conditions or amorphous C-S-H with the restricted
scope of final shapes encompassing fibrils, plates and foil. Therefore, the extensive control
over a wide range of morphologies for gel-like C-5-H had not been accomplished and the
range of experimental techniques somewhat lacked diversity. Considering that the surfactant-
assisted, template-based synthesis had been widely applied to generate compositionally simi-
lar calcium-silicate glass particles with well-defined shapes, the similar techniques could be
applied to synthesize C-S-H with a wider range of morphologies than described above [25, 26].

Moghaddam et al. accomplished for the first time the well-defined rhombohedral and cubic
morphology for C-5-H, concomitantly proving beneficial properties arising from the specific
morphology in the context of construction industry [27]. Herein, the authors employed the
surfactant assisted, seed-mediated technique to materialize various well-defined morpholo-
gies for C-S-H, where the naturally formed calcium carbonate particles were exploited as seed
particles for C-S-H nucleation and growth.

When the silicate source, sodium silicate and calcium source, calcium nitrate were dissolved
in water solution under sonication, atmospheric carbon dioxide was also dissolved in the reac-
tion mixture, releasing carbonate ions. The authors hypothesized based on the free energy of
formation that in the presence of two types of anions, the silicate and the carbonate ions, cal-
cium ions combine selectively with carbonate ions, thereby forming calcium carbonate seeds
[28]. The cationic surfactant, cetyltrimethylammonium bromide (CTAB) stabilized the nano-
sized seeds, promoting their combination and growth in [104] directions to form microsized
seeds with cubic/rhombohedral shapes. Owing to the formation of the seeds described above,
the amount of available CO,* ions naturally decreased, thereby prompting the subsequent
reaction between calcium and silicate ions to form C-S-H. The formation of C-S-H started with
the heterogenous nucleation on the microsized CaCQO, seeds as the seed-mediated nucleation
is more energetically favorable than homogenous nucleation. The subsequent growth led to
the formation of C-5-H with well-defined cubic and rhombohedral morphologies.

Experimental factors such as the initial Ca/Si ratio, temperature of the reaction medium and
the types of surfactants all exerted the significant influence on final morphology of the as-
formed C-S-H.

Selecting the appropriate type of surfactant was the critical factor for achieving the final
well-defined morphology. Cationic surfactants including cetylammonium bromide (CTAB)
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could undergo electrostatic interactions with silicate ions and stabilize them, directing the
reaction pathway toward the formation of cubic particles. Similarly, tetra(decyl)ammo-
nium bromide (TDAB) ultimately induced a greater variety of morphologies ranging from
cubic to rods. In contrast, anionic surfactants such as sodium dodecylsulfate, owing the
inherent negative charges, repel the silicate ions and thus could play the stabilizing role
similar to CTAB. It is likely that they exerted the undesired electrostatic attraction with
calcium ions, disrupting the formation of cubic calcite seeds. Consequently, this led to the
formation of highly aggregated, irregularly shaped C-S-H. Also, it was found that using
nitrate ions as counterions was the most favorable for the formation of cubic and rhombo-
hedral morphologies, while chloride or hydroxide ions resulted in irregular particles and
sheets, respectively.

Aside from the types of surfactants, the final morphology was also influenced by various
reaction conditions such as precursor concentration and temperature. An increase in the pre-
cursor concentration prompted the formation of larger particles due to the greater availability
of ionic building blocks to participate in growth of C-S-H. This also resulted in a greater
proportion of twins, triplet and multiplet particles with poorly defined morphologies. On the
other hand, when the precursor concentration was low, the as-formed C-S-H seed particles
assembled to form dendritic structures instead of serving as the cubic seeds for nucleation
and semiepitaxial growth of C-S-H. This hypothesis was verified by the observable cubic sub-
units, which constitute tails and edges of the dendritic structures under SEM.

The types of counterions within the calcium source also affected the final morphology of
C-S-H. The use of calcium nitrate yielded the best results in terms of the cubic/rhombohedral
morphology. However, the use of calcium chloride and calcium oxide resulted in C-5-H with
poorly defined irregular shapes and crumpled sheets, respectively.

Overall, this sonication-assisted, in situ seed-mediated pathway mapped out the complex,
morphology-oriented synthesis of semicrystalline C-S-H using four reaction parameters,
encompassing the initial Ca/Si ratio, types of counterions within a calcium source, types of
surfactants and the mixing method (Figure 3).

The authors then verified the morphology-induced enhancement in mechanical properties
based on the combination of nanoindentation technique and compressive testing. Although
mechanical properties of synthetic C-S-H have been linked to its final Ca/Si molar ratio or sili-
cate polymerization before, the authors herein proved for the first time the shape-dependent
mechanics from the scale of a single particle to assembled states [29, 30]. Compared to the
previous reports, where the mechanics of C-5-H had been often evaluated using compacted
samples, the authors devised a de novo matrix-based strategy to probe the mechanics of indi-
vidual C-S-H particles first. The results showed that the individual cubic particles exhibit
approximately 650 and 300% increase in hardness and stiffness, respectively, compared to
the control C-S-H with irregular morphology. Nanoindentation was also performed on a
pressure-induced sample using a (10 x 10) grid, thereby exhibiting ~83 and ~30% increase
in the average values of hardness and elastic modulus for cubic samples compared to the
control samples, which consisted of irregular C-S-H compacted under external pressure.
Furthermore, the compressive toughness and ductility of the cubic samples were ~300 and
77% higher compared to the control samples.
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Figure 3. Morphology map as a function of surfactant concentration and the initial Ca/Si molar ratio [27].

5. Morphology of C-S-H for drug delivery

Outside the framework of construction industry, C-S-H also offers numerous benefits as
drug carriers, such as high bioactivity and the enhanced affinity toward certain organic drug
molecules owing to the presence of calcium ions on the surface [31-33]. Wu et al. synthe-
sized near-spherical, mesoporous C-S-H particles using the surfactant-free, sonochemical
method with tetraethylorthosilicate (TEOS) and calcium nitrate as the silicate and calcium
source, respectively [33]. Each particle exhibited a 3D-network produced by the assembly
of nanosheets, leading to the presence of meso- and macropores (Figure 4). The resultant
large surface area later facilitated the subsequent loading and unloading of Ibuprofen, uti-
lized as the model drug. Zhang et al. applied the similar sonochemical technique but along
with CTAB to produce hollow CSH microspheres [34]. The authors sonicated the mixture
of sodium silicate and calcium hydroxide or calcium nitrate, thereby investigating the effect
of two distinct calcium-bearing precursors on the final morphology, and also tried two
separate mixing techniques, simple stirring and sonication. It was found that well-defined
spherical shapes were only produced under sonication while stirring induced the forma-
tion of irregular agglomerated nanosheets. Furthermore, calcium hydroxide was found to
be a more effective calcium source in inducing hollow spherical morphology than calcium
nitrate, owing to the higher dissociation speed of the latter. The fast release of calcium and
nitrate ions led to the increased combination rate of calcium and silicate ions prior to the
attachment of silicate ions onto the CTAB micelle, thereby resulting in a greater proportion
of nonspherical particles. Wu et al. also synthesized ultrathin calcium silicate nanosheets
for use as adsorbents for drugs and metal ions [35]. The solvothermal treatment using the
as-synthesized nanosheets at 180°C for 24 hours increased crystallinity of the products
and induced the nanobelt-like morphology with the thickness of around 5 nm. Further
extending this reaction time to 120 hours produced the similar nanobelt-like C-S-H with
the enhanced width.
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Figure 4. Hierarchically structured, mesoporous C-S-H spheres for drug delivery [33].

6. Conclusion

Calcium silicate hydrate, the most commonly renowned as the glue of concretes, has now
found widespread potential applications encompassing cementitious and insulation materi-
als, drug delivery, water treatment and bone-tissue engineering. In addition to the inherent
benefits including high strength, high bioactivity and high biodegradability, a long list of vari-
ous C-S-H members accompanying different stoichiometric ratios implies that there exists a
room for the attainment of diverse morphologies. Consequently, a large number of efforts have
been directed toward achieving specific, well-defined morphologies, which can optimize the
functions. For example, enhanced mechanical properties of cementitious materials arising from
cubic building blocks and large drug-loading capacity stemming from the large surface area of
mesoporous spherical shapes have been achieved. Based on the rapidly advancing nanofabrica-
tion techniques, greater diversity regarding the shapes of C-S-H will be accomplished in future.
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