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Microstructures of calcium silicate hydrates (C-S-H) are relevant to the mechanical properties and durability of
cement-based materials. Random growth of the microstructures of C-S-H largely compromises the mechanical
properties and durability. This paper proposes to utilize cellulose nanocrystals (CNCs) to modify the micro-
structures of C-S-H. This research investigates the effect of CNCs on the morphological, microstructural, and
mechanical properties of C-S-H through dynamic light scattering (DLS), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), thermogravimetry analysis (TGA), atomic force microscopy (AFM), and three-point bending tests. The
results showed that CNCs effectively mitigated the agglomeration of C-S-H and generated C-S-H/CNC nano-
composites with highly ordered, layered, and dense microstructures. The C-S-H and CNCs in the C-S-H/CNC
nanocomposites had strong interactions through hydrogen bonds and calcium ion coordination bonds. The strong
interactions and ordered microstructures enable C-S-H/CNCs nanocomposites to achieve high strength and

flexibility.

1. Introduction

Calcium silicate hydrates (C-S-H) are important hydration products
of Portland cement [1]. The microstructures of C-S-H play critical roles
in the mechanical properties and durability of cement-based materials
such as concrete. In concrete, C-S-H is produced as nanoparticles during
cement hydration. C-S-H nanoparticles tend to agglomerate and pre-
cipitate rapidly as gel-like aggregates with spatially-disordered porous
microstructures [2]. Such microstructures adversely impact the physi-
cochemical and mechanical properties as well as the durability of con-
crete [3-5]. Refining the microstructure of C-S-H is beneficial for the
improvement of the mechanical properties and durability of
cement-based materials [6,7].

Two important strategies have been developed to refine the micro-
structures of C-S-H. The first strategy is to use polymeric dispersants to
modify the microstructures of C-S-H via hindering the agglomeration of
C-S-H through surface adsorption or interlayer intercalation of poly-
meric dispersants to C-S-H nanoparticles, as illustrated in Fig. 1(a) and
Fig. 1(b) [6-10]. Example dispersants often used in concrete include
styrene-butadiene rubber [2], polycarboxylate (PCE) [8-15], poly-
ethylene glycol [16-18], polydimethylsiloxane [19,20], and poly(vinyl
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alcohol) (PVA) [21-23]. For example, on one hand, PVA chains can be
intercalated into the interlayer of C-S-H particles which can lower the
bulk modulus of C-S-H. On the other hand, some PVA chains absorbed
on the surface of C-S-H to decrease the porosity of C-S-H [21]. PCE has
been used to mitigate the agglomeration of C-S-H nanoparticles via
adsorbing on the surface of C-S-H nanoparticles to provide the steric
effect [8-15]. However, the addition of PCE results in an undesirable
retardation on cement hydration since the polymer adsorption slows the
dissolution of unhydrated cement particles, as shown in Fig. 1(c) [24,
25].

The second strategy is to use nanomaterials as fine seeds to refine the
microstructures of C-S-H through promoting chemical reactions [26,
27]. Various nanomaterials have been used in prior research, such as
carbon nanofibers [28-30], carbon nanotubes [31,32], graphene nano-
platelets [26,33,34], nano graphene oxide [35-37], nano silica [38,39],
nano titania [40,41], and nano calcium carbonate [42,43] to promote
cement hydration. For example, graphene oxide surfaces with oxygen
functional groups are believed to optimize the microstructures of C-S-H
through promoting nucleation and reducing the total porosity, as shown
in Fig. 1(d) [44,45]. Carbon nanofibers or multi-walled carbon nano-
tubes can also act as a bridge between C-S-H which reduces cracks and
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Fig. 1. Illustration of the two main strategies used to refine the microstructure of C-S-H: (a) polymer adsorption; (b) polymer intercalation; (c) polymer adsorption
retards the hydration process of cement particle; (d) nanomaterials promote chemical reactions; (e) nanomaterials bridge cracks; (d) nanomaterial aggregation results

in undesirable pores.

reduces the porosity of C-S-H by filling the pores, as shown in Fig. 1(e)
[46]. It was reported that the addition of nano silica, nano titania, and
carbon nanotubes to cement pastes increased the mean silicate chain
length of C-S-H via the nucleation effect and the reduction of the
interlayer water of C-S-H [47]. The use of nano silica also imparts the
pozzolanic effect [47], which further densifies the microstructures of
C-S-H via secondary hydration reactions in a long term. However, a
recent study argued that carbon nanotubes do not provide nucleation
sites for cement hydration [48]. Further research is necessary to achieve
a consensus on the effects of carbon nanomaterials on the microstruc-
tures of C-S-H.

In addition to separately utilizing polymeric dispersants and nano-
materials to refine the microstructures of C-S-H, the two strategies have
also been used synergistically. The combined use of polymeric disper-
sants and nanomaterials generated C-S-H-based nanocomposites with
high mechanical properties [49]. Despite the exciting advances, C-S-H
prepared through this method exhibits random porous microstructures
[50,51]. Regulating the microstructures through polymers and/or
nanomaterials is prohibited by their poor water dispersity, chemical
inertness, and low agglomeration resistance. Some carbon nano-
materials such as carbon nanotubes need surface modification to in-
crease the interfacial interaction with C-S-H [52,53]. As the
nanomaterial dosage increased, agglomeration occurred [54-57],
generating random porous microstructures, as shown in Fig. 1(f). In
addition, most of the widely used polymers and nanomaterials are
petroleum-based and have high carbon emission which in turn increases
the carbon emission of concrete.

To address these challenges, this research proposes to incorporate
cellulose nanocrystals (CNCs) into C-S-H system to improve its micro-
structures. This study is motivated by the various unique features of

CNCs, which are a family of natural, renewable nanomaterials [58-60].
As shown in Fig. 2(a), with abundant hydroxy functional groups on the
surface, CNCs exhibit desired water dispersity and aqueous stability,
making CNCs promising materials that can be adsorbed on the surfaces
of C-S-H and can provide steric repulsion to help disperse C-S-H
nanoparticles [61]. Additionally, CNCs have lower costs and lower
carbon emission than carbon nanofibers and carbon nanotubes [45-48].
CNCs also exhibit larger surface areas (100-1,300 mz/g), higher aspect
ratios (10-80), higher elastic modulus (140 GPa), higher tensile strength
(7-10 GPa), and lower density (1.6 g/cm®), making CNCs promising
candidates to promote cement hydration [58,59,62].

Previous studies showed that adding CNCs into concrete influenced
the fresh and hardened properties of concrete [63-65]. For example,
CNCs were mixed with cement paste to reduce the viscosity at low
dosages (<0.2%) of CNCs [61,66,67] and increase the viscosity at high
dosages (>0.5%) [66]. Incorporating CNCs in concrete increased the
mechanical properties of cement paste and concrete [43-46]. For
instance, adding CNCs (0.2% by the volume of cement) increased the
flexural strength of a cement paste by 20%, because CNCs promoted
cement hydration by providing steric stabilization to disperse cement
particles and by facilitating the transport of water from pore water to the
unhydrated cement cores, as shown in Fig. 2(b) and (c) [61]. Both CNCs
and PCE can disperse cement particles via steric stabilization, but CNCs
can further promote cement hydration due to their high surface area. In
addition, CNCs increased the volume fraction of high-density C-S-H and
decreased the volume fraction of low-density C-S-H, which means that
the CNCs may have the potential to modify the microstructures of
cement hydration products [68]. CNCs promoted the formation of
C-S-H in concrete under low temperature and low humidity conditions
[69]. Recently, the effects of CNCs on the hydration of C3S and the
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Fig. 2. Relevant characteristics and utilization of CNCs in cement-based systems: (a) the characteristics of CNCs; (b) the cement hydration process without CNCs; and

(c) the mechanisms of CNCs promoting cement hydration.

nucleation effects of CNCs on the generation and polymerization degree
of C-S-H were investigated [70]. It was found that CNCs helped promote
the hydration of C3S as well as the generation and polymerization degree
of C-S-H, similar to many other nanomaterials with filler and seeding
effects. Despite the above progress, the underlying mechanisms of the
effects of CNCs on the morphology, microstructures, and mechanical
properties of C-S-H remain unclear. Most of existing studies have
mainly focused on bulk concrete properties evaluated through tests on a
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macro scale. The development of the microstructures of C-S-H in the
presence of CNCs is unclear.

To address these fundamental knowledge gaps, this research aims to
understand the effects of CNCs on the morphological, microstructural,
and mechanical properties of C-S-H through comprehensive charac-
terization techniques, including dynamic light scattering (DLS), trans-
mission electron microscopy (TEM), polarization optical microscopy
(POM), scanning electron microscopy (SEM), Fourier transform infrared

C-S-H/CNC Hardened C-
S-H/CNC
Washing and dryin

Fig. 3. Synthesis process of C-S—-H/CNC colloidal suspensions and hardened C-S-H/CNC.
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spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetry anal-
ysis (TGA), atomic force microscopy (AFM), and three-point bending
tests. This research delivers new knowledge to support the development
of advanced low-carbon cement-based materials with high mechanical
properties, low carbon footprint, and excellent durability.

2. Experimental methods
2.1. Raw materials

In this research, calcium chloride (CaCly, 1 mol/L), sodium hy-
droxide (NaOH, 1 mol/L), and sodium metasilicate (Na;SiO3) were ob-
tained from Fisher Scientific; CNCs were obtained from CelluForce; and
sodium hydroxide (NaOH, 1 mol/L) was obtained from Innovating
Science.

2.2. Synthesis of C-S-H and C-S-H/CNC

C-S-H suspensions were synthesized using a co-precipitation method
[9,49,71], as shown in Fig. 3. In a typical synthetic run, CaCl, solution
(30 mmol/L, obtained via diluting 1 mol/L CaCl,) was added dropwise
at a rate of 0.36 mL/min into NaySiO3 solution (30 mmol/L) under
magnetic stirring. After the addition of CaCly, the mixture was stirred for
12 h to ensure all reactive elements in the mixture precipitated. Then,
DLS and TEM measurements were performed using the C-S-H suspen-
sions. The initial pH value of the C-S-H suspensions was 11.2.

C-S-H/CNC suspensions were synthesized using a similar method.
First, CNCs powder were dispersed in water using an ultrasonication
disperser (model: IKA T 18 ULTRA-TURRAX Digital Disperser) to obtain
a well dispersed CNC suspension with a concentration of 2% by mass.
Next, the suspension was mixed with NaySiO3 according to designed
concentrations, which are 1 g/L, 3 g/L, 5 g/L, and 7 g/L. Then, CaCl,
solution (30 mmol/L) was added into the mixture gradually. The
mixture was stirred for 12 h to ensure all the reactive elements in the
solution precipitated. The Ca/Si ratio was made equal to one by
adjusting the concentrations of CaCly and NaySiO3. This Ca/Si ratio is
consistent with references [9,71]. The pH of the system was adjusted to
11.2 via NaOH (1 mol/L), consistent with the pH of the C-S-H sus-
pensions without CNCs. All solutions were stored in a glove box filled
with nitrogen, and deionized water was boiled before the synthesis.

Hardened C-S-H and C-S-H/CNC samples were prepared by
precipitating the C-S-H and C-S-H/CNC in suspensions via vacuum
filtration [72] (47 mm in diameter with 0.2 pm in pore size), as shown in
Fig. 3. The materials were washed using CO,-free deionized water five
times, and then they were vacuum dried and peeled from the filter. Five
samples with different concentrations of CNCs (0 g/L, 1 g/L, 3 g/L, 5
g/L, and 7 g/L) were prepared and designated as C-S-H, C-S-H/CNC-1,
C-S-H/CNC-3, C-S-H/CNC-5, and C-S-H/CNC-7, respectively.

2.3. Dynamic light scattering

Dynamic light scattering tests were performed to evaluate the sta-
bility of the CNCs, C-S-H, and C-S-H/CNC suspensions using a DLS
analyzer (model: Zetasizer Nano ZS90 from Malvern Instruments Ltd.,
Malvern, UK). The stability of the suspensions was characterized by their
zeta-potential and hydrodynamic diameters. The hydrodynamic diam-
eter (also called dynamic diameter) is defined as the particle size ob-
tained in aquatic environments [73]. In each measurement, the
zeta-potential and dynamic diameters were measured three times at
25 °C, and the average value was calculated. For the preparation of
samples, the CNCs were first dispersed in deionized water at a concen-
tration of 0.1 g/L and then homogenized via bath sonication for 15 min
before test. The C-S-H and the C-S-H/CNC suspensions synthesized
before and after 6 months were used at the same concentration as the
CNC suspension.
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2.4. Transmission electron microscopy

The dispersion and the morphology of CNCs, C-S-H, and C-S-H/
CNC were evaluated through transmission electron microscopy (TEM,
model: JEOL 2100 Plus 200 keV). The samples for TEM examination
were first sonicated 10 min and then prepared by dispersing the CNCs,
C-S-H, and C-S-H/CNC suspensions at the same concentration (0.1 g/L)
on a carbon-coated copper grid (etching 30 s before use). The CNC
sample was stained with uranyl acetate. Filter paper was used to remove
excessive liquid from the grid. The samples were air-dried for 15 min
before the tests.

2.5. Polarization optical microscopy

Polarization optical images were captured using a polarization op-
tical microscope (POM, model: Nikon E—1000 upright microscope with
polarizer). The POM was utilized to examine the microstructures of
hardened C-S-H and C-S-H/CNC samples.

2.6. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out on a Zeiss
Auriga FIB/SEM at 5 kV to evaluate the microstructures of the hardened
C-S-H and C-S-H/CNC samples. To test the top surface, the hardened
samples were horizontally deposited in the holders; to test the cross-
section of the C-S-H/CNC-5, the hardened sample was first quenched
and broken in liquid nitrogen to obtain the cross-section surface, and
then one broken piece was deposited vertically in the holder. All samples
were sputtered with Au for 90 s to achieve appropriate conductivity.

2.7. Thermogravimetry analysis

TGA was carried out using a thermal analyzer (model: TA® TG55) to
evaluate the organic content and the thermal properties of CNCs, C-S-H,
and C-S-H/CNC. For the preparation of samples, 20 mg-50 mg of
samples from dried slices were milled into fine powder and vacuum
dried for 24 h before the test. During the test, the sample was heated at a
constant rate of 20 °C/min from 30 °C to 1,000 °C in a 50 mL/min flow
of nitrogen.

2.8. Fourier transform infrared spectroscopy

FTIR was conducted using a Fourier Transform Infrared Spectroscope
(model: Bruker Optics Tensor 27 Fourier Transform Infrared Spec-
trometer) to investigate the chemical structures of CNCs, C-S-H, and
C-S-H/CNC, as well as the interaction between C-S-H and CNCs in
C-S-H/CNC. The CNCs, C-S-H, and C-S-H/CNC hardened samples
were milled into powder samples. Each powder sample was homoge-
neously mixed with KBr powder and then pressed into pellets for testing.
The FTIR spectra were recorded for wavenumbers between 400 cm™?
and 4,000 cm ™.

2.9. X-ray diffraction

XRD test was carried out using Cu K radiation source (model: Rigaku
Ultima IV X-ray diffractometer, 40 kV, 40 mA) to evaluate the crystalline
structures of CNCs, C-S-H, and C-S-H/CNC. The CNCs, C-S-H, and
C-S-H/CNC hardened samples were milled into powder. During the
XRD tests, each powder sample was scanned on a rotating stage between
2° and 60° (260). The step size of scanning was 0.02°, and the time per
step was 30 s.

2.10. Atomic force microscopy

Peak-Force quantitative nanomechanics (QNM) was applied to
evaluate the elastic modulus of samples using an atomic force micro-
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Fig. 4. Visual examination of C-S-H (0), C-S-H/CNC-1 (1), C-S-H/CNC-3 (3), C-S-H/CNC-5 (5), and C-S-H/CNC-7 (7) at (a) 0 h, (b) 6 h, (¢) 1 day, (d) 7 days, (e) 3

months, and (f) 6 months.

scope (AFM, model: Bruker Bioscope Resolve AFM with integrated
fluorescence microscope). A probe approached the sample surface,
indented to a certain depth, and then retracted to the air. In this process,
the mechanical response of the local spot was recorded to evaluate the
elastic modulus. The elastic modulus was calculated according to Eq. (1)
[74].

4 E 3
23 _ (2
U OR (o
e !
E _[ £ + E } (1b)

where F is the tip force measured from the AFM probe; E* is the reduce
modulus of tip and sample; v is the Poisson’s ratio of tip and sample; R is
the radius of the probe; § is the indentation depth; v, and v; are the
Poisson’s ratios of the probe and the sample, respectively; E, and E; are
the elastic moduli of the probe and the sample, respectively. The
calculation of the elastic modulus was performed using the Nanoscope
software.

A diamond probe (DNISP-HS, Bruker) with a stiffness of 360 N/m
and a tip radius of 40 nm, as specified by the manufacturer, was used in
the nanoindentation tests. The deflection sensitivity was calibrated
using a sapphire substrate. The Poisson’s ratio of the probe was 0.33.
The elastic modulus of the probe is far higher than that of the samples, so
Eq. (1b) is rewritten as:

* E,
T1-y2

@

During the test, each sample was scanned by the AFM in an area of 5
pm x 5 pm, with a scanning resolution of 256 x 256, meaning that there
were 256 x 256 measurements from each sample. The mean elastic
modulus of each sample was obtained using the Nanoscope software
[671.

For the preparation of the AFM samples, the C-S-H and C-S-H/CNC
hardened samples were deposited in a rubber mold and sealed with
epoxy resin. The surface of the samples was polished using abrasive

papers (#400, #600, #800, and #1200) on a polish machine (model:
Met Prep 3 M polisher). Then, the surface was polished using 1 pm
polycrystalline diamond suspension and 0.05 pm FinalPrep Alumina
polish solution on a Diamat polishing cloth. Next, each sample was cut
into thin disks (thickness: 2-3 mm) and washed with ethanol to remove
impurities.

2.11. Three-point bending tests

Three-point bending tests were carried out on a standard mechanical
testing machine (Instron 5581 testing system, USA). The hardened
C-S-H and C-S-H/CNC-7 were used to fabricate beam specimens for
flexural tests. The length, width, and thickness of the beams were 12
mm, 5 mm, and 2 mm, respectively. All tests were performed at a
displacement rate of 0.5 mm/min with a support span of 5 mm. The load
capacity of the load cell was 500 N. Each test was replicated for five
tests. According to ASTM D790-03 [75], the flexural stress (c) and
flexural strain (¢) were respectively calculated using Equation (3) and
Equation (4) [75]:

3FL

= obE 3
6Dd

= I 4)

where F is the applied force (N); L is the length of support span, which
was 5 mm; b and d are the width and thickness of specimen, which were
5 mm and 2 mm, respectively; and D is the mid-span displacement (mm).
The test C-S-H samples were vacuum dried 24 h before three-point
bending tests to remove adsorbed water, consistent with the normal
operation and testing protocols of cementitious materials samples. The
drying operation was conducted at room temperature, rather than
elevated temperatures, so the operation did not remove interlayer water
and did not affect the microstructure of C-S-H.
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Table 1 3. Experimental results and discussion

Stability characteristics of the C-S-H and C-S-H/CNC suspension.

3.1. Stability and morphology of C-S-H

Duration of stabilization

Specimens

C-S-H <1h . . .
C-S-H/CNC-1 6-24 h When C-S-H was synthesized using CaCl, and NaySiO3, C-S-H
C-S-H/CNG-3 6-24h nanoparticles agglomerated into large particles and precipitated
C-S-H/CNC-5 >6 months immediately after they were produced, as indicated by the loss of
C-S-H/CNC-7 >6 months transparency of the solutions in Fig. 4(a) and Fig. 4(b). In the presence of

CNCs, the transparency of the solutions was largely improved, as shown
in Fig. 4(a) and (b), meaning that the use of CNCs hindered the
agglomeration of C-S-H nanoparticles. Overall, the stability of the
C-S-H suspension increased with the dosage of CNCs, as reflected by the
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Fig. 5. DLS results: (a) zeta-potential, and (b) dynamic particle size distribution of CNCs, C-S-H, and C-S-H/CNC suspensions.

C-S-H

200 nm 260 nm

200 nm \ 20Q.nm

®

Fig. 6. TEM images of (a) CNCs (20,000X), (b) C-S-H (20,000X), (c) C-S-H/CNC-1 (20,000X), (d) C-S-H/CNC-3 (15,000X), (e) C-S-H/CNC-5 (15,000X), and (f)
C-S-H/CNC-7 (15,000X).
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Fig. 7. POM images of (a) C-S-H, (b) C-S-H/CNC-1, (c¢) C-S-H/CNC-3, (d) C-S-H/CNC-5, and (e) C-S-H/CNC-7.

different levels of transparency in Fig. 4(c)-4(e).

Table 1 compares the stability of different C-S-H suspensions at
extended durations based on the photographs in Fig. 4. Without the
CNCs, C-S-H lost stability and precipitated immediately. When the
dosage of CNCs was up to 3 g/L, the stability of C-S-H/CNC suspensions
was retained at 24 h. When the dosage of CNCs was 5 g/L or higher, the
stability of C-S-H/CNC suspensions was retained for more than 6
months.

Fig. 5 shows the DLS test results. According to Ref. [76], a suspension
is stable when the zeta-potential value exceeds the absolute 25 mV.
Without the use of CNCs, the zeta-potential of C-S-H was about —10
mV, due to the partial deprotonation of the silica layers of C-S-H [77],
so C-S-H nanoparticles rapidly agglomerated into large C-S-H particles
[78]. When CNCs were used, the zeta-potential values of C-S-H/CNC-5
and C-S-H/CNC-7 were lower than —30 mV, so they were stable [79].
The results from the zeta-potential values are consistent with the
observation from the photographs shown in Fig. 4.

Due to the secondary nucleation effect of C-S-H and electron
attractive forces between nanoparticles, C-S-H nanoparticles tend to
agglomerate into large particles and precipitate [78,80]. The dynamic
particle sizes of C-S-H aggregates were about 870 nm which means the
agglomeration appeared (Fig. 5(b)). As the dosage of CNCs increased
from O to 7 g/L, the dynamic particle sizes of C-S-H/CNC decreased to
about 200 nm, indicating the mitigation of rapid agglomeration. The
decrease of the dynamic particle sizes can be attributed to the high
negative charges of CNCs that coordinate with the calcium ions of -C-S-H
via Ca—O coordination, as well as the interaction between H and O atoms
via hydrogen bonds. These mechanisms promote the attachment of
CNCs to the surfaces of C-S-H, therefore hindering the secondary
nucleation effect and agglomeration of C-S-H [81].

The zeta-potential and dynamic particle size of C-S-H and C-S-H/
CNC suspensions were tested again after 6 months synthesis. As shown
in Fig. S1(a) and S1(b), there were no significant changes in zeta-
potential and dynamic particle size of C-S-H/CNC suspensions, indi-
cating that the addition of CNCs can effectively reduce the agglomera-
tion of C-S-H and keep the suspension stable in a long time.

Fig. 6 shows the morphology of CNCs, C-S-H, and C-S-H/CNC in
suspensions under TEM. Fig. 6(a) shows that the CNCs used in this study
have a rod-like shape. The lengths are about 100-200 nm, and the

diameters are about 5-10 nm. Fig. 6(b) shows C-S-H aggregates without
the CNCs. The diameters of the C-S-H aggregates are about 200-800
nm, consistent with reference [9]. Fig. 6(c) and (d) show C-S-H/CNC-1
(1 g/L) and C-S-H/CNC-3 (3 g/L), respectively. The presence of CNCs
mitigate the agglomeration of C-S-H nanoparticles. Few C-S-H aggre-
gates are observed, and the sizes of aggregates are largely reduced,
compared with the C-S-H aggregates without CNCs. Fig. 6(e) and (f)
respectively show C-S-H/CNC-5 (5 g/L) and C-S-H/CNC-7 (7 g/L) that
do not show aggregate. The diameters of the C-S-H nanoparticles are
about 20-40 nm. The electron intensity transmitted through the C-S-H
nanoparticles is uniform, revealing that their thicknesses are relatively
uniform, different from the nonuniform electron intensity of C-S-H
aggregates in Fig. 6(b). The TEM results corroborate that CNCs hinder
the agglomeration of C-S-H nanoparticles.

Fig. 6(c) to 6(f) do not show CNCs clearly due to the different con-
trasts of CNCs and C-S-H. To reveal the relative positions of CNCs and
C-S-H, a lower magnification factor was used for the TEM images, as
shown in Fig. S2. It was found that some CNCs passed through C-S-H,
and some CNCs were adsorbed on the surfaces of C-S-H, indicating that
CNCs interact with C-S-H through interfacial Ca-O coordination and
hydrogen bonds. This mechanism hinders the agglomeration of C-S-H.
The rod-like CNCs also provide steric repulsion to reduce the attractive
forces of C-S-H nanoparticles, further suppressing the agglomeration.

To evaluate the long-term stability of C-S-H/CNC suspensions, the
C-S-H/CNC-5 suspension was examined after 3 months. Fig. S3 shows
the TEM image of dispersed C-S-H nanoparticles with diameters of
20-40 nm, the same as their diameters observed 3 months ago (Fig. 6
(e)), revealing desired long-term stability of the C-S-H/CNC suspension.

3.2. Microstructures of C-S-H and C-S-H/CNCs

Fig. 7 shows the POM results. No polarization is observed from the
C-S-H specimen without CNCs (Fig. 7(a)), indicating that the C-S-H
aggregates had random orientations due to the spatially-disordered
microstructures formed during the rapid agglomeration.

The C-S-H/CNC specimens show regulated orientations, indicating
ordered microstructures (Fig. 7(b)-7(e)). The images of C-S-H/CNC-1
and C-S-H/CNC-3 show bright spots locally (Fig. 7(b) and (c)), indi-
cating variations of orientation on a microscale. The images of C-S-H/
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(d)

Cross sections

®

Fig. 8. SEM images: (a) top surface of C-S-H (500X), (b) top surface of C-S-H/CNC-1 (1,000X), (c) top surface of C-S-H/CNC-5 (1,000X), (d) top surface of C-S-H/
CNC-5 (100X), (e) cross section of C-S-H/CNC-5 (1,000X), and (f) illustration of the top surface and cross sections of the specimens. The dotted circles in (a) and (b)

point out the agglomeration in the hardened samples.

CNC-5 and C-S-H/CNC-7 show uniform colors on a millimeter scale
(Fig. 7(d) and (e)), confirming long-range oriented microstructures.

The microstructures were further assessed via SEM, as shown in
Fig. 8. The C-S-H specimen exhibits many pores with a random spatial
distribution, revealing that the microstructures of C-S-H aggregates are
disordered and porous (Fig. 8(a)). The C-S-H/CNC specimens show
refined microstructures with lower porosity and smaller pore sizes
(Fig. 8(b) to 8(e)). Minor localized aggregations and pores are observed
from the C-S-H/CNC-1 specimen (Fig. 8(b)), and the pore sizes are
significantly smaller than those of the C-S-H specimen.

No aggregation was found from the C-S-H/CNC-5 specimen (Fig. 8
(c)-8(e)), and the specimen exhibits dense microstructures. Most
notably, the C-S-H/CNC-5 specimen shows no pores on the micrometer
scale (Fig. 8(d)) indicating its capability to reduce the crack form and
propagation. The cross section of the C-S-H/CNC-5 specimen exhibits
densely-packed layered microstructures (Fig. 8(e)). The top surface and
cross sections of the C-S-H/CNC specimens are illustrated in Fig. 8(f).
Such dense, layered microstructure is similar to a “nacre-like” structure
which can effectively minimize the usual pores and defects in C-S-H and
lead to an improvement in mechanical properties [82].

Fig. 9 illustrates the microstructures of C-S-H, according to the re-
sults from TEM, POM, and SEM characterization. When CNCs are not
used, the C-S-H nanoparticles rapidly agglomerate and precipitate as
C-S-H aggregates with random, porous microstructures. The C-S-H

aggregates loosely stack in the filtration process, forming porous mi-
crostructures (Fig. 9(a)). In the presence of CNCs, rapid agglomeration
of C-S-H is suppressed by strong interfacial interactions between C-S-H
and CNCs (Fig. 9(b)). The C-S-H nanoparticles stack in the filtration
process, forming layered dense microstructures. The rigid CNCs provide
interlayer bridging between C-S-H layers and promote their spatial
alignment, generating dense layered microstructures. Further discus-
sions on the chemical bonds are provided in section 3.3.

3.3. Chemical structure, crystallization, and composition

The effects of CNCs on the chemical structure, crystallization, and
composition of C-S-H were further investigated through FTIR, XRD, and
TGA, respectively. Fig. 10(a) shows the FTIR results of C-S-H, CNCs, and
C-S-H/CNC specimens. Table 2 lists the five main peaks of C-S-H,
consistent with reference [83]. CNCs show seven main peaks.
C-S-H/CNCs shows ten main peaks, covering all the peaks of C-S-H and
CNGCs.

Compared with the peaks of C-S-H, the C-S-H/CNC specimens with
increased CNC content show a shift of the O-H peak to lower wave-
numbers (from 3,470 em ! to 3,430 cm ™). Such a shift is attributed to
the formation of hydrogen bonds and calcium ion coordination bonds
between CNCs and C-S-H, as shown in Fig. 9(b) [84-86]. Calcium ion
coordination bonds refer to the ion coordination bonds between the -OH
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CNCs bridge C-S-H and covers pores
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Fig. 9. Illustration of the formation process of (a) C-S-H, and (b) C-S-H/CNC.

o—nr

e N

CNCs

[—~— C-S-H/CNC-1
—»— C-S-H/CNC-3
—o— C-S-H/CNC-5
. C-S-H/CNC-7

Intensity (a.u.)

2400 3200

800 1600 4000
Wavenumber (cm™)
(@)
100

60

—o— C-S-H
CNCs
—&— C-S-H/CNC-1|
—— C-S-H/CNC-3]
o C-S-H/CNC-5
C-S-H/CNC-7|

oA\ eastnes

Intensity (a.u.)

w

A N———

Mass (%)
RS
S S

(=]

t—o— C-S-H
CNCs
F—2— C-S-H/CNC-1
- C-S-H/CNC-3

'—o— C-S-H/CNC-5
—— C:S-H/CNC-7

600 800

200 400 1000
Temperature (°C)
(©

10 20 30 40 50
26 (%)
(b)
0

o

3

g-lr

E —o—C-S-H

02) CNCs

‘c;: ob —a— C-S-H/CNC-1

5 —— C-S-H/CNC-3

A —o—C-S-H/CNC-5

—a— C-S-H/CNC-7

400 600
Temperature (°C)

(d

200 800 1000

Fig. 10. Characterization of the chemical structure, crystallization, and composition of C-S-H and C-S-H/CNC: (a) FTIR results, (b) XRD results, (c) TGA results, and

(d) derivative of TGA.

groups on the surface of CNCs and the calcium ions of C-S-H [84-86].
As the content of CNCs increased from 0 to 7 g/L, the magnitudes of
peaks of C-S-H decreased due to the decrease of the C-S-H proportion
in C-S-H/CNC nanocomposites.

The crystallization structures of C-S-H, CNCs, and C-S-H/CNC were
characterized through XRD, as shown in Fig. 10(b). The XRD spectra of
the C-S-H/CNC samples are similar to the XRD spectra of C-S-H and

CNCs. There is no new diffraction peak, indicating that the addition of
CNCs does not change the crystalline structure of C-S-H. The crystalline
structures of C-S-H/CNC are similar to the crystalline structure of
C-S-H. The C-S-H exhibits a defective tobermorite structure [87-89].
The diffraction peaks at 6 ° to 9 ° reflect the interlayer spacing of C-S-H
crystals [64,70]. The XRD results show that the interlayer spacing of
C-S-H/CNC is comparable with that of C-S-H, revealing that CNCs are
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Table 2
Peaks in the FTIR curves.

Wavenumber Duration of stabilization
(em™)
C-S-H 457 0-Si-0 deformation of SiO4 tetrahedra
800 Si-O stretching vibrations of the Q! tetrahedra
970 Si-O asymmetric stretching vibrations of Q2
tetrahedra
1,640 H-O-H bending vibrations in water
3,470 O-H stretching vibrations in water or C-S-H
CNCs 1,080 C-C stretching vibrations of CNCs
1,175 C-O stretching vibrations of CNCs
1,375/1,460/ C-H symmetric stretching, in-plane bending, and
2,900 deformation vibrations of CNCs
1,640 H-O-H bending vibrations in water
3,340 O-H stretching vibrations in water or CNCs
C-S-H/ 457 0-Si-0 deformation of SiO4 tetrahedra
CNC 800 Si-O stretching vibrations of the Q! tetrahedra
970 Si-O asymmetric stretching vibrations of Q?
tetrahedra
1,080 C-C stretching vibrations of CNCs
1,175 C-O stretching vibrations of CNCs
1,375/1,460/ C-H symmetric stretching, in-plane bending, and
2,900 deformation vibrations of CNCs
1,640 H-O-H bending vibrations in water
3,430 O-H stretching vibrations of water, C-S-H, or

CNCs

adsorbed to the surfaces of C-S-H, rather than intercalating into the
interlayer structure of C-S-H, because intercalation will change the
interlayer spacing. Such results can be attributed to the morphology of
CNCs. The diameters of rod-like CNCs are 5-10 nm, larger than the
interlayer spacing of C-S-H (about 1.1 nm-1.4 nm) [64,70]. The ab-
sorption mechanism is that the hydroxyl groups of CNCs can complex
Ca®* via calcium ion coordination bonds and interact with H3SOz via
hydrogen bonds which can make CNCs absorbed on the surface of C-S-H
[70]. As discussed above, the absorption of CNCs can provide steric
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effect to suppress the agglomeration of CNCs, and CNCs can also act as a
bridge to promote the spatial alignment of C-S-H.

The chemical composition of C-S-H and C-S-H/CNC were evaluated
via TGA. The results are shown in Fig. 10(c). The mass loss of CNCs is
analyzed at three levels of temperature: (1) 30-200 °C: the evaporation
of water; (2) 200-600 °C: the dehydration and decomposition of CNCs
[90,91]; and (3) 600-1000 °C: the aromatization of CNCs [60]. The mass
loss of C-S-H mainly occurred at 30-200 °C due to the loss of water, and
a mass loss of 20% was measured. The mass loss of C-S-H/CNC is
analyzed at three levels of temperature: (1) 30-300 °C: the evaporation
of water and dehydration of C-S-H and CNCs [92]; (2) 200-600 °C: the
decomposition of CNCs and dehydration of C-S-H; (3) 600-1000 °C: the
aromatization of CNCs. As the content of CNCs increased from 1 g/L to 7
g/L, the mass loss increased, because of the increased dosage of CNCs.
The major mass loss of C-S-H/CNC occurs at around 340 °C, higher than
that of CNCs (310 °C), meaning that the interactions between C-S-H and
CNCs via hydrogen bond and calcium ion coordination bond improved
the thermal stability of the C-S-H/CNC (Fig. 10(d)). The derivative TGA
curves show two major endothermic peaks at 30-300 °C and
200-600 °C. The two peaks can be attributed to the dehydration and
decomposition of C-S-H and CNCs at elevated temperatures [93].

3.4. Mechanical properties

The elastic moduli of C-S-H and C-S-H/CNC were evaluated
through AFM nanoindentation. Fig. 11 shows the Gauss fitting-based
statistics of elastic moduli. More details about Gauss fitting are pre-
sented in Table S1. The mean value of the elastic modulus of C-S-H is 19
GPa, consistent with the values (16-35 GPa) in Refs. [94-96]. The mean
values of the elastic moduli of C-S-H/CNC increase with the content of
CNCs from 0 to 7 g/L. The mean value of the elastic modulus of
C-S-H/CNC-7 is 56 GPa, which is 2.9 times that of C-S—-H.

The improvement of the elastic modulus is attributed to the rein-
forcing effect of CNCs whose elastic modulus is around 140 GPa [97,98].
Besides, the pores also have an important effect on the elastic modulus.
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Fig. 11. AFM results of the elastic moduli of: (a) C-S-H, (b) C-S-H/CNC-1, (c) C-S-H/CNC-3, (d) C-S-H/CNC-5, and (e) C-S-H/CNC-7; and (f) mean values of the
elastic moduli of C-S-H and C-S-H/CNCs. Error bars represent the standard deviations.
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The consequence of SEM showed that the CNCs effectively diminished
the pores which also increased the elastic modulus. Furthermore, the
strong interfacial interactions between C-S-H and CNCs can further
improve the elastic modulus of C-S-H/CNC.

The flexural strength and flexural strain of C-S-H and C-S-H/CNC-7
were evaluated through three-point bending tests. Fig. 12(a) shows the
stress-strain curves. It was worth noting that such C-S-H/CNC nano-
composite simultaneously achieved high flexural strength and flexural
strain. The flexural strength of the pure C-S-H was 4 MPa, which is
consistent with the value of reference (2-6 MPa) [99]. The flexural
strain of the pure C-S-H was 0.033 mm/mm. For C-S-H/CNC-7, the
flexural strength and flexural strain were 83 MPa and 0.064 mm/mm,
respectively. Compared with the pure C-S-H, the values of flexural
strength and flexural strain of C-S-H/CNC-7 were 21 and 1.9 times as
high as those of pure C-S-H, respectively, as shown in Fig. 12(b) and (c).
Such results can be attributed to the dense and layered microstructures
of C-S-H/CNC. Besides, the rod-like CNCs with large aspect ratio
(10-40) and high tensile strength (7-10 GPa) can bridge nano/-
microcracks, thus slowing the crack formation and propagation [26,
100].

4. Conclusions

Based on the above investigations, the following conclusions are
drawn:

e CNCs can suppress the agglomeration of C-S-H nanoparticles. As the
dosage of CNCs was increased from 0 to 5 g/L, the stability of C-S-H
nanoparticles was largely improved. When the dosage of CNCs
reached 5 g/L, the C-S-H suspension was stable for more than 6
months. Increasing the dosage of CNCs from 5 g/L to 7 g/L sustained
the stability of the C-S-H suspension. The diameters of stabilized
C-S-H nanoparticles were about 20-40 nm, much finer than the
diameters (larger than 800 nm) of agglomerated C-S-H aggregates.
The stabilized C-S-H nanoparticles suspended and formed C-S-H/
CNC suspensions.

Hardened C-S-H/CNC can be produced via the filtration of C-S-H/
CNC suspensions. The generated C-S-H/CNC specimens showed
spatially-ordered layered dense microstructures. Compared with
C-S-H specimens with random porous microstructures, the C-S-H/
CNC nanocomsposites were dense and oriented.

CNGs interact with C-S-H via hydrogen bonds and ion coordination
bonds. In the C-S-H/CNC specimens, CNCs were adsorbed to the
surfaces of C-S—H rather than intercalating inside of C-S-H. This was
revealed by the comparable interlayer spacing of C-S-H and C-S-H/
CNC.

11

e The C-S-H/CNC nanocomposites achieved higher strength and
flexibility, simultaneously, than those of C-S-H. As the dosage of
CNCs increased from 1 g/L to 7 g/L, the elastic modulus was
increased from 30 GPa to 56 GPa, which is 2.9 times that of C-S-H.
Besides, the flexural strength and flexural strain of C-SH/CNC-7 were
21 and 1.9 times higher than those of pure C-S-H. The enhancement
is attributed to the ordered, layered, and dense microstructures of
C-S-H/CNC and the high elastic modulus of CNCs.

Future work

Further research will be conducted to investigate how the highly
ordered, layered, and dense microstructure, such as the layer thickness,
the orientation of the microstructure, and the large-scale factors affect
the mechanical properties (i.e., elastic modulus, flexural properties) of
C-S-H.
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