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Abstract: Calcium silicate hydrate (C–S–H) is the main
product of cement hydration, which forms the micro-
structure of cement via the stacking of basic nanocrystals
or gel units, and has a substantial influence on the
mechanical performance of cement. Tetrahedron chains
of silicon oxide form the main nanoscale structure of basic
C–S–H units. Evaluation on the nanostructure of these
tetrahedron chains facilitates to understand the source of
cement strength. This article first introduced the atomic
force microscopy-infrared spectroscopy (AFM-IR) tech-
nique into evaluating the nanostructure of C–S–H. The
nano infrared spectroscopy of stacking C–S–H nanograins
and tetrahedron spatial distribution mapping was obtained.
The results demonstrate that the relative quantity of tober-
morite-like and jennite-like units in C–S–H nanograins can
be analyzed by AFM-IR. The stacking between C–S–H par-
ticles is facilitated to a large extent by silicate ( −SiO4

2 ) tetra-
hedron chains formed of three tetrahedrons bridged by two
oxygen atoms (i.e., Q2 chains), and there are Q2 chains
acting as bridges between C–S–H particles. The proportions
of different types of Q2 chains available for facilitating
C–S–H particle stacking vary at the nanoscale. AFM-IR spa-
tial mapping demonstrate that the orientations of these Q2

chains are not evenly distributed. These findings provide
experimental information of the stacking C–S–H gaps.

Keywords: cement, calcium silicate hydrate, AFM-IR,
Q2 tetrahedron chain, deconvolution

1 Introduction

Cement is a widely used bionic material (i.e., artificial bone)
and building material with a long history. The modification
of cement by additives can enhance the performance. The
common successful modifications are preparing cement
composites by addition of polymers, fibers, nanoparticles
etc. Rostami et al. [1] designed the composites of super-
absorbent polymers, polypropylenefiber, andmortars, which
successfully reduce shrinkage. Since the source of cement
strength is related to the microstructure of hydrates, it is
noteworthy that the composites mentioned above can be
enhanced based on a deeper understanding of calcium sili-
cate hydrate (C–S–H) nanostructure, especially nano-che-
mical bonds of C–S–H aggregates.

The main product of cement hydration is C–S–H,
which represents 60–70% of the final product by weight
[2]. And C–S–Hhas a substantial influence on themechan-
ical performance of cement-based materials [3]. Papatzani
et al. [4] summarized the review of the models on the
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nanostructure of calcium silicate hydrates and described
that the basic C–S–H unit has a complex nanoscale struc-
ture formed of silicate ( −SiO4

2 ) tetrahedron chains, and a

very large specific surface area. This −SiO4
2 chain structure

of C–S–H units is what provides cement-based materials
with the necessary mechanical strength for use as building
materials, but is also useful for the development of other
materials, such as biological materials, mortars, and drugs.

Although the nanostructure of C–S–H has been stu-
died for more than one century, there are still debates
about the actual structure of C–S–H. The microstructure
of C–S–H is currently subject to a debate between crystal-
line and gel models. Zhu et al. [5] summarized the review
of crystalline models indicating crystalline C–S–H struc-
ture similar to natural minerals. In contrast, the gel
models consider C–S–H as the progressive accumulation
of nanoscale C–S–H particles to form larger-scale amor-
phous C–S–H colloids that are further accumulated to
form the final gel structure. The review of gel models
was also summarized by Zhu et al. [6]. A comparison of
these approaches indicates that crystalline models focus
more on the nanostructure of the basic C–S–H unit, while
gel models focus more on the way in which basic C–S–H
units stack with each other. These two perspectives can
separately explain aspects of the observed experimental
phenomena, but neither can explain a number of the
features of C–S–H independently. Jennings considered
both crystalline and gel properties to refine the colloidal
model of C–S–H by proposing the widely accepted CM-II
model, which treats C–S–H as a stacking of nanoscale
crystalline units (commonly within 10 nm) [7]. Based on
the recent C–S–H model, Hou et al. [8] investigated the
structure, mechanical properties, and the crack propaga-
tion of the colloidal C–S–H gel at the mesoscale by mole-
cular dynamics simulation, and demonstrated that both
the strength and Young’s modulus grow exponentially
with the increase in the packing fraction which shows
reasonable agreement with the literature. Despite this,
CM-II model still needs more details. The difficulties are
to obtain the real ratios of different crystal units at nano-
scale as well as the lacking experimental information of
chemical bonds between C–S–H stacking particles.

Bulk C–S–H is a layered-like material at nanoscale.
Accordingly, efforts to understand the structure of C–S–H
have also benefited from comparisons with the structures
of naturally occurring layered minerals. Polisi et al. [9]
described that tobermorite and jennite conform to the
CaO–SiO2–H2O system. Huang et al. [10] described the
nanoscale structure of C–S–H in terms of layered tober-
morite-like or jennite-like structures. Zhou and Liang [11]

built C–S–H models by molecular dynamics simulation
and pointed out that C–S–H includes defects in its −SiO4

2

chains. The structure of each layer in tobermorite is
formed of −SiO4

2 chains that are distributed in parallel,
and the middle points of the chains are coordinated by
calcium ions. The outer surfaces of these coordinated −SiO4

2

chains are balanced by water molecules and hydrogen
bonds to form a stable crystal structure of sandwich-like
layers. Jennite has a similar structure to that of tobermorite,
despite their differences, such as different calcium to silicon
ratios and the number of bridging oxygen atoms in the center
layer. Silicon oxide tetrahedron chains are generally described
using the Qn format, where n is the number of oxygen atoms
(usually 1–4) shared by n + 1 tetrahedrons. Zhou et al. [12]
built the tobermorite-like C–S–H models by molecular
dynamics simulation and achieved that the Q2 tetrahedron
is consistent with the measured 29Si magic angle spinning
(MAS) nuclear magnetic resonance (NMR) experiments.

As discussed, −SiO4
2 chains form the main structure

of basic C–S–H units. Accordingly, bonding between
these chains can be expected to affect the stacking of
basic C–S–H units. Zhu et al. [13] described that the

−SiO4
2 chains are mainly connected by covalent bonds.

Sun et al. [14] researched the modification of −SiO4
2 cova-

lent bonds by amine. While the −SiO4
2 chains are evalu-

ated by recent scholars, considerable speculation remains
regarding the bonding between mutually stacked C–S–H
units. The aggregation of C–S–H particles is generally
assumed to be governed by the sum of electrostatic
forces, van der Waals forces, and capillary forces. This
may result in that the mechanical strength and tough-
ness of C–S–H are less than those of −SiO4

2 ceramic mate-
rials involving much stronger covalent bonding and more
extensive tetrahedron chain networks [13]. This cannot
completely exclude the possibility of other structures
existing between the aggregation of C–S–H particles.
Recent studies have revealed that the tobermorite-like
and jennite-like C–S–H are predominantly composed of
Q2

−SiO4
2 chains. Tang and Chen [15] have demonstrated

that Q2 tetrahedron chains represent relative content of
40–70% of the mass in C–S–H samples. Moshiri et al. [16]
found that the relative content of Q2 chains of C–S–H
is 48.0%. Theoretically, covalent bonding interactions
between Q2 tetrahedron chains in C–S–H could mitigate
the disadvantages of C–S–H, such as its low toughness.
Zhou et al. [17] demonstrated the potentially beneficial
effects of the reorganization of Q2 chains at the nanoscale
and mesoscale which indirectly indicate for C–S–H mod-
ified with polyaniline. In addition, the Q2 tetrahedron
chains in C–S–H have been the subject of considerable
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research. For example, Abdolhosseini Qomi et al. [18]
described that the spatial distribution of Q2 tetrahedron
chains in C–S–H has been demonstrated to be nonuni-
form, and the lengths of these chains decreased with an
increase in the Ca/Si ratio. The experiment by Gardner
et al. [19] indicated that Raman specturm was a useful
method to monite the −SiO4

2 covalent bonds of Q2 tetra-
hedron chains. It is noteworthy that a fuller appraisal of
the role of Q2 tetrahedron chains in the stacking of C–S–H
particles requires detailed information regarding the
chemical bonds of each C–S–H nanograins, possible con-
nection between stacked C–S–H particles and the char-
acteristics of Q2 tetrahedron chains at the nanoscale.

Recent studies have revealed the nanostructure of
C–S–H, including crystalline and gel models, types of
C–S–H crystal units, and Q2 tetrahedron chains. However,
the evaluation about the real ratios of different C–S–H
crystal units of 30–100 nm C–S–H stacking particles as
well as experimental information of nanoscale chemical
bonds distribution of Q2 tetrahedron chains is still lacking.

The above-discussed issues can be potentially eval-
uated by applying the atomic force microscopy-infrared
spectroscopy (AFM-IR) technique, which is a newmethod
that combines AFM and Fourier transform IR (FTIR) spectro-
scopy to obtain local detailed structural information at
the nanoscale [20]. For example, AFM-IR has been applied
for observing the chemical bonds of polymer films in situ,
which was researched by Dazzi et al. [21], and the protein
distributions of a virus, which was revealed by Dou et al.
[22], at a 100 nm scale. The standard FTIR spectroscopy
process relies on the optical absorbance of a sample sur-
face to determine the characteristic chemical bonds of the
material based on the wavelength of the incident IR radia-
tion. However, this is a technique suitable only for bulk
material samples. In contrast, AFM can map the topo-
graphy of a sample surface at a spatial resolution of about
10 nm based on minute deflections in the cantilever of
the AFM probe. The AFM-IR technique combines these
two methods, and applies a mechanism denoted as reso-
nance-enhancement to increase the spatial resolution of
FTIR spectroscopy to that of AFM. Zhou [23] pointed that
this mechanism relies on the fact that the absorption of
IR radiation will produce local instantaneous heating at
the sample surface, which can be detected by AFM accord-
ing to the corresponding surface deformation. Gourion-
Arsiquaud et al. [24] believed that the high localization
of this heating signal is guaranteed because only the IR
absorbance of the sample surface near the tip of the AFM
probe makes a significant contribution to the AFM-IR
signal owing to the fact that the amplitude of the high-
frequency vibration of the AFM tip is sensitive to the speed

of the surface displacement, rather than the displacement
itself. Accordingly, any disturbance registered by the AFM
probe depends entirely upon the chemical bonds absorbing
the incident IR radiation, which then provides a nanoscale
mapping of the material bonds at the sample surface. This
makes AFM-IR ideally suited for identifying the character-
istic IR absorbance peaks associated with the Si–O–Si
bonds of Q2 tetrahedron chains, which occur in the wave-
number range of 900–1,200 cm−1 [25].

The present work evaluates the above-discussed issues
by applying the AFM-IR technique to investigate the che-
mical bonds and units of C–S–H nanoparticles. The AFM-IR
spectra captured at isolated points on the surface of C–S–H
samples are analyzed by deconvolution to determine the
relative proportions of Q2 tetrahedron chains associated
with tobermorite-like and jennite-like nanocrystals. This
AFM-IR deconvolutionprovides amethod to obtain the details
of mixture at nanoscale. The orientations of Q2 tetrahedron
chains between C–S–H gel particles are analyzed bymapping
the distribution of Q2 tetrahedron chain orientations within a
400nm × 400nm area of C–S–H sample surfaces, and the
distribution of the missing region of Q2 chains is also ana-
lyzed. In addition, the possible connection between C–S–H
particles is also analyzed. These findings enhance our under-
standing of the stacking of C–S–H particles, and provide
detailed guidance for efforts related to C–S–H modification.

2 Materials and methods

2.1 Synthesis of C–S–H samples

The C–S–H samples were synthesized by mixing aqueous
hydrated sodium silicate (Na2SiO4·9H2O; Sigma-Aldrich,
≥98%) and hydrated calcium nitrate (Ca(NO3)2·4H2O;
Sigma-Aldrich, 99%) solutions. The concentrations of the
prepared aqueous solutions were fixed at 0.2 M. The molar
Ca/Si ratio was 1.0 [26]. In the mixing process, the calcium
nitrate solution was added to the sodium silicate solution
(completing within 180 s) under stirring, and a white pre-
cipitate was formed immediately. The sample was cured at
50°C for 28 days under stirring. Then, the white precipitate
powder was washed twice with deionized water and dried
at 50°C (Figure 1).

2.2 AFM-IR

The C–S–H samples employed for AFM-IR testing were
C–S–H tablets subjected to polishing treatment. C–S–H
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tablets were vacuum impregnated with epoxy resin and
cured at 25°C [5]. These cured samples were then progres-
sively grinded and polished with SiC paper and diamond
wheels [6]. In order to prevent the introduction of impuri-
ties, no polishing liquid was used. All AFM-IR testing
was conducted using a NanoIR2 system (Bruker). The
individual IR absorbance peaks in the 900–1,200 cm−1

band were obtained by deconvolution based on Gaussian
functions. The most prominent IR absorption peak char-
acteristic of Si–O–Si bonds in Q2 tetrahedron chains
occurs at 980 cm−1 [25]. Therefore, we conducted AFM-
IR mapping based on the intensity of IR absorbance at
980 cm−1 to evaluate the spatial distribution of Q2 chains.
The contact resonance frequency was adjusted in real time.

2.3 Other characterization techniques

The crystalline structure of the C–S–H samples was inves-
tigated based on X-ray diffraction (XRD) data obtained
using a D8 ADVANCE powder diffractometer (Bruker) with
graphite-monochromatized Cu-Kα radiation (K = 1.5406Å)
generated at an acceleration voltage of 40 kV and a beam
current of 40mA. Step scanning was conducted in the 2θ
range of 5°–70° with a scan step of 0.02°. We also obtained
detailed information regarding the SiO2 Q2 tetrahedron
chains of the C–S–H samples based on 29Si MASNMR spectro-
scopy experiments conducted using a DD2 600MHz spectro-
meter (Agilent) at a resonance frequency of 119.23 MHz.
We recorded 29Si cross polarization (CP) NMR spectra

using a 4mm probe with a spinning rate of 15 kHz at
room temperature. All 29Si CP-MAS NMR spectroscopy
experiments were conducted with a delay time of 3 s
and a contact time of 1 ms using 5,000 scans. These
results were also subjected to deconvolution based on
Gaussian curves. Talos F200X G2 was used for transmis-
sion electron microscopy (TEM) test. The accelerating
voltage was 200 kV, and a very low electron beam current
were selected.

3 Results

3.1 Characterization of synthesized C–S–H

The XRD results obtained for a representative synthesized
C–S–H sample are shown in Figure 2, and the results are
compared with the standard tobermorite and jennite XRD
peak characteristics. As shown, the d-spacing values
associated with tobermorite peaks (PDF# 83-1520) are
1.139, 0.308, 0.281, 0.183, and 0.167 nm, while the d-spa-
cing values associated with jennite peaks (PDF# 18-1206)
are 1.050, 0.304, 0.278, 0.183, and 0.168 nm. The XRD
results obtained for C–S–H exhibit d-spacing values of
around 1.051–1.145, 0.304–0.306, 0.279–0.282, 0.183, and
0.167 nm, which are consistent with previously reported
results [27]. Accordingly, the d-spacing values obtained
for the C–S–H sample are consistent with those of tober-
morite and jennite [28]. Moreover, XRD peaks associated

Figure 1: Schematic diagram of the preparation process of C–S–H samples.
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with calcium carbonate and calcium hydroxide are not
observed, indicating that these materials do not form in
the synthesis process. Therefore, we can conclude that the
crystalline structure of the synthesized C–S–H sample was
tobermorite-like and jennite-like, and that the basic C–S–H
units are tobermorite-like and jennite-like nanocrystals.

The 29Si CP-MAS NMR spectroscopy results obtained
for a representative synthesized C–S–H sample are pre-
sented in Figure 3 along with the results of peak decon-
volution. The chemical shift of 29Si depends on adjacent
atoms in the local environment. Accordingly, the che-
mical shift peaks at −84.4 and −88.5 ppm are assigned
to Q2 tetrahedron chains [29]. And the chemical shift peaks
at −92.7 ppm is assigned to Q3 chains [30]. We note that

two types of Q2 chains are observedwith different chemical
shifts, and the Q2 chains in the C–S–H sample account for
a very high percentage of 69.2% + 13.7% = 82.9% of the
total area of the chemical shift signal. In light of the XRD
results, these peaks associated with Q2 chains in the
C–S–H sample can be attributed to the tobermorite-like
and jennite-like nanocrystals of C–S–H. This is also sup-
ported by the 29Si CP-MAS NMR spectroscopy results
obtained for tobermorite and jennite [31]. The chemical
shift peaks at −84.4 and −88.5 ppm cannot be specifically
related explicitly to tobermorite and jennite [32]. Chiang
and Chang [33] demonstrate that the Q2 tetrahedron can be
divided into bridging tetrahedra and paired tetrahedra
vacancies in dreierketten chains. Li et al. [34] revealed
that strong hydrogen bonds are favored to form in
C–S–H with high Ca/Si molar ratios. Thus, the chemical
shifts associated with the Q2 sites in both tobermorite and
jennite vary at different spatial positions, which are con-
sistent with the observation of Maeshima et al. [35]. More-
over, defects in the Q2 chains of C–S–H induce differences
in the chemical shifts observed for C–S–H from those
observed for tobermorite and jennite. Nonetheless, the
XRD and NMR spectroscopy results concurrently demon-
strate that the C–S–H samples mainly consist of the Q2

chains of tobermorite-like and jennite-like nanocrystals,
and the 17.1% of the NMR signal attributed to Q3 chains.

The TEM photographs of prepared C–S–H are presented
in Figure 4. In Figure 4(a) and (b), it can be obviously
observed that the C–S–H was foil-like morphology. Kape-
luszna et al. [36] observed this thin, crumpled foils in C–S–H
with the Ca/Si ratio of 1.0. Kong et al. [37] found nanoparticle
size of the C–S–H gels with the same foils. The XRD analysis
in our research demonstrated that C–S–H contains the
crystal units. To obtain more information of these units,
electron diffraction of the selected area is performed in the
red circular area of Figure 4(b) and the results of the poly-
crystalline ring can be observed in Figure 4(c). This indicates
that the C–S–H consists of nanocrystal aggregates. In Figure
4(d), the observed crystal unit is about 5–7 nm. The TEM
analysis demonstrates the existence of crystal units in synth-
esis C–S–H samples, which is consistent with XRD results
and current reference.

A representative AFM image of a 400 nm × 400 nm
surface area of a C–S–H sample is presented in Figure 5.
The figure indicates the presence of distinct C–S–H gel
particles numbered 1–6 with clear boundaries that are
around 20–30 nm in diameter. Jennings established a
nanogel model of C–S–H that considered C–S–H to be
formed from the stacking of 2 nm gel particles into 5.6 nm
basic gel units, which are in turn stacked to form the final
gel structure [6]. From this perspective, the six C–S–H gel

Figure 2: XRD spectra of a representative synthesized C–S–H
sample, and the basic d-spacing peak characteristics of tobermorite
and jennite.

Figure 3: 29Si CP-MAS NMR spectroscopy results obtained for a
representative synthesized C–S–H sample along with the results of
chemical shift peak deconvolution.
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particles with diameters of 20–30 nm in Figure 3 consist of
4–5 basic 5.6 nm-diameter gel units or 10–15 stacked 2 nm-
diameter gel particles. In contrast, the CM-II model [7]
considers C–S–H to be formed from the stacking of basic
tobermorite-like or jennite-like nanocrystal units with dia-
meters of 3–6 nm. From this perspective, the six C–S–H gel
particles in Figure 3 consist of 5–10 basic nanocrystal units.
Both models believe that 30–60 nm particles observed in
Figure 3 are not the basic units of C–S–H. Considering the
XRD and NMR results, the CM-II model was adopted here
for analyzing the nanostructure of C–S–H.

3.2 Nanocrystal-like structure of C–S–H

The structure of C–S–H nano-particle 6 in Figure 5 was
evaluated in situ by AFM-IR at the points labeled IR-I and
IR-II in the figure, and the corresponding AFM-IR spectra
are presented in Figure 6, along with the results of

Figure 4: TEM photographs for the prepared C–S–H. (a) and (b) foil-like C–S–H morphology, (c) electron diffraction of selected area in red
circular area in (b), and (d) 5–7 nm crystal unit.

Figure 5: AFM image of a 400 nm × 400 nm surface area of a
representative C–S–H sample along with distinct C–S–H gel
particles numbered 1–6 and points of AFM-IR spectra collection
denoted as IR-I and IR-II.
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deconvolution in the IR absorbance band between 900
and 1,200 cm−1. The distance between points IR-I and
IR-II is only about 35 nm. Nonetheless, the deconvolution
results differ substantially. The stretching vibration of
900–1,200 cm−1 can be attributed to Q2 tetrahedron of
C–S–H [25]. The results in Figure 6(a) for IR-I indicate
that three absorbance peaks were obtained by deconvo-
lution at 971.8, 1038.2, and 1,172.3 cm−1, which are all
assigned to tobermorite-like Q2 tetrahedron chains, and
one absorbance peak was obtained at 1107.0 cm−1, which
is assigned to jennite-like Q2 tetrahedron chains [38]. The
results in Figure 6(b) for IR-II indicate that three absor-
bance peaks were obtained by deconvolution at 951.8,
1006.7, and 1127.4 cm−1, which are all assigned to tober-
morite-like Q2 tetrahedron chains, and two absorbance
peaks were obtained at 1102.0 and 1060.9 cm−1, which
are assigned to jennite-like Q2 tetrahedron chains [38].
These results indicate that the nanoscale crystal structure
of C–S–H differs substantially at IR-I and IR-II. These
structural differences in the Q2 tetrahedron chains of
C–S–H can be characterized according to the relative
areas under the deconvolved peaks associated with tober-
morite-like and jennite-like crystal structures relative to
the total area, and the ratio (T/J) of the total peak areas
associated with tobermorite-like and jennite-like crystal
structures. These deconvolution results are listed in
Table 1 for the spectra obtained at points IR-I and IR-II.
These results indicate that the proportions of areas asso-
ciated with tobermorite-like and jennite-like units at IR-I
were 84.5 and 15.6% of the total peak area, respectively,
which resulted in a large T/J ratio of 5.41. In contrast, the
proportions of areas associated with tobermorite-like and
jennite-like units at IR-II were 65.3 and 34.7% of the total

peak area, respectively, which resulted in a smaller T/J
ratio of 1.88. It is obvious that both points IR-I and IR-II
were dominated by tobermorite-like crystal units, although
this dominance wasmuch greater at IR-I than at IR-II. These
observations indicate that C–S–H nanograins have a highly
complex nano-structure consisting of different types of
nanocrystals, and the relative quantity of tobermorite-like
and jennite-like units in C–S–Hnanograins can be analyzed
by AFM-IR

3.3 Stacking of C–S–H particles

The stacking orientation of layered minerals has an impor-
tant effect on their mechanical performance. For example,
pearls are formed from layers of calcium carbonate, which
help in increasing the toughness of the shell [39]. This
suggests that the ordered assembly of nanocrystal-like
C–S–H units would be conducive to improving the tough-
ness of the material. From this perspective, the orientation
of the SiO2 Q

2 tetrahedron chains in C–S–H gel particles
can be expected to have an impact on the mechanical
properties of the particles [40]. Therefore, understanding
the orientation of Q2 chains in C–S–H is a prerequisite for
studying the means of enhancing cement toughness by
guiding the formation of the Q2 chain-layered sequence.

Previous studies have demonstrated that stacked
C–S–H particles are restricted to small diameters. For
example, C–S–H particles were found to be restricted to
particle diameters of about 30–60 nm by AFM [15] and
10–30nmby TEM [36,41]. This restriction has been attributed
to the obviously self-limiting growth of C–S–Hmicrocrystals,

Figure 6: AFM-IR spectra collected at positions (a) IR-I and (b) IR-II along with the results of band deconvolution.
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which makes it impossible for growth to progress into
large-scale crystals. The growth of C–S–H microcrystals
is mainly driven by physical surface force that facilitates
the mutual aggregation of nanocrystals. However, the
potential existence of covalent connection between C–S–H
particles remains unclear.

These issues associated with the orientation of Q2 tetra-
hedron chains and stacking in C–S–H particles were inves-
tigated by conducting AFM-IR mapping of the region of
the C–S–H sample shown in Figure 5. These mapping
results are presented in Figure 7(a), and the mapping
results obtained at greater resolution for the region asso-
ciated with C–S–H gel particles numbered 1–6 are pre-
sented in Figure 7(b). Here the color scales represent the
intensity of the signals associated with Q2 tetrahedron
chains at 980 cm−1, as measured in mV, where all colors
from light yellow (0mV) to red (6mV) represent the pre-
sence of Q2 tetrahedron chains, and brown (≤6mV) repre-
sents microcracks.

As shown in Figure 7(a), the six C–S–H gel particles
identified solely by AFM in Figure 5 can be more accu-
rately identified as seven gel particles according to the
AFM-IR mapping results of the region, which provide
superior information for distinguishing boundary regions
between C–S–H gel particles. The detailed information
shown in Figure 7(b) indicates that the chemical bonds

associated with Q2 chains also exist between stacked
C–S–H gel particles. This is particularly evident between
the cluster of particles numbered 1–3, between the brid-
ging particle 4 and particles 3 and 7, and between the
cluster of particles 5–7. This indicates that Q2 chains par-
ticipate in the C–S–H gel particle stacking process. None-
theless, green and blue areas are also clearly observable
in the boundaries between the gel particles. These areas
can be attributed to the missing of Q2 chains with high
concentrations, and their positions at the particle bound-
aries correspond to the particle boundaries observed by
AFM in Figure 5.

The orientations of the connective and the missing
region of Q2 chains observed in the particle boundaries
of Figure 8(a) were evaluated statistically according
to AFM-IR mapping results. This area was selected for
analysis owing to the greater density of connective Q2

chains than that observed in Figure 7(a). Here connective
Q2 chains are assigned to IR absorbance intensities at
980 cm−1 that are greater than 2mV and the missing region
of Q2 chains are assigned to intensities less than or equal to
−1mV. One example is shown in Figure 8(b), which is the
area A marked in Figure 8(a). This selection of high inten-
sity signals can avoid statistical errors caused by insufficient
signal strength. The AFM-IR mapping results present pixel
clusters that are rod-like in appearance, and the prevailing

Table 1: Deconvolution results of tobermorite-like and jennite-like nanocrystals in C–S–H based on Figure 6

Position in Figure 3 Tobermorite-like units Jennite-like units T/J ratio

Peak at IR-I (cm−1) 971.8 1038.2 1172.3 1107.0 5.41
Proportion of total area (%) 18.6 54.9 11.0 15.6
Peak at IR-II (cm−1) 951.8 1006.7 1127.4 1102.0 1060.9 1.88
Proportion of total area (%) 27.5 28.4 9.4 28.9 5.8

Figure 7: AFM-IR mapping results for the region shown in Figure 3: (a) entire region; (b) magnified region associated with C–S–H gel
particles numbered 1–6.
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color of these clusters are therefore indicative of connective
and the missing region of Q2 chains. Here we consider only
pixel clusters with an aspect ratio greater than 1.5 to elim-
inate non-rod-like shapes from the statistical results. The
data was statistically analyzed by Analysis Studio® soft-
ware, which can provide the absorbance intensities and
measure size (accuracy, 0.01 nm). This yielded 77 pixel clus-
ters indicative of connective Q2 chains and 31 pixel clusters
indicative of the missing region of Q2 chains. The definition
of the orientation angle Ɵ applied in the statistical analysis
is illustrated in Figure 8(c), and its range is 0–180°. The
results obtained for the various pixel clusters are presented
in Figure 8(d). For connective Q2 chains, the results indicate
that the highest proportion of orientations (33.8%) are
found with Ɵ values in the range 60–90°, while the orienta-
tion range 150–180° has the next highest proportion (19.4%),
the orientation range 30–60° is third (14.3%), and the
remaining orientation categories account for about 10%
each of the total number of connective Q2 chains. This indi-
cates that the orientation of the detected connective Q2

chains was not evenly distributed over the examined region.
In contrast, the orientations of the missing region of Q2

chains were far more uniformly distributed, with all orienta-
tion categories accounting for between about 13% and 23%
of the total number of missing regions.

4 Discussion

The orientation concentration of Q2 chains in example
regions was discussed. Theoretically, a preferred align-
ment of connective Q2 chains would result in different
mechanical performances for C–S–H samples with respect
to that preferred direction. However, Zhu et al. [6] demon-
strated that C–S–H particles (not units) is an isotropic
material. It is noteworthy that there are various prepara-
tions of C–S–H, which does not affect the isotropic proper-
ties. This may be related to the random alignment of the
missing region of Q2 chains within the C–S–H particle
boundaries, which would tend to enforce isotropy. Of
course, the AFM-IR mapping results presented here cannot
confirm the nature of the missing region, although the
NMR spectroscopy results suggest that the missing regions

Figure 8: AFM-IR mapping results for a separate region near that shown in Figure 5(a): (a) entire region; (b)magnified region associated with
the region marked in Figure 5(a) (c) Illustration of the orientation of connective and the missing region of Q2 chains based on an angle Ɵ in
the range of 0–180°; (d) Distributions of connective and the missing region of Q2 chain orientations in Figure 6(a).
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are likely to be Q3 chains. Nevertheless, the existence of
Q0, Q1, and nanopores in these areas cannot be ruled out.
This is because NMR signals require more atoms of Q0 and
Q1 spinning in the same state to obtain the signal.

The observed orientation concentration of connective
Q2 chains around Ɵ values of 60–90° may be related to the
formation process of C–S–H. In this regard, we note that
Krautwurst et al. [42] postulated that C–S–H is formed
through a heterogeneous nucleation process, where the
C–S–H precursor is first formed and then the precursor
forms nanocrystal-like C–S–H particles. This conceptuali-
zation is consistent with non-static crystallization theory.
In contrast, amorphous crystallization theory postulates
that the precursor is in an amorphous phase that includes
structural fragments similar to the long cured crystals [43].
These structural fragments in the C–S–H precursor induce
the formation of crystalline phases, which represent the
so-called active sites. According to the heterogeneous
nucleation process of C–S–H, these active sites will induce
the formation of nanocrystal-like C–S–H particles. There-
fore, it is reasonable to speculate that the direction of Q2

chain growth may be related to the active sites in the
structural fragments of the C–S–H precursor. It is neces-
sary to mention that the statistical results of mesoscale
regions (≥1,000 nm) may not be conformable to this
research. The reason is that the statistic regions in this
research are composed of nanocrystal-like C–S–H units,
which characters as short-range order structures. And the
mesoscale regions are related to long-range disordered
C–S–H structure. In addition, it is worthy to note that
the statistical data is related with a limited number of
experiments.

The C–S–H is the source of Portland cement strength.
The modification of C–S–H can make up the defects of
C–S–H. Meng et al. [41] found the attachments of nano-
SiO2 aggregates on the surface of the C–S–H gel. Poor
toughness is one of the defects of Portland cement, and
the cause of this can be closely related to the stacking
structure of C–S–H particles. Efforts to address this issue
generally involve C–S–Hmodification on mesoscopic and
nanometer scales. For example, Sun et al. [44] prepared a
cement-based absorbing board with perfectly mechanical–
electrical–magnetic properties by designing the meso-
scopic structure. One of the further property enhancement
method for this cement-based absorbing board is related
to the C–S–H modification at nanoscale. There are some
methods to enhance the strength of cement. The hot-focus
is modifying C–S–H nanostructure by tailoring the pres-
sure, temperature, water content, and adding polymers
[45] such as polyvinyl alcohol, protein, etc. These modifi-
cations are guided by the gel model or crystalline model.

The Q2 chains which act as bridges between C–S–H parti-
cles provide the modifying object to enhance the tough-
ness of the C–S–H. In this respect, if the polymer inserting
C–S–H plays as the “bridging Q2 chains” between C–S–H
particles, the toughness of C–S–H aggregates should
become better. The other contributions to cement chem-
istry are to supplement the experiment information for
CM-II models, such as T/J ratios with 50 nm and chemical
bonds of C–S–H gaps. Therefore, the results of this article
are useful for providing basic theoretical guidance for
C–S–H modification and cement toughness enhancement.
However, the activity of the C–S–H precursor in the for-
mation of Q2 chains requires further detailed exploration.
The AFM-IR provides amethod to obtain the nanostructure
of C–S–H successfully. Actually, there is another similar
testing method called tip-enhanced Raman spectroscopy
(TERS), which combinate AFM and Raman spectroscopy.
TERS needs the detected object to have detection activity,
and the C–S–H needs to be verified or enhanced. Despite
this, the realization about the in situ detection of AFM-IR
and TERS will provide more structural details of the
cement-based materials. In addition, some hypothesis for
cement chemistry is still hard to be certified by the limita-
tion of obtaining in situ nanoscale information, although
they are accepted by many scholars. AFM-IR is a powerful
in situmethod to evaluate the hypothesis in cement chem-
istry at nanoscale.

5 Conclusion

The aggregation of C–S–H particles forms a complex
nanoscale structure, which determines the mechanical
performance of cement. This aggregation is generally
assumed to be governed by physical surface force. The
possible existence of chemical bonding between C–S–H
particles other than that governed by physical surface
force is controversial. The present work applied the AFM-
IR technique to an investigation of the stacking of C–S–H
nanocrystals. The results demonstrated that the relative
quantity of tobermorite-like and jennite-like units in
C–S–H nanograins can be analyzed by AFM-IR. The ratios
of tobermorite-like and jennite-like C–S–H crystals varied
at different points within the nanoscale regions of a C–S–H
sample. The results of AFM-IR spatial mapping revealed
the existence of Q2 chains acting as bridges between
C–S–H particles and the presence of the missing region
of Q2 chains within the C–S–H particles or at their bound-
aries. In addition, the orientations of both connective and
the missing region of Q2 chains were analyzed statistically.
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The orientations of connective Q2 chains were found to be
unevenly distributed at short range, while the orientations
of the missing region of Q2 chains were found to be ran-
domly distributed. The results are useful for providing
basic theoretical guidance for C–S–H modification and
cement enhancement.
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