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Abstract: Cement hydration is the underlying mechanism for the strength development in cement-based materials. The structural and electron-
ic properties of calcium silicates should be elucidated to reveal their difference in hydration reactivity. Here, we comprehensively compared f3-
C,S and M3-C;S and investigated their structural properties and Bader charge in the unit cell, during surface reconstruction and after single wa-
ter adsorption via density functional theory. We identified different types of atoms in B-C,S and M3-C;S by considering the bonding character-
istics and Bader charge. We then divided the atoms into the following groups: for f-C,S, Ca and O atoms divided into two and four groups, re-
spectively; for M3-C;S, Ca, O, and Si atoms divided into four, four, and three groups, respectively. Results revealed that the valence electron
distribution on the surface was more uniform than that on the unit cell, indicating that some atoms became more reactive after surface relaxa-
tion. During water adsorption, the electrons of B-C,S and M3-C;S were transferred from the surface to the adsorbed water molecules through
position redistribution and bond formation/breaking. On this basis, we explained why B-C,S and M3-C;S had activity differences. A type of O
atom with special bond characteristics (no O—Si bonds) and high reactivity existed in the unit cell of M3-C;S. Bader charge analysis showed
that the reactivity of Ca and O atoms was generally higher in M3-C;S than in $-C,S. Ca/O atoms had average valence electron numbers of
6.437/7.550 in B-C,S and 6.481/7.537 in M3-C;S. Moreover, the number of electrons gained by water molecules in M3-C;S at the surface was
higher than that in B-C,S. The average variations in the valence electrons of H,O on B-C,S and M3-C;S were 0.041 and 0.226, respectively.
This study further explains the differences in the hydration reactivity of calcium silicates and would be also useful for the design of highly re-

active and environmentally friendly cements.

Keywords: calcium silicates; Portland cement; hydration reactivity; first-principle calculations

1. Introduction

As an important cementitious material, ordinary Portland
cement is widely used in many areas, such as civil engineer-
ing, water conservancy, and cemented paste backfill [1-4].
Though Portland cement remarkably contributes to global
development, its production is quite energy intensive. For ex-
ample, raw materials (i.e., limestone) should be heated up to
1400°C before cooling and grinding [5]. Consequently,
around 5%—7% of global CO, emissions can be related to ce-
ment production [6]. As such, one of the most critical priorit-
ies of the cement industry is the development of environ-
ment-friendly cement by either increasing its hydration react-
ivity or decreasing its production temperature.

However, achieving these objectives is hindered by the
poor understanding of the cement hydration mechanism, es-
pecially the difference in hydration reactivity. Ordinary Port-
land cement is mainly composed of dicalcium silicate
(CaSi0,, C,S, 15wt%—30wt%) and tricalcium silicate
(Ca;Si0s, C;S, 50wt%—70wt%) [7]. The hydration of C,S
and GC;S is the main reason for the strength development in
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cement-based materials [8—-10]. Although the remarkable
variation in the hydration reactivity of C,S and C;S has been
widely explored [11-13], the reason for their different hydra-
tion reactivities remains poorly understood [14].

Two main types of methods, namely, experimental and
theoretical studies, are used to investigate cement hydration.
Zhang et al. [15] experimentally studied cement hydration by
using a chemical shrinkage test to determine and simulate the
hydration kinetics of cement at high temperature and high
pressure. Wyrzykowski et al. [16] investigated the basic
creep of early cement paste with respect to cement hydration.
However, the accuracy of experimental studies relies heavily
on the bulk characterization of C,S and C;S materials; con-
sequently, the analysis at a single atom level becomes diffi-
cult. Moreover, the availability of high-resolution techniques
limits experimental investigations [17—18]. As such, experi-
mental knowledge about the reaction mechanism at the
atomic level is limited.

Theoretical calculations are essential tools to reveal ce-
ment hydration [19]. As the main techniques in theoretical
calculations, density functional theory (DFT) and molecular
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dynamics (MD) have been widely used to investigate cement
constituents and their hydration. For example, Durgun et al.
[20] investigated the structure of calcium silicates and ana-
lyzed the effect of impurities. Qi ef al. [21-22] and Zhang
et al. [23-24] examined the surface properties of calcium
silicates and single adsorption. Svenum et al. [25] explored
the structure, hydration, and chloride ion entry in C-S-H
through DFT calculations. Cement hydration has also been
studied through many other theoretical calculations in terms
of different aspects, such as the elastic and/or thermodynam-
ic properties of major cement phases [26—27], the influence
of impurity [7,28], and bulk water adsorption on cement sur-
faces [29]. However, C,S and C;S have yet to be compared
comprehensively in terms of their hydration reactivity.

Opverall, the literature is limited in at least the following
ways: (1) differences between B-C,S and M3-C;S in the unit
cell have not been well investigated and discussed; (2) Bader
charge illustrating the reactivity and water adsorption mech-
anism has not been discussed comprehensively, such as in the
unit cell, during surface reconstruction, and after water ad-
sorption; and (3) a comprehensive comparison of low-index
surfaces and single water adsorption of -C,S and M3-C;S
has not been conducted. To resolve these gaps, we compre-
hensively compared B-C,S and M3-C;S through structural
and Bader charge analysis. We believed that this research
could further explain the differences in the hydration reactiv-
ity of calcium silicates and had certain practical significance
for the manipulation of hydration reactivity by using simple
chemical approaches, such as impurity. Moreover, our find-
ings could be useful for the design of highly reactive and en-
vironment-friendly cement.

2. Computational methods

DFT calculation was conducted using VASP version 5.4.4
with the projector augmented-wave (PAW) method [30-31].
In DFT calculation, efficiency and accuracy should be con-
sidered during the selection of the exchange-correlation po-
tential (such as pseudopotential versus full-potential). In the
current study, the Perdew—Burke—-Ernzerhof (PBE) function-
al in the generalised gradient approximation (GGA) was se-
lected after the comparison with PBE,-GGA [22,32-33]. A
detailed comparison of PBE and PBE,,-GGA is provided in
Table S1 in Supporting Material.

The initial structures of f-C,S and M3-C;S were standard-
ized in previous studies [34-35]. The selected valence elec-
trons of H, O, Ca, and Si were 1s', 2s2p", 3p°4s®, and 3s?3p’,
respectively. After the full convergence test, 600 eV and 1.0 x
107 eV/atom were chosen as the energy cutoff and energy
tolerance, respectively. Unit cell relaxation was stopped
when the maximum residual force was less than 0.01 eV/A
on each atom. The k-points of B-C,S and M3-C;S were 4 x 3 x
2 and 3 x 4 x 2, respectively. In the unit cell, -C,S consisted
of 4 Si atoms, 8 Ca atoms, and 16 O atoms, while M3-C;S
contained 6 Si atoms, 18 Ca atoms, and 30 O atoms.

Low-index surfaces were prepared using the optimized
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unit cells. The periodicity of in-plane crystals was preserved
during slab model construction. All surfaces were retained to
be stoichiometric and neutral to avoid polarizing electric
fields effectively [36—37]. The covalent bond between silic-
on and oxygen was preserved during surface cutting because
the breakage of the O-Si bond is energy intensive. When a
low-index surface could be cut in multiple ways, the surface
with the lowest energy was chosen. No symmetrical arrange-
ment on the upper and lower surfaces was found because of
the natural arrangement of atoms. During surface optimiza-
tion, all atoms in the slab model could be relaxed while the
lattice parameters were fixed. The maximum residual force
per atom was 0.03 eV/A for surface optimization, as sugges-
ted in previous studies [38—40]. Dipole correction was also
employed during surface optimization and water adsorption.

The molecular and dissociative water adsorption of f-C,S
and M3-C;S was investigated on all low-index surfaces. The
initial structures of water adsorption on the B-C,S (001) sur-
face were provided in the supporting material as an example
(Fig. S1) [22]. A single water molecule was molecularly or
dissociatively placed on the relaxed surface. Afterward, the
whole slab was relaxed using the same relaxation parameters.
The van der Waals correction was also employed during wa-
ter adsorption calculations, which has been proven to be im-
portant for water adsorption [41]. In the current study, DFT-
D3, which outperforms DFT-D2 in terms of three-body inter-
actions in local geometry, was employed [42].

The adsorption energy (E,) is calculated as follows:
Eua = Ega — ¥ X 2A = Eyer (1)

where E\ is the total energy of the slab after adsorption, 7y is
the surface energy, E... is the energy of isolated water mo-
lecules in the vacuum [43], and A4 is the surface area of the
slab. When E,; is negative, adsorption is favored. The more
negative E, is, the more favorable the adsorption will be
[44-45].

Bader charge calculation is a reliable method for analyz-
ing charge density [46—48]. In this method, the continuous
electron density is divided into regions bounded by the min-
imum values of individual atomic charge densities [49-50].
Through DFT calculation, we obtained the valence electron
information of each atom after calculation. The valence elec-
tron of each atom in the employed pseudopotential minus the
calculated value is the corresponding Bader charge.

3. Results
3.1. Unit cells of B-C,S and M3-C;S

Fig. 1(a) and (b) illustrate the unit cells of B-C,S and M3-
C;S, respectively. Bader charge analysis on B-C,S showed
the following Bader charges: 1.565 or 1.544 for Ca atoms,
3.111 for Si atoms, and —1.540 to —1.561 O atoms. For M3-
C;S, the following Bader charges were obtained: 1.535 to
1.488 for Ca atoms, 3.116 to 3.107 for Si atoms, and —1.406
to —1.570 for O atoms. Ca and Si atoms lost electrons, while
O atoms gained electrons in the optimized unit cells.

Atoms in unit cells were classified into several types by
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Fig. 1. Structure of unit cells: (a) p-C,S and (b) M3-C;S.

considering their Bader charge and bonding characteristics to
present the difference in B-C,S and M3-C;S more clearly.
Tables 1 and 2 summarize the atom types in B-C,S. Ca, O,
and Si had two, four, and one type in B-C,S. For example, 16
O atoms in the unit cell were classified into four categories,
namely, O, to Oy, with 4 O atoms in each category. Bonding
type and Bader charge were considered during classification
(ie., O, and O, had the same bonding type but different
Bader charges). Interestingly, the Si atom was bonded to four
different types of O atoms in the SiO, tetrahedron (Fig. 2).
Tables 3—5 summarize the atom types in M3-C;S. M3-C,S

had a more complex atomic structure in the unit cell. The Si
atoms of M3-C;S were classified into three types based on
the Bader charge. O atoms were classified into four types
based on Si types and bonding information. Among the four
O types, O, had six Ca—O bonds, while O,—O, had three or
four Ca—O bonds and one Si—O bond. Ca atoms could be
classified into four types.

3.2. Low-index surfaces of g-C,S and M3-C;S

Consistent with previous results [22], Fig. 3 shows the
(001) surfaces of B-C,S before and after optimization as an

Table 1. Classification of Ca atoms in -C,S

Type Number of atoms Bonding type (number of bonds) Average Bader charge Schematic
0
Ca;-0; (1) o /
Ca;—0, (1) g .\\O
Ca 4 Car-0; (2) 1.544 " c’—o
Ca;—-04 (2) S
o)
Q o)
Ca,-0, (2) \ L
Ca 4 Car-0, (2) 1.565 On.
: Car-O; (2) : Ca, =0
C3.2*O4 (2) =
o) o) o
Table 2. Classification of O atoms in B-C,S
Type Number of atoms Bonding type (number of bonds) Average Bader charge Schematic
Ca,
0,-Si (1)
01 4 O]—Ca| (1) -1.540 Si—" O, —Ca
0,—Ca, (2) z '
Ca,
Ca,
0,-Si (1) |
02 4 Oz—ca| (1) —1.558 0,
0,Ca, (2) sie” i
Ca,
Ca,
05-Si (1) . |
0; 4 0,Ca, (2) ~1.556 o, —
05—Ca, (2) | '/Cal
Ca,
Si
0,-Si (1) Care {, —Co
0Oy 4 0,—Ca; (2) —-1.561 5
0,~Ca, (2) | ca,

Ca,
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Fig. 2. Structural diagram of Si atom in p-C,S.

example. As illustrated, surface atoms were redistributed in
the x, y, and z directions after optimization. Chemical bonds
were broken and formed. For example, the 6th Ca atom and
the 15th O atom formed a new chemical bond after optimiza-
tion, while the chemical bond between the 15th Ca atom and
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the 3rd O atom was broken. These results indicated that sur-
face relaxation would not only shift the atomic positions but
also create or break chemical bonds.

Fig. 4 shows the comparison of the valence electron distri-
bution of low-index surfaces and unit cells. The valence elec-
tron distribution of the surface was more evenly distributed
than that of the unit cell except for the valence electron distri-
bution of O atoms in M3-C;S, which was quite similar. For
example, the peak of the surface distribution was much high-
er than that of the unit cell. This result indicated that the
valence electron distribution on the surface was more uni-
form than that of the unit cell. With the implication of react-
ivity from Bader charge analysis [21,49], some surface atoms
became more reactive after relaxation.

3.3. Single water molecule adsorption

Our previous study discussed the adsorption configura-

Table 3. Classification of Si atoms in M3-C;S

Type Number of atoms Bonding type (number of bonds) Average Bader charge Schematic
O,
= 0,
. . o0l
Sl] 2 Sll—OQ (4) 3.114 Si;
:
O,
- 0,
NI
Sip 2 Sip-0; (4) 3.115 Si,
!
0,
— 0,
. . Ol D e
Si; 2 Si;—04 (4) 3.106 Si;
!
Table 4. Classification of O atoms in M3-C;S
Type Number of atoms Bonding type (number of bonds) Average Bader charge Schematic
Ca,
I <Ca,
0, 6 0,-Ca (6) ~1.429 Cayiw-O,..,
Y It Ca,
a::Ca4
Ca Ca,
0 8 0811 (1) ~1.561 \o/
2 0,-Ca (3) : V"
Ca, =
Si,
Ca,
Ca, /
03-Si, (1) _ .
05 8 0,-Ca (3) 1.558 Lot O
Si, ,
2 ,,Caz
Si,
. \ Ca,
o, 8 O4-8i; (1) ~1.563 ‘_Of’/

04,Ca(3or4)
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Table 5. Classification of Ca atoms in M3-C;S

Type Number of atoms (average Bader charge) Bonding type (number of bonds) Schematic
0,
Ca;—0; (2) “n, /02
Ca, 4(1.518),2 (1.524) Siiﬁi % ) G —o,
Ca—0, (1) o
0,
@ X
Caz—0| 2
Ca 4 (1 535) 2 (1 488) CarOz (1) \Caz“\\\oz
2 . s . Ca,-O; (2) 04_/ : "---q..____Ol
C32*O4 (1) I %
O,
O,
Ca;-0, (2) g
Ca; 2 (1.520) g:§£§ 8; O, Ca =0
Ca3-04 (2) o™ “o,
O,
o, 0, \04
Ca4—01 (2) /’f_,“ ‘_:.E."
Cas—0, (1) e
Cay 4 (1.529) Cay-Os (1) /‘a \""wo
Ca4704 (3) O] _§‘ o,
0
Before

N h 7

Fig. 3. (001) surface before and after p-C,S optimization.

tion [22]. In the current study, the further structural analysis
indicated that new bonds might be formed between surface
atoms that were not directly involved in adsorption. Fig. 5
shows the structure of B-C,S (001) before and after adsorp-
tion as an example. After water adsorption, the 3rd O atom
created a new chemical bond with the 15th Ca atom below it.
The same phenomenon was observed in several other sur-
faces of B-C,S and M3-C;S. These results demonstrated that
water adsorption caused a more distinguishable reconfigura-
tion of chemical bonds on the surface.

Fig. 6 illustrates the variation in the valence electrons of
Ca, surface O (Ogypace), Water O (Oyuer), HoO after water ad-
sorption on B-C,S and M3-C;S. Only the surface atoms dir-
ectly related to water adsorption were analyzed. The gain/loss

of electrons ranged from —0.037 to 0.135 ¢ for B-C,S and
—0.365 to 0.278 ¢ for M3-C;S. The valence electron of Ca
and Oy, atoms decreased after water adsorption, indicating
that Ca and Oy, atoms lost electrons. By contrast, Oy,
atoms and H,O gained electrons. The electrons of B-C,S and
M3-C;S transferred from the surface to the adsorbed water
molecules. Electron transfer from the surface to absorbates,
such as CO, adsorption on ceria (110) [51] and Ti,C (111)
[52], has also been widely described.

Fig. 7 illustrates the variation in the valence electrons of
H,O on B-C,S and M3-C;S surfaces whenever two adsorp-
tion configurations were observed [22]. The variation in
valence electrons for dissociative adsorption was greater than
that for molecular adsorption. Notably, the water molecule
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Fig. 4. Valence electron distribution of surfaces and unit cells: (a) Ca atoms of §-C,S, (b) Ca atoms of M3-C;S, (¢) O atoms of B-C,S,

(d) O atoms of M3-C;S, (e) Si atoms of B-C,S, and (f) Si atoms of M3-C;S. Note that one formula unit was considered during surface
distribution calculation.

New chemical bond

Fig.S. Structure of the (001) surface of f-C,S before (a) and after (b) surface adsorption.
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Fig. 7. Comparison of molecular and dissociative adsorption
in terms of the variation in valence electrons of H,O on $-C,S
and M3-C;S surfaces.

lost electrons during molecular adsorption on the M3-C;S
surface, but this phenomenon should be investigated in fu-
ture works.

4. Discussion
In this section, the difference between B-C,S and M3-C;S

was discussed with potential implications for hydration react-
ivity.

6F @ T I— [ B-C,S
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4.1. Unit cell comparison of $-C,S and M3-C;S

Fig. 8 shows the valence electrons of Ca and O atoms in
the unit cells of B-C,S and M3-C;S. The valence electrons of
Ca atoms differed in B-C,S and M3-C;S. The number of the
valence electrons of Ca atoms was higher in M3-C;S than in
B-C,S, indicating the higher chemical reactivity of Ca atoms
in M3-C;S than in B-C,S [21,49].

A significant difference was observed in the O atoms. A
comparison between Tables 2 and 5 indicates a special type
of O atom, i.e., the O, type in Table 5, in M3-C;S. More spe-
cifically, the O, type in M3-C;S was not chemically bonded
to Si atoms. Moreover, the number of valence electrons of
this type of O atom was 7.429, which was smaller than that of
the other types of O atoms, indicating the higher reactivity of
0O, [21,49]. In M3-C;S, each Ca was chemically bonded to
two O atoms from the O, type. This special type of O atoms
might also be the underlying cause of the higher reactivity of
M3-CsS.

This special type of O atoms in M3-C;S, that without
chemical bonding to Si atoms, has also been observed in oth-
er studies on the structural analysis of unit cells or surfaces
[23,53-54]. Previous results further indicated the signific-
ance of our findings. For the first time, the current study com-
prehensively compared B-C,S and M3-C;S by considering
structures and Bader charges. The results would be useful for
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Fig. 8. Comparison of the valence electrons of unit cell atoms in p-C,S and M3-C;S: (a) Ca and (b) O atoms.
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future discussions on -C,S and M3-C;S.
4.2. Surface comparison of -C,S and M3-C;S

Fig. 9 illustrates the comparison of the valence electrons
of surface Ca/O atoms in -C,S and M3-C;S after surface re-
laxation. The average numbers of valence electrons of Ca
atoms in B-C,S and M3-C;S were 6.437 and 6.481, respect-
ively, indicating that Ca atoms in M3-C;S were more react-
ive than those in B-C,S. Similar results were observed in O
atoms. In terms of O atoms, the smaller the number of
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valence electrons, the higher the reactivity (7.550 in B-C,S
compared with 7.537 in M3-C;S) [55-57]. The high reactiv-
ity of M3-C;S could also be revealed by the largest/smallest
number of valence electrons of Ca/O. For example, the smal-
lest number of O valence electrons in M3-C;S was 7.376,
whereas that in B-C,S was 7.437. These results indicated that
the most reactive surface Ca/O sites in M3-C;S were more
reactive than those in B-C,S. The surface comparison
between B-C,S and M3-C;S further confirmed the high react-
ivity of M3-C;S, which is consistent with the unit cell results.
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Fig.9. Comparison of the valence electrons of surface atoms in g-C,S and M3-C;S: (a) Ca and (b) O atoms.

4.3. Water adsorption comparison of p-C,S and M3-C;S

Fig. 10 compares the valence electrons of H,O on B-C,S
and M3-C;S after adsorption. The average variations in the
valence electrons of H,O on B-C,S and M3-C;S were 0.041
and 0.226, respectively. These results indicated that the wa-
ter molecule gained more electrons after its adsorption on
M3-C;S surfaces. Furthermore, the chemical reactivity of the
M3-C;S surface was higher than that of the B-C,S surface.
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Fig. 10. Variation in the valence electrons of H,O on g-C,S
and M3-C;S after adsorption.

In future work, the hydration processes of multiple water
molecules on cement surfaces should be investigated. The
correlation between the reactivity and process of hydration
should be further explained. The interaction between a large
number of water molecules with cement surfaces should be
investigated through molecular dynamics.

5. Conclusions

The unit cell, the low-index surfaces, and the adsorption of
a single water molecule on surfaces were investigated
through DFT calculations. Structural property and Bader
charge analysis were performed to provide insights into the
difference in the hydration reactivity of B-C,S and M3-C;S.
Based on the results, the following conclusions could be
drawn.

(1) In B-G,S, Si, Ca, and O atoms were classified into one,
two, and four types, respectively. In M3-C;S, Ca, O, and Si
were grouped into four, four, and three types, respectively.

(2) The valence electron distribution on the surface was
more uniform than that on the unit cell, indicating that some
atoms became more reactive after surface relaxation.

(3) Electrons were transferred from the surface to the wa-
ter molecule. The gain/loss of electrons ranged from —0.037
e to 0.135 ¢ for B-C,S and from —0.365 ¢ to 0.278 ¢ for
M3-G;S.

(4) A special type of O atom was observed in the unit cell
of M3-C;S. It was not chemically bonded to Si atoms and had
a smaller valence electron number of 7.429, which was smal-
ler than that of other O types in -C,S and M3-C;S.

(5) The reactivity of M3-C;S atoms in the unit cell and
surfaces was higher than that of $-C,S. Moreover, the water
molecules in M3-C;S gained more electrons at the surface
compared to B-C,S.
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