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Abstract: Calcium silicates are the most predominant phases in ordinary Portland cement, inside
which magnesium is one of the momentous impurities. In this work, using the first-principles density
functional theory (DFT), the impurity formation energy (Eso;) of Mg substituting Ca was calculated.
The adsorption energy (E,q) and configuration of the single water molecule over Mg-doped [3-dicalcium
silicate (3-C,S) and M3-tricalcium silicate (M3-C35S) surfaces were investigated. The obtained Mg-doped
results were compared with the pristine results to reveal the impact of Mg doping. The results show that
the Ef,, was positive for all but one of the calcium silicates surfaces (ranged from —0.02 eV to 1.58 eV),
indicating the Mg substituting for Ca was not energetically favorable. The E,4 of a water molecule on
Mg-doped (3-C,S surfaces ranged from —-0.598 eV to —1.249 eV with the molecular adsorption being
the energetically favorable form. In contrast, the E,q on M3-C3S surfaces ranged from —0.699 eV
to —4.008 eV and the more energetically favorable adsorption on M3-C;3S surfaces was dissociative
adsorption. The influence of Mg doping was important since it affected the reactivity of surface Ca/Mg
sites, the E,q of the single water adsorption, as well as the adsorption configuration compared with the
water adsorption on pristine surfaces.

Keywords: calcium silicates; first-principles DFT; Mg doping; water adsorption; structural and
electronic properties

1. Introduction

Population growth has driven the exponential increase in infrastructure demand, especially in
developing countries like China and India [1,2]. As the main ingredients within construction materials,
ordinary Portland cement (OPC) is thus attracting considerable attention. Many studies have been
conducted not only for the efficient use of OPC, but also to reduce energy consumption and CO,
emission during OPC production [3,4]. However, the fine-tuning of OPC requires a more fundamental
understanding of its hydration mechanism, which is vital for the sustainable development of the
cement industry and effective application of cement-based materials [5].

OPC consists of four main compounds, namely alite (50-70 wt.%), belite (15-30 wt.%), aluminate
(5-10 wt.%), and ferrite (5-15 wt.%). Alite and belite are the impurity-modified constituents of tricalcium
silicate (Ca3SiOs or C35) and dicalcium silicate (Ca;SiOy4 or C,S), respectively. In contrast to aluminate
(CazAl,Og) and ferrite (CayAlyFe, ,Os, 0 < x < 1.4) [6], C3S and C,S are often referred to as calcium
silicates and, in most cases, control the hydration characteristics of OPC [7]. Since phenomenological
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experiments could only provide an overall indicator for the cement hydration reactions, the theoretical
method is a promising alternative to reveal the hydration mechanism of calcium silicates [8].

The structural and electronic properties of calcium silicates have been theoretically investigated
using first-principles calculations or molecular dynamics [9-15]. For example, Durgun et al. [16]
utilized first-principles calculations to reveal the relationship between the reactivity and electronic
structure of calcium silicates. It was found that the high reactivity of C3S originated mainly from
the reactive sites around its more ionic oxygen atoms compared with that of C,S. Laanaiya et al. [17]
conducted a density functional theory (DFT) study to analyze the ground state properties of C3S,
with an emphasis on investigating the reaction mechanism of C3S. Apart from the structural and
electronic properties of calcium silicates, the water adsorption on calcium silicates surfaces, which is
often regarded as the initial step for cement hydration [18,19], has also been studied. For example,
Zhang et al. [13] conducted a DFT study to reveal the single water adsorption on C3S low-index
surfaces and analyzed the electronic properties of the adsorption. Qi et al. [12] investigated the
molecular and dissociative water adsorption on low-index surfaces of both 3-C,S and M3-C3S. Other
relevant studies regarding the water adsorption on calcium silicates surfaces include, but not limited to,
Zhang et al. [20,21], Qi et al. [22], and Wang et al. [23]. However, the above studies mainly focus on the
structural and electronic properties of pure calcium silicates, which is rarely observed in practice [7].

It is known that the most common impurities include Mg2+, AIP*, and Fe3*, which can substitute Ca?*
in calcium silicates [11]. Understanding the role of impurities is vital to reveal the hydration mechanism of
calcium silicates [24]. A number of studies have thus been conducted to investigate the impact of chemical
impurities on the structural and electronic properties of bulk calcium silicates [11,16,25-27]. For example,
Tao et al. [26] investigated the Zn incorporation into silicate clinker using DFT calculations and proposed
two indicators to characterize the Zn-doping mechanism. It was found that the preference of the zinc
substitution was mainly controlled by the overall crystal deformation and local structural distortion.
However, the impact of chemical impurities in the water adsorption over low-index surfaces of calcium
silicates has not been well studied at the atomic level using first-principles DFT calculations.

In this work, the adsorption of a single water molecule over Mg-doped low-index surfaces of
calcium silicates was investigated. Bader charge analysis was performed for the selection of doping
sites and the impurity formation energy (E,,) was calculated. The water adsorption was investigated in
both a molecular and dissociative way. The adsorption energy (E,q) was calculated and the adsorption
configuration was analyzed. Electronic properties, i.e., Bader charge, the partial density of states (PDOS),
and decomposed charge density, were studied to reveal the binding mechanism of the water molecule
over Mg-doped calcium silicates surfaces. A detailed comparison was conducted on the structural
and electronic properties before and after water adsorption, and the results of water adsorption over
Mg-doped calcium silicates surfaces were compared with that over pristine calcium silicates surfaces.

2. Computational Methods

In this work, 3-C,S and M3-C3S morphologies were investigated due to their frequent occurrence
during industrial applications of OPC [28,29]. All first-principles DFT calculations were conducted using the
projector augmented-wave (PAW) method implemented in the VASP code [30-32]. The exchange-correlation
potential was approximated by the Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) [33]. Valence electrons of 3p®4s?, 3s?, 3s23p?, 25?2p*, and 1s! were selected
for Ca, Mg, Si, O and H, respectively. After convergence tests, the kinetic energy cutoff was determined to
be 600 eV and the energy tolerance was set to be 1.0 X 107> eV/atom. The structural relaxation of bulk
calcium silicates was conducted until the maximum residual force on each atom was smaller than 0.01 eV/A.
Interested readers can refer to our previous work [12] for a detailed discussion about the bulk structures of
B-C3S and M3-C3S.

Starting from the relaxed unit cells, low-index surfaces were cleaved with the retaining of the
in-plane crystalline periodicity. Stoichiometry and neutrality were maintained during the surface
cleavage. Moreover, the S5iO4 tetrahedron is preserved since it is energetically costly to break the Si-O
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covalent bond. Multiple cuts were tested to ensure the lowest energy configuration, and the slab and
vacuum thicknesses were verified by convergence tests. The surface relaxation was performed without
considering the symmetry between the top surface and the bottom surface [10]. Dipole correction was
applied during surface calculations and the maximum residual force on each atom = 0.03 eV/A was
used as the converging criterion. For all DFT calculations, the electronic minimization was performed
following the blocked Davidson iteration scheme and the ions updating was performed using the
conjugate gradient algorithm. The surface energy for all low-index surfaces was calculated. Table S1
summarizes the calculation details (i.e., the Brillouin zone mesh) and the surface energy (v) of pristine
low-index surfaces of calcium silicates.

To determine the doping site of Mg, the chemical reactivity of Ca atoms was investigated. In this
work, the Bader charge was calculated for surface Ca atoms since it is well regarded as an effective
way to indicate surface reactivities [34,35]. The surface Ca atom with the highest chemical reactivity,
namely the lowest Bader charge, was selected as the doping site of Mg. The substitution of Ca’* with
Mg?* was performed, and then the surface slab was relaxed. The same DFT settings, i.e., energy cutoff
and maximum residual force, were applied for the Mg-doped surface relaxation. The authors note that
the determination of the substitution site using chemical reactivity was mainly due to the availability
of computational resources. Impurity formation energy (E,,) was used as the indicator to understand
the solubility of the dopants inside host lattice, which can be calculated as follows [36]:

E¢or = Eg (Mg) —Eg (pristine) - Umg + Uca (1)

where Eg(Mg) is the total energy of the Mg-doped slab, Eg(pristine) is the total energy of the pristine
slab model, and pyj and pic, are the chemical potential of Mg and Ca atoms, respectively. The pivg
and pic, were calculated from the total energy per atom in their stable structures, which were relaxed
using the same DFT settings for the unit cell relaxation of calcium silicates.

Molecular water adsorption involved the placement of a free water molecule 3 A above the Mg
atom (Figure 1a). In terms of the dissociative water adsorption, one hydroxyl group was placed 3
A above the Mg atom and the remaining proton was placed 1 A above the adjacent dominating O
atom, whose reactivity was determined by the Bader charge (Figure 1b). For the water adsorption
calculations, the van der Waals correction D3 was also employed [37-39]. The adsorption energy (E,q)
can be obtained using the following equation:

Ead = E’total - Eclean — Ewater (2)

where Ey, is the total energy of the (water + surface) system after adsorption, E ., is the total energy
of the clean surface slab before adsorption, and Eqygtr is the energy of an isolated H,O in a vacuum.
Thermochemically speaking, the more negative of E,4, the more favorable of the adsorption.
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Figure 1. Initial water configuration for the (a) molecular and (b) dissociative water adsorption on the
[3-C5S (100) surface (side view).

3. Computational Results

3.1. Impurity Formation Energy

Table 1 summarizes the calculated Ej,, of Mg substituting for Ca in low-index calcium silicates
surfaces. Almost all cases, except Mg substitution in M3-C3S (111) surface, were characterized by
the positive E¢,,. More specifically, the E¢,, ranged from 0.51 eV to 1.21 eV for -C,S, with 0.51 eV
being observed at (101) and (111) surfaces while 1.21 eV was observed at the (001) surface. In the
case of the Mg substitution in M3-C35 surfaces, the largest E¢,, occurred at the (101) surface (1.58 eV).
A negative Eg,, of —0.02 eV, though quite small, was observed at the M3-C3S (111) surface. From a
thermodynamic point of view, a positive E,, means the substitution is not energetically favorable [36].
Therefore, Mg substitution was unlikely to form under thermodynamically equilibrium conditions for
most low-index surfaces of calcium silicates. On the contrary, only the Mg substitution on the M3-C35
(111) surface was marginally favorable in energy.

Table 1. Impurity formation energy (Es,;) of Mg substituting for Ca in low-index calcium silicates surfaces.

Calcium Low-Index Ec (eV) Calcium Low-Index E. (eV)
Silicate Phase Surfaces for Silicate Phase Surfaces for

(100) 0.82 (100) 0.46
(010) 0.74 (010) 0.53
(001) 1.21 (001) 0.76

B-CoS (110) 0.78 M3-C3S (110) 0.19
(101) 0.51 (101) 1.58
(011) 0.94 (011) 0.48
(111) 0.51 (111) -0.02

3.2. Adsorption Energy

In this section, we present our theoretical results for the E,q of the H,O over Mg-doped surfaces
of B-C,S and M3-C3S. The calculated E,q are listed in Table 2.
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Table 2. E,4 (eV) of a single H,O over Mg-doped surfaces of 3-C,S and M3-C3S.

B-C,S Dissociated Free M3-C3S Dissociated Free
(100) —1.249 (D) (100) —-1.624 (D) —-0.699 (M)
(010) -0.869 (D) -0.937 (M) (010) -1.786 (D) -0.938 (M)
(001) —0.994 (M) —-0.915 (M) (001) -1.708 (D) —-0.868 (M)
(110) -0.952 (M) (110) -3.028 (D) —-1.089 (M)
(101) —0.765 (M) —-0.831 (M) (101) —4.008 (D) -2.711 (D)
(011) —-0.598 (D) -1.116 (M) (011) -2.192 (D)

(111) —-0.982 (M) -0.817 (M) (111) —1.454 (D)

Note: Dissociated and free represent the initial configuration of the H,O, M, and D in the brackets represent
molecular and dissociative adsorption, respectively, after relaxation.

For the H,O adsorption over (3-C,S surfaces, the E,4 ranged between —1.249 eV (dissociative
adsorption on <100> surface) and —0.598 eV (dissociative adsorption on <011> surface). The hydroxyl
group and the proton approached each other and formed a water molecule on 3-C,S (001), (110),
(101), and (111) surfaces. In contrast, dissociation of the H,O was only observed over the 3-C,S (100)
surface. Although the dissociative adsorption over the (3-C,S (100) surface was found to be the most
energetically favorable, molecular adsorption was generally more favorable considering the E,4 of
other 3-C,S surfaces.

Though molecular adsorption was observed for the adsorption of water on (3-C2S (001), (101),
and (111) surfaces regardless of the initial water configuration, the final adsorption configuration was
different. Figure S1 illustrates the final adsorption configuration on the 3-C2S (001) surface as an
example. The difference in the adsorption configuration led to the difference in the Ead.

Dissociative water adsorption was found to be more energetically favorable than molecular water
adsorption over M3-C35S surfaces. The most negative E,4 (—4.008 eV) was obtained at the dissociative
adsorption over the M3-C35 (101) surface while the least negative E,q (—0.699 eV) was obtained at the
molecular adsorption over the M3-C3S (100) surface. The dissociation of the H,O was observed at
M3-C3S (101), (011), and (111) surfaces while no reformations of H,O from the hydroxyl group and
the proton were observed. The above results imply the dissociative adsorption was more stable and
energetically favorable on M3-C3S surfaces, which agrees well with the results in the literature [12,22].
Moreover, the E,q of M3-C3S surfaces was much more negative than that of 3-C;S surfaces, indicating
the H,O adsorption on M3-C3S surfaces was stronger than that on 3-C,S surfaces.

3.3. Adsorption Configuration

Table 3 summarizes the adsorption configuration of the HyO over 3-C,S surfaces. In most cases,
bonding was found between the surface Mg atom and the O atom from the water molecule (Oy,).
The Oy, was attracted to surface Ca atoms in the molecular adsorption on (011) and (111) surfaces,
indicating the Ca-Oy, bond was more favorable than the Mg-O,, bond in these two cases. Both Ca-O,,
and Mg-O,, bonds can be formed simultaneously for dissociative adsorption, which was not observed
during the molecular adsorption.
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Table 3. Adsorption configurations of the H,O over Mg-doped (-C,S surfaces with respect to the
adsorption energy in eV.

Surfaces Summary of Bonding
(100) —-1.249D: Mg-O,,, Ca-Oy, Os-Hg, Ow-Hqg
(010) —-0.869D: Mg-Oy,, Os-Hy, Ow-Hg; —0.937M: Mg-Oy,, Os-H
(001) —0.994M and —0.915M: Mg-Oy, Os—H
(110) —-0.952M: Mg-Oy, Os—H
(101) —0.765M and —0.831M: Mg-O,,, Os—H
(011) —0.598D: Mg-Oy,, Ca-Ow(2), Os-Hy, Os-Hg; —1.116M: Ca-Oy,
(111) —0.982M: Ca-Oy,, Os-H(2); —0.817M: Ca-Oy,, Os-H

Note: abbreviations in bold represent the adsorption energy (the number) and adsorption type (D stands for
dissociative and M stands for molecular); Oy, represents O atoms from the water molecule, Os represents surface
O atoms, Hq represents the dissociated proton, ’-* represents bonds formation, ‘- represents the two atoms are
attracted to each without bond formation; the hydroxyl group from the water molecule is not shown for clarity.

The dissociated proton (Hg) was attracted to a surface O atom (Os) of the calcium silicates. Moreover, the
dissociative configuration was also influenced by O,y and Os atoms. Although the adsorption configuration
was mainly influenced by the Ca-O,, or the Mg-O,, bond for the molecular adsorption, the attraction
between Og and H was also crucial, such as on 3-C,S (010) and (111) surfaces.

Table 4 summarizes the adsorption configuration of the single water molecule on M3-C3S surfaces.
As shown, the dissociative adsorption was mainly characterized by the Ca-O,, bond, the Mg-O,, bond,
the Os-Hy bond, or was influenced by the attraction between Os and Hy. In contrast, the configuration
of the molecular adsorption was influenced by the Mg-O,, bond, and in some cases such as (010) and
(001), also influenced by the attraction between Os and H. The adsorption configurations for the most
energetically favorable dissociative and molecular adsorptions are illustrated in Figure 2 as an example.

3.4. Partial Density of States

To reveal the bonding mechanism between the water molecule and surfaces, the partial density
of states (PDOS) of atoms involved in the fresh-bond formation was analyzed. Figure 3a illustrates
the bonding associated with the O,y atom during the dissociative adsorption over the 3-C,S (100)
surface. Oy, 2p orbital overlapped with Ca 4s and Ca 3p orbitals near the Fermi energy during the
Ow-Ca bond formation. Similarly, overlapping was observed between O,, 2p orbital and Mg 3s orbital
for the Ow-Mg bond. It is noted that the O,y 2p orbital also overlapped marginally with Hy 1s orbital,
indicating the Oy, and Hy were attracted to each other.

Table 4. Adsorption configurations of the H,O over Mg-doped M3-C3S surfaces with respect to the
adsorption energy in eV.

Surfaces Summary of Bonding
(100) —1.624D: Mg-Oy, Ca-Oy(2), Os—Hg; —0.699M: Mg-Oy
(010) —1.786D: Mg-O,,, Ca-O, Os-Hg; —0.938M: Mg-O,y, Os—H
(001) —1.708D: Mg-Oy, Ca-Ow(2), Os-Hy, Ow—Hg; —0.868M: Mg-O,,, Os—H
(110) -3.028D: Mg-O,,, Ca-Oyy, Os-Hg, Os—Hyg; —=1.089M: Mg-O,y
(101) —4.008D: Mg-Oy,, Ca-Oy, Os-Hg; —2.711D: Mg-Oyy, Ca-Oy(2), Os-Hyg
(011) —2.192D: Mg-Oy, Ca-Oy, Os-Hg, Ow—Hg
(111) —1.454D: Ca-Oy, Os-Hy, Ow—Hy

Note: abbreviations are explained in Table 3.
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Figure 2. Water adsorption configuration of: (a) dissociative adsorption on the 3-C»S (100) surface,
(b) molecular adsorption on the 3-C;,S (011) surface, (c) dissociative adsorption on the M3-C3S (101)
surface, and (d) molecular adsorption on the M3-C3S (100) surface. Note: 1—side view and 2—top view.

The O;-Hgq bonding was mainly originated from the overlapping between O 2p and Hy 1s orbitals
(Figure 3b). Moreover, Os 2s orbital overlapped marginally with Hy 1s orbital at around -5 eV. In the
case of the molecular adsorption over 3-C,S (011) surface, the orbital overlapping was similar to that
during the dissociative adsorption, which was the Oy, 2p orbital overlapping with Ca 4s and Ca 3p
orbitals (Figure 3c). Similar orbital overlapping was observed during the water adsorption on other
low-index surfaces of calcium silicates.

To summarize, the Ow-Mg bonding originated from the overlapping between O, 2p orbital and
Mg 3s orbital, the Ow-Ca bonding originated from the overlapping between O,y 2p orbital and Ca
4s/3p orbitals, and the Os-Hg bonding mainly originated from the overlapping between Os 2p and Hqg
1s orbitals. The authors note that the PDOS results might show some difference with the results in
the literature, such as in [40] and [27], due to the difference in DFT computational settings. Moreover,

the PDOS near the conduction band minimum was not discussed since the overlapping was not as

significant as that near the valence band maximum.
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Figure 3. Partial density of states (PDOS) of the water adsorption on the Mg-doped (3-C,S (100) and (011)
surfaces: (a) dissociative adsorption on the Mg-doped (3-C,S (100) surface-Oy, bonding, (b) dissociative
adsorption on the Mg-doped 3-C,S (100) surface-Hgq bonding, and (c) molecular adsorption on Mg-doped
-C5S (011) surface. Note: right sub-figures are enlarged representations of regions in the box and the
Fermi energy was set at 0.00 eV.

4. Discussion

4.1. What Does the Positive Eg, Imply?

As indicated in Table 1, the E¢,, of Mg substituting for Ca was positive for most cases, indicating
such a substitution was energetically unfavorable. However, Mg substitution in the current study
was only used to investigate the influence of Mg substitution on water adsorption. In reality, the Mg
substitution occurs in the solid solution during the cement production. Under such circumstances, the
raw materials are heated up to 1400 °C [7,41], which can promote the Mg substitution in bulk and at
the surface.

Moreover, the main objective of Mg substitution is in the polymorphic modification. A higher
proportion of MgO during C3S crystallization stabilizes the M3 phase [7]. In the case of C,S, Chan et al. [42]
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found that the ionic substitution is vital in stabilizing the polymorphic form of C,S other than v, the only
stable form at room temperature without impurities [7].

4.2. Comparison before and after Water Adsorption

In this section, the change of structural and electronic properties of low-index surfaces after water
adsorption is analyzed. Figure 4 illustrates the bond length distribution of surface Mg-O before and
after water adsorption. An increase in surface Mg-O bond length was observed after water adsorption,
indicating the weakening of surface Mg-O bonds [12]. More specifically, the average Mg-O bond was
increased by 0.007 A after the dissociative water adsorption over (3-C,S low-index surfaces. In contrast,
the average Mg-O bond was increased by 0.043 A after the molecular water adsorption over 3-C,S
low-index surfaces. The above results imply the molecular adsorption could weaken the surface Mg-O
bond to a larger extent for 3-C,S surfaces.

8 12
(a) 2047 (b) 2.072
[ Before adsorption 0 [0 Before adsorption
[ After adsorption [0 After adsorption
6 -
8
E E
2. K
o v
44
24 [\
2 A
. : i
19 20 2.1 22 23 24 13 20 2.2 24
Bond length /A Bond length /A

(c)

[ Before adsorption
I Afier adsorption

[ Before adsorption
[ After adsorption

2,106

Count
Count

1.9 20 21 22 2.3 24 1.9 20 21 22 23
Bond length /A Bond length /A

Figure 4. Distribution of surface Mg-O bond length that was involved in water adsorption: (a) dissociative
adsorption on 3-C;S surfaces, (b) molecular adsorption on (3-C,S surfaces, (c) dissociative adsorption on
M3-C35S surfaces, and (d) molecular adsorption on M3-C3S surfaces.

In the case of the Mg-O bond length on M3-C3S surfaces, a 0.043 A and 0.006 A increase was
found for the dissociative adsorption and molecular adsorption, respectively. Dissociative adsorption
was better at weakening surface Mg-O bonds than molecular adsorption for M3-C3S surfaces. Since the
weakening of surface bonds implies the increasing probability of bond breakage, the dissolution of Mg
was promoted after the water adsorption [22]. Furthermore, molecular adsorption is more beneficial to

Mg dissolution in 3-C,S surfaces while dissociative adsorption is more beneficial to Mg dissolution in
M3-C3S surfaces.
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Figure 5 illustrates the effect of water adsorption on the Bader charge of surface atoms that were
involved in the bond formation. As shown, the Bader charge of surface Mg, Ca, and O; increased after
water adsorption, indicating a decrease of electrons. In contrast, the O, and Hy accepted electrons,
resulting in a decrease of the Bader charge. Taking 3-C,S as an example, the Bader charge of Mg, Ca,
and O; was increased from 1.665 eV, 1.564 eV, and —1.590 eV, respectively, to 1.670 eV, 1.585 eV, and
—1.495 eV. The above results indicate that the electron is transferred from the surface to the H,O upon
adsorption, which agrees well with the results in the literature [12,13,22].
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Figure 5. The influence of water adsorption on the Bader charge of surface atoms that were involved
in the bond formation: (a) 3-C,S surfaces, and (b) M3-C3S surfaces. Note: numbers in the box are
mean values.

The electron transfer can also be indicated by the decomposed charge density. In the current
study, the decomposed charge density distribution around the top of the valance band (ptyg, —6 eV
to 0 eV) and around the bottom of the conduction band (pgcg, 0 to 3 eV) was analyzed before and
after water adsorption. Figure 6 illustrates the results of the molecular adsorption over the 3-C,S
(011) surface as an example. The pyyp and ppcp of surface and water atoms were changed during the
water adsorption. The comparison between the density of ptyp and ppcp before and after adsorption
indicates the electron transfer from the surface to the H,O.

4.3. Comparison with Pristine Low-Index Surfaces of Calcium Silicates

In this section, the Mg-doped surfaces are compared with pristine surfaces to reveal the role of
Mg doping in the water adsorption over calcium silicate surfaces. As shown in Figure 5, the average
Bader charge of Mg in 3-C,S surfaces and M3-C3S surfaces was 1.665 eV and 1.635 eV, respectively.
Compared with the Bader charge of surface Ca atoms (around 1.5 eV as shown in Figure 5 and in
the literature [12]), the Mg site might be less reactive than the corresponding Ca site. The reactivity
of surface Mg and Ca sites can also be revealed by the decomposed charge density. It can be seen
from Figure 6c that the pgcg was mainly distributed around surface Ca atoms, implying the surface Ca
atoms were more reactive than surface Mg atoms under nucleophilic attack.

Figure 7 illustrates the comparison of the E,q of the single water adsorption on pristine and
Mg-doped (3-C,S and M3-C3S surfaces. Generally speaking, the E,q became less negative after the
Mg impurity (lighter color in the upper two rows compared with the lower two rows, as shown in
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Figure 7). In the case of 3-C;S (100), 3-C»S (001), M3-C3S (101), and M3-C3S (011) surfaces, the E g
became more negative.

Figure 6. Decomposed charge density of the molecular adsorption on the 3-C,S (011) surface: (a) prvs
before adsorption, (b) pryp after adsorption, (c) ppcp before adsorption, and (d) ppcp after adsorption.
Note: isosurface level was 0.05 eV for pryg illustration and 0.02 eV for ppcp illustration.

Mg-doped_dis

Pristine_free

Pristine_dis

Scale

(b)

Mg-doped_free

-0.6800

Mg-doped_dis 4

-zom

Pristine_free

Pristine_dis

-4.008

Figure 7. Comparison of E,q of a single water molecule on pristine and Mg-doped surfaces of: (a) 3-C,S,
and (b) M3-C3S. Note: the dis and free in the y-axis represents dissociated water and free water in the
initial configuration.
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The authors note that the more negative E,4 after Mg impurity on 3-C,S (100), 3-C»S (001), M3-C3S
(101), and M3-C35 (011) surfaces is not due to the Mg-O,, bonding was more energetically favorable
than Ca-Oy,. Instead, more bonds were formed on these Mg-doped surfaces. More specifically, the
coexistence of Mg-O,, and Ca-O,, bonds, as well as the attraction between H and O even for the
molecular adsorption, led to the more negative E,qg.

The influence of Mg doping on the water adsorption can also be indicated by the water configuration.
For one thing, the water adsorption could be influenced by the adjacent Ca site to a larger extent on the
Mg-doped surfaces than the pristine surfaces. In some cases, the water molecule is absorbed into the
adjacent Ca site even if it is placed above the Mg site in its initial configuration (Figure 2b). Figure 8
illustrates the difference between the dissociative adsorption configuration over the M3-C3S (111) surface.
As shown, the Oy, was attracted to one adjacent Ca site on the Mg-doped surface, instead of shared by
three Ca sites on the pristine surface. The reason for such a difference in adsorption configuration is due
to the relatively low reactivity of the Mg site, as discussed in Section 4.1. Therefore, the adjacent Ca site
could be much more reactive compared with the Mg site, resulting in the water adsorption around the
adjacent Ca site.

(a-1 side view) (a-2 top view) .

Figure 8. The dissociative adsorption configuration on the M3-C3S (111) surface of: (a) pristine surface,
and (b) Mg-doped surface.

Another influence of Mg doping on the adsorption configuration could be revealed by comparing
Tables 3 and 4 with Table 6 in the literature [12]. As shown, water reformation from H* and OH~
was not as frequently observed on Mg-doped 3-C,S surfaces than on those pristine ones. On the
pristine (3-C,S surfaces, water reformation was observed on most surfaces, except the (011) surface.
However, such water reformations were not observed on the (100), (010), and (011) Mg-doped surfaces.
Moreover, water dissociation occurred on the 3-C,S Mg-doped (100) surface, which was not observed
on the pristine surface. The frequency of water dissociation on M3-C3S was quite similar on pristine
and Mg-doped surfaces, even though occurring at different surfaces. The water reformation and
dissociation are influenced by the relaxed surface structure, which in turn affect the energy barrier for
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such a process. Thus, a detailed discussion about the influence of Mg doping on the water reformation
and dissociation would require further calculations and analysis.

5. Conclusions

In this work, using first-principles DFT calculations, we investigated the influence of Mg doping
on the water adsorption over calcium silicates surfaces. Both molecular and dissociative adsorption
were analyzed, and the influence of water adsorption was investigated. A detailed comparison
between Mg-doped and pristine surfaces, both in terms of surface structures and water adsorption,
was conducted. The following conclusions can be summarized based on the calculated results:

1.  The Ef,; of Mg substituting for Ca ranged 0.51 to 1.21 eV on 3-C,5 surfaces and —0.02 to 1.58 eV
on M3-C3S surfaces.

2. The E,q of an H,O over Mg-doped surfaces of 3-C»S and M3-C3S ranged from —0.598 to —1.249 eV
and —0.699 to —4.008 eV, respectively. Generally speaking, molecular adsorption was more
energetically favorable on (3-C;S surfaces and dissociative adsorption was more favorable on
M3-C3S surfaces.

3. Molecular adsorption was characterized by the Mg-O,, bond and/or the Ca-O,, bond, and in
some cases, was also influenced by the attraction between Os and H. Dissociative adsorption was
mainly characterized by the Ca-O,, bond, Mg-O,, bond, Os-Hq bond, or was influenced by the
attraction between Og and Hy.

4.  Ow-Mg bonds were originated from the O,, 2p orbital and the Mg 3s orbital, Ow-Ca bonds
were originated from the O,, 2p orbital and the Ca 4s/3p orbitals, and Os-Hgq bonds was mainly
originated from the Os 2p and the Hy 1s orbitals.

5. Water adsorption increased the bond length of surface Mg-O and promoted the Mg dissolution.
Such a bond-weakening effect was more evident for the molecular adsorption over 3-C,S surfaces
and the dissociative adsorption over M3-C3S surfaces. The electron transfer was observed from
the surface to HyO upon adsorption.

6. Mg doping influenced the reactivity of surface Ca/Mg sites, the E,q of the single water adsorption,
as well as the adsorption configuration compared with the water adsorption on pristine surfaces.

In the future, the influence of Mg concentration on the water adsorption should be investigated.
Moreover, a systematic study should be performed to determine the substitution site for more
representative results. Finally, more adsorption sites could be investigated to better reveal the influence
of Mg substitution on the water adsorption.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/8/665/s1,
Figure S1: Water adsorption configuration on 3-C2S (001) surface: (a) —0.994 eV, and (b) —0.915 eV. Please refer to
Figure 1 for the atom type, Table S1: Calculation details and the surface energy of pristine low-index surfaces of
calcium silicates.
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