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ABSTRACT: Tricalcium silicate (Ca;SiOs) is heavily used in industry as it is the most
predominant constituent in Portland cement clinkers. In this work, using ab-initio calculations, we
assess the ability of a large selection of substitutions to modify the electronic structure in the M3
polymorph of tricalcium silicate. We demonstrate the relation between electronic structure,
hybridization of the impurity orbitals, and charge transfer from impurity atoms to the bulk material.
Our work suggests that charge localization upon introducing impurities can passivate the reactive

sites and several such substitutions are identified.

B INTRODUCTION

Tricalcium silicate (Ca;SiOs or C,S) is considered to be the
most predominant compound in ordinary Portland cement
clinkers, at ~50—70 wt %."* C,S is usually chemically modified
upon substituting with impurities, forming a solid solution
which is called alite. The amount and content of the impurities
in C;S can determine the physical and chemical prog)erties of
the resulting cement such as hydration reactivity,” > poly-
morphism," corrosion resistance,” and elastic properties.® From
the energy consumption perspective, among other phases in
cement, producing C;S requires the highest processing
temperature, which accounts for roughly 5% of global CO,
emissions.” As it is also the most reactive, a substantial amount
of C;S is necessary to have satisfactory early setting
properties.”> Much effort has been spent developing cement
using industrial waste products that can provide the same
reactivity properties as ordinary Portland cement clinkers,
although these products introduce a wide range of impurities to
different phases in the cement.® Although several impurities
have been found to decrease the reactivity of C,S, thus
decreasing performance even when used in trace amounts, a
comprehensive understanding of the chemical behavior of
different impurities in C5S is still lacking,” Experimental studies
in the field mostly focus on the effect of different impurities by
examining their volatility during production as a measure of
their incorporation into different phases. However, probing
different phases in cement with such impurities can be
challenging, and conflicting results can be open to interpreta-
tion due to the complexity of the material itself.'’

In this paper, we use quantum mechanical computational
methods to analyze the structural and electronic properties of
C;S. We examine the changes in the electronic structure, upon
introduction of a wide range of impurities. Such properties of
different substitutions in the dicalcium silicate (Ca,SiO, or
C,S) structure including a preliminary comparison between
alite and belite (second most compound in portland cement)
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structures for the Mg, Al, and Fe substitutions has already been
examined by Durgun et al.® In this work we build upon this
methodology and extend the range of impurities investigated in
alite substitution. We additionally support these hypotheses
with partial density of states analyses and suggest a relation
between the electronic structure of some impurities and their
atomic radii.

B COMPUTATIONAL DETAILS

We performed calculations using density functional theory
(DET),'""* using the projector augmented plane wave
method"® (PAW) implemented in the VASP'*'® package.
The Perdew—Burke—Ernzerhof (PBE) generalized gradient
approximation'® is used to calculate the exchange correlation
energy with a 500 eV kinetic energy cutoff for the plane wave
basis set. A 4 X 4 X 4 k-point grid centered at the gamma point
is chosen for sampling the Brillouin zone, which was sufficient
to converge energies to within 107 eV per atom in the unit
cell. For supercell calculations the density of k-points was scaled
accordingly. Structural minimization using a conjugate gradient
approach was carried out until the maximum force component
on each atom was smaller than 107 eV/A. For atomic basin
charge analysis of the relevant structures, we use the Bader
charge analysis.'”'®

B RESULTS AND DISCUSSION

In order to examine the effect of impurities on the C;S phase,
we examine its monoclinic M3 (M3-C;S) polymorph, which is
considered to be the most frequently observed in industrial
applications, constituting 50—70%." In this unit cell there are
18 Ca, 6 Si, and 30 O atomslg(see Figure S1 in the Supporting
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Figure 1. Band decomposed charge densities at the valence band maximum and conduction band minimum, pygy and pegy, of M3-C5S for (a),(b)
pure; (c),(d) Mg; (e),(f) AL; and (g),(h) Fe doped structures. Green spheres indicate Ca; blue spheres indicate Si; red spheres indicate O; and

A o g . 2
orange spheres indicate respective impurity atoms in each figure.”*

Information). Twenty-four oxygen atoms in the unit cell are
bonded to neighboring silicons in a tetrahedral orientation with
bond distances of 1.64—1.67 A, while the remaining six oxygens
are ionically bonded to calcium atoms in octahedral
coordination with significaltly longer bond distances of 2.33—
248 A. We use the experimental unit cell in ref 19 with lattice
parameters a = 12.22 A, b=7.08 A, c=9.30 A, and ff = 114.93°
as the starting unit cell for the ionic relaxation calculations
using DFT. Our computed lattice parameters yield a = 12.21 A,
b=711A,c=923 A, and = 116.08°, in good agreement with
experimental data.

Within the framework of DFT, the Fukui function has been
generalized from frontier molecular orbital theory of chemical
reactivity to the charge density description for bulk systems.*’
Under a constant external potential, 2/(r), the Fukui function
f(r) can be described as the change in the electron density p(r)
at each point r with respect to the differential change in the
total number of electrons, N, in the system: f(r) = (dp(r)/
()N)y(,).zl Because of the well-known derivative discontinuity
problem,*” the Fukui function has one-sided limits when it is
approached from left and right at constant number of total
electrons. Therefore, electrophilic attack, which causes an
electron decrease in the system, is defined as f(r) = (dp(r)/
ON),,» and nucleophilic attack which causes an electron
increase in the system is defined as f*(r) = (dp(r)/0N);,. For
bulk systems, using the finite difference method, these
quantities can be approximated as the following: f (r) =
p(r)vem and f(r) = p(r)cpwy where VBM stands for valence
band maximum and CBM is conduction band minimum.*

It has been shown that the Fukui function can be used to
identify charge localized §ions, which can be used to tailor
reactive sites in a system.”>**** In a similar fashion to frontier
molecular orbital theory, regions where the value of the Fukui
function is larger will more likely undergo an external chemical
attack and be more reactive than the rest of the system. The
spread of the Fukui function can also provide useful
information regarding the degree of localization for chemical
activity in such sites. It has been reported that the presence of
ionically bonded oxygens in C;S yields a higher reactivity
compared to C,S, due to the fact that there are no ionically
bonded oxygen atoms C,S and that covalently bonded silicate
tetrahedra in both systems do not influence reactivity.>* With
these findings we can postulate that the reactivity of C;S could
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be enhanced by concencrating pcpy and pygy on the ionic
components, Ca** and O7, respectively. However, if the
substitution induces pcpy and pygy to concencrate mostly on
impurity atoms, this will localize the reactive sites on the
impurities and could affect hydration kinetics adversely.
Therefore, identifying the impurity atoms which cause heavy
localization on their substitution sites may be useful to
determine impurity atoms that will suppress the reactivity of
alite. We note that the electronic state structure picture
presented here, while useful for gaining understanding of the
changes in reactive sites upon chemical substitution, may not
correlate directly with the hydration dynamics of the same
surface. For that, dynamical effects that include both chemical
changes as well as possible surface topological changes must be
taken into account, and will be the subject of future work.
We examine several doped C;S structures with the impurities
Mg, Al, and Fe, since their oxides are the most prominently
found foreign oxides in calcium silicate phases.' It is reported
that the maximum amounts of impurities that can be contained
in M3-C,S vary with the type of impurity.' However, we note
that the aim of this study is not to model alite under realistic
impurity concencrations but rather to identify how different
impurities modify the charge density at the substitution sites
and how this may correspondingly affect the reactivity of the
alite phase. Towards this end, we perform direct site
substitutions while preserving charge neutrality for all unique
substitution cases to find the minimum energy configurations.
Previous work on bulk C;S phases using classical force fields
showed that although the substitution energy varies with site it
does not follow a clear trend with substitute atom distance.”
However, it is not possible to identify changes in the charge
density using classical molecular dynamics methods. Accord-
ingly, using DFT, we performed impurity substitutions on the
single unit cell C;S. Ca®" is substituted with Mg** and Ca®* +
Si*" with two AI’* or two Fe’* atoms. Our pygy and pcpum
results are shown in Figures 1(2) and 1(b) for pure C;S and,
respectively, in 1(c) and 1(d) for Mg substitution, 1(e) and
1(f) for Al substitution, and finally 1(g) and 1(h) for Fe
substitution. In pure C;S, pygy; is localized over ionic oxygens,
whereas pcpy spreads almost evenly throughout the unit cell.
This suggests that ionic oxygens are more likely to lose
electrons compared to the rest of the system, and therefore
they will undergo electrophilic attack with cations such as H',
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Na’*, Mg*, and Ca®". Since pcpy is delocalized in pure C,S,
there is no distinctive region that is more prone to nucleophilic
attack such as OH™ and SO,>". However, when the Ca** is
substituted with Mg**, the spreads of both pypy and pepy
decrease slightly, but pygy localizes around the ionic oxygens
that are neighboring Mg®* atoms. The effect is slightly more
pronounced for AP* substitution. With only these data, it is
hard to deduce how these impurities could modify the reactive
sites. While the oxygens near the impurities localize the charge
around them which makes them more reactive, they may also
decrease the number of available reactive sites that could
decrease the overall reactivity of C;S. In the case of Fe®*
substitution we see stronger localization of charge density in
both pypy and pcpy mainly on the impurity atom, which
suggests a more definite reduction for the reactivity of this site.

In addition to examining the nature of charge localization
over particular sites in doped C;S structures, we also investigate
how the partial density of states (PDOS) responds to doping.
With this analysis we can understand which atoms or orbitals
contribute more to the total density of states (DOS) of the C,;S
crystal structure near band edges and therefore would be more
susceptible to lose or withdraw electrons. Figure 2 shows that
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Figure 2. Partial density of states for a) Fe, b) Al, ¢) Mg-doped and
the pure C,S cases. Red, green and cyan lines indicate density of states
projected on s, p and d orbitals, respectively. The insets of Figure (b),
(c) and (d) show the s, p, d partial density of states 8X magnified near
the conduction band. The dashed red line in each plot shows the
location of Fermi energy.

the DOS for Al- and Mg-doped C;S are similar to the pure C;S
electronic structure, but for Fe-doped C;S, we observe a
metallic-like band structure due to the large number of localized
states formed mostly from Fe d-orbitals near the Fermi energy.
When we look at the PDOS for Al- and Mg-doped C;S, we
observe that these two atoms slightly modify the DOS near
both the conduction and valence bands. Upon substitution, Al
and Mg atoms localize the charge density by hybridizing with
surrounding oxygen p-orbitals. The contribution of p-orbitals to
the density of states at the conduction band slightly increases,
as can be seen when Figure 2(b), (c), and (d) insets are
compared. This analysis reinforces our findings from the pypy
and pcpy profiles that as the impurities undergo stronger
hybridization at the conduction band they can have a more
distinctive effect on electronic structure of the reactive sites.
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The reason for the modification of the PDOS may be the
different charge donation properties of Ca, Mg, and Al in C;S
which change the bonding between them and the surrounding
oxygens, causing accumulation of extra charge on these oxygen
p-orbitals.

Further examination of the charge transfer of the impurities
with respect to the pure structure can give additional insight
regarding their oxidation character and localization of the
charge density in the structure. Bader charge analysis over the
pure M3-C;S structure shows that each Ca atom donates 1.55
e~ on average to the unit cell; each Si atom donates 3.12 e7;
each tetrahedral O atom, O_, withdraws 1.45 e7; and each ionic
O atom, O, withdraws 1.54 e~ from the unit cell. In the case of
Mg substitution, the Mg atom donates an additional 0.18 e~
charge to the unit cell. This additional charge and enhancement
of O p-orbitals around the CBM, as shown in Figure 2(c), can
explain the slight charge localization around the Mg atom
observed in Figure 1(c) and (d). For Al substitution, we have a
similar finding in terms of charge localization as in the Mg case,
but each Al atom donates 0.6 e~ more to the system, where the
reference atoms, Ca + Si, donate 4.67 e to the structure. As
indicated in Figure 1(e) and (f), in Al substitution the charge
donation is larger and the induced charge localization also
stronger compared to Mg substitution. In the case of Fe
substitution, two Fe atoms donate 2.49 e in total, decreasing
the amount of charge transferred to the structure by 1.09 e~ per
atom. Combined with the PDOS analysis in Figure 2(a), we see
that much of the charge has remained on the d-orbitals of Fe
atoms, which can also be deduced from the shape of the charge
density on Fe in Figure 1(g) and (h), leading to strongly
localized charge on this impurity. Several experimental studies
regardlng Al substitution demonstrate either acceleration® or
delay®® in hydration reactivity. Similarly, conflicting results for
Mg-doped alite reactivity are also found, showmég either a
decrease, increase, or no change in the reactivity. 28 These
differences could have occurred due to differences in particle
sizes, storage conditions, water to solid ratio, and grinding
conditions. According to our analysis, upon Mg substitution
with Ca, the electronic structure of C;S is only slightly altered.
Our findings for the Fe substitution are in a good agreement
with experimental studies which have shown that Fe decreases
overall alite reactivity,””>* by complete localization of the both
CBM and VBM.

Since we already discussed how the electronic structure is
modified when C;S is substituted with Mg, Al, and Fe atoms,
we turn our attention to different impurities incorporated into
the M3-C;S unit cell. We consider the following substitutions:
(1) one Ca?* atom with either two +1 oxidation state atoms in
a dumbbell orientation or one +2 oxidation state atom, (2) one
Ca®** and one Si** atom with either two +3 oxidation state
atoms or group I A and group V A atoms, (3) one Ca®* and one
0> with group I A and group VII A atoms, (4) both
tetrahedral and ionic O*~ with other group VI A atoms, (5) two
Si** atoms with either group III A and group V A atoms or two
other group IV A atoms, and (6) one Si*" and one O*” atom
with one group III A and one group VII A atoms. In alite,
ionically bonded oxygens are more susceptible to deformation
than tetrahedral oxygens, and a defect balancing mechanism is
reported as the reorientation of Si tetrahedra, which essentially
conserves their shape and composition upon substitution."*
Therefore, we perform oxygen substitutions only on ionic
oxygen sites when more than one atom substitution is made,
but nevertheless we also performed substitutions on tetrahedral
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Figure 3. Charge localization on the conduction band minimum, #cgy;, is defined as the maximum charge density value (MCD) of the band
decomposed charge density at the conduction band minimum for doped over pure C;S: 5cpy = MCDggpea/MCD pype- fcpy Values are shown as
different impurities indicated on the x-axis are substituted for the respective atoms in pure C;S as indicated in the upper right legend. O; corresponds
to ionic oxygen substitutions, whereas O, corresponds to covalently bonded oxygen substitutions in pure C;S.
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Figure 4. Charge localization over conduction band minimum (7¢gy) versus charge transfer ratio, defined as pq = Apinpurity/ DPreference Where
Apinpurity A0 AP, ference are the absolute amount of charge transferred from the impurity to the rest of the system and the amount of charge
transferred from the substituted atoms in the reference structure, respectively. The types of substitutions are indicated in the upper right legend.
Again, O; indicates ionicly bonded and O, indicates covalently bonded oxygen substitutions in pure CsS.

oxygen sites in the case of single oxygen substitutions for the
sake of completeness and comparison. The full set of impurities
that have been investigated is shown in Figure 3.

Differences in charge transfer between the reference atoms in
C;S and the impurities in doped C;S can give rise to the
formation of hybridized states and charge localization on the
impurity atom site as discussed in detail for Mg, Al, and Fe
substitutions. In these cases where strong charge localization
occurs for either the pypy or Pegyy the maximum value of the
charge density (MCD) at the corresponding bands will also
increase. Charge will be concentrated in a smaller region,
mostly on the impurity and neighboring atoms. Therefore, in
order to quantify the charge localization, 7, we introduce a

charge localization function such that 7 = MCD4pea/MCD e,
where 7 values close to 1 mean that there is no or weak
additional charge localization compared to pure C;S. In Figure
3, we show the localization of pcpy in the Cs5S structure with a
range of substitutions. We can see from these results that 77cpy
for Fe substitution is found to be the highest among all
substitution cases considered. This analysis also identifies
several other impurities such as As, In, Sn, Ge, Cd, and Hg, as
some of the strongest substitution candidates that may localize
charge in C;S. Similar to Fe, these substitutions also heavily
localize pcpyy, but differently they remain insulating despite a
decrease in their band gaps to 2—2.5 eV from 3.98 eV for pure
C;S. We have also investigated #ypy to see how C;S changes
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with substitutions when there is electrophilic chemical attack:
however, we conclude that except for Fe there is no
substitution that modifies pypy; significantly. Inclusion of
substitutions leads to the generation of hybridized states
around the conduction band but not a significant change
around the valence band. For this reason, we conclude that
fivem does not change drastically upon substitution.

Thus far, we have discussed how charge transfer and charge
localization are closely related. In order to quantify the degree
of charge transfer between the reference C;S and doped C;S
structures, we define a parameter p. = Apinpuity/ APreferences
such that p  corresponds to the absolute amount of charge
transferred from the impurity to the rest of the system,
Apinpurity divided by the amount of charge that was transferred
from the substituted atoms in the reference structure, AP, frence-
This new parameter, p,, plotted in Figure 4 vs 7, is useful to
understand the relation between the localization of the charge
and degree of the charge transfer itself upon substitution. We
observe that near the region where p, is ~1 significant charge
localization is not expected. Our charge transfer and PDOS
analysis for Mg, Al, and Fe in Figures 1 and 2 showed that
charge donation imbalance between atoms that are substituted
changes the characteristics of the conduction band and
therefore causes charge localization. In the p, & 1 case the
substitute atom has almost the same chemical characteristics as
the substituted atom in pure C;S in terms of charge donation to
the system. However, for substitutions with p,, smaller than
0.8, we start to see a sudden increase in charge localization
values for some of the impurities. In this case, the impurity
atom holds its charge rather than transferring it to the system,
therefore causing charge localization.

In addition to modification of the charge density in the
conduction and valence bands, the structural reorganization
upon doping yields several trends which also support the charge
localization discussion. At the Si site, substitutions with groups
IIIA, IVA, and VA atoms, which increase the size of the oxygen
tetrahedra in C;S, are also found to localize the charge on the
impurity atom. The atomic radii of impurities at the center of
the oxygen tetrahedra in C;S, Gy, become larger as we
move down in the periodic table, such that ay, > ag, > aay, a,, >
ap > ay, and ag, > dg. > dg. For that reason, as the distance
between the impurity atom and the surrounding oxygens
increases, the bonding between them will weaken, and the
impurity atoms will donate less charge to the surrounding
oxygen atoms. At the Ca site, there is no definite trend between
atomic radii and charge localization for all substitutions in
general. In the cases with strong charge localization, the
nearest-neighbor distance between the impurity and surround-
ing O atoms is increased. The lack of such a trend for the case
of the Ca substitution (as compared with Si) may be due to the
fact that the Ca—O nearest-neighbor distance is longer
compared to the Si—O distance in pure C;S and that the
orientation of oxygens around the Ca site is less ordered in
comparison to the Si site. This argument also supports our
preliminary tests in the M1 polymorph of the C;S phase, where
the results we have are very similar to our results in the M3
polymorph. C;S polymorphs are known to be formed by
displacive transformations, and the main difference that lies
between these two golymorphs is the relative orientation of
silicon tetrahedra.’® Therefore, substitutions of different
impurities are expected to provide similar environments.

Although our work attempts to shed light on the chemical
interactions between substitutions in the C;S phase from a
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fundamental point of view, as we mentioned additional effects
regarding kinetics of the reactions will also play an important
role for determining the hydration reactivity.”"** Surface
reconstruction, solvent effects, and fabrication techniques
should also be considered in future studies.

B CONCLUSIONS

We employ density functional theory to analyze the effects of a
range of impurities on tricalcium silicate (C;S) phases. We
discuss the fundamental relation between charge localization of
the impurities and charge transfer at the substitution site. We
show that bulk substitutions strongly modify the conduction
band minimum by hybridizing with surrounding oxygen atoms,
therefore localizing reactive sites on select impurity atoms. Our
calculations identify several impurities that can reduce the
number of reactive sites throughout the material, and good
agreement with the available experimental data is demon-
strated.

B ASSOCIATED CONTENT
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Relative charge transfer (p,,) and charge localization
parameters of the CBM (7cpy) for all impurities in C;S
considered in this work; ncgy Vs P, figures are shown. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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