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𝐸𝑖𝑗 = 𝐴𝑖𝑗𝑒−𝑟/𝜌𝑖𝑗 −
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]
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𝜌

𝐴 𝐴 =  𝐴𝑍𝑛−𝑂(𝑆) ∙ 𝑞𝑂ℎ 𝑞𝑂⁄ 𝑞𝑖

𝑞𝑂

𝐴
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𝐻 = 𝐸𝑇𝑜𝑡𝑎𝑙 + 𝑝 ∙ 𝑉

𝐻𝑐𝑜𝑟𝑟 = 𝐻 +  𝑃𝑜𝑡𝐸𝑛𝑔𝐶𝑜𝑟𝑒−𝑆ℎ𝑒𝑙𝑙 + 𝑁𝑂ℎ ∙ D

𝑃𝑜𝑡𝐸𝑛𝑔𝐶𝑜𝑟𝑒−𝑆ℎ𝑒𝑙𝑙

𝑁𝑂ℎ 𝐷

𝐸𝑖𝑗 = 𝐷[1 − 𝑒−𝛼(𝑟−𝑟0)]
2

𝐸𝑖𝑗 = 𝐷[1 − 𝑒−𝛼(𝑟−𝑟0)]
2

− 𝐷



42 

 

 



43 

 

 

 



44 

 

 

 



45 

 

 



46 

 

∙



47 

 

 



48 

 

∆𝐻𝑀𝐷 =  ∑ 𝑆𝑖
𝑃𝐻𝑖

𝑃 − ∑ 𝑆𝑖
𝑅𝐻𝑖

𝑅 𝑆𝑖

𝐻𝑖 𝑃 𝑅
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∙
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𝑐 = (𝑐11 + 𝑐12 + 𝑐13 + 𝑐33 + 𝑐44 + 𝑐66) 6⁄
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𝐺𝛼𝛽(𝑟)

𝐺(𝑟)
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𝐺(𝑟) = ∑
𝑐𝛼𝑐𝛽𝑏𝛼𝑏𝛽

〈𝑏〉2
𝐺𝛼𝛽(𝑟)

𝛼𝛽

𝑏 𝑐

𝑛1 ∙ 𝐶𝑎𝑂 + 𝑛2 ∙ 𝑆𝑖𝑂2 + 𝑛3 ∙ 𝐻2𝑂 → [(𝐶𝑎𝑂)𝑛1
(𝑆𝑖𝑂2)𝑛2

(𝐻2𝑂)𝑛3
]

𝐶𝑆𝐻

𝑛1 + 𝑛2 + 𝑛3 = 1

𝐻2𝑂 +  𝑂 → 2 ∙ 𝑂𝐻−

𝑁𝑂𝐻 ∙ 𝐷 𝑃𝐸𝐶𝑆

𝐻𝐶𝑆𝐻,𝑐𝑜𝑟𝑟 = 𝐻𝐶𝑆𝐻 + 𝑁𝑂𝐻 ∙ 𝐷 + 𝑃𝐸𝐶𝑆
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𝑀𝐶𝐿 =  
𝑇𝑜𝑡𝑎𝑙 𝑆𝑖 +  𝑍𝑛 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

0.5(𝑛𝑜𝑛 𝑏𝑟𝑖𝑑𝑔𝑖𝑛𝑔 𝑠𝑝𝑒𝑐𝑖𝑒𝑠) − (𝑏𝑟𝑖𝑑𝑔𝑖𝑛𝑔 𝑠𝑝𝑒𝑐𝑖𝑒𝑠)
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Transmission electron microscopy (TEM) images of C-S-H from samples of hydrated tricalcium silicate 

(C3S)
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∞

In contrast to the bulk, the atomic structure of the surface of C-S-H is poorly characterized. Previous 

studies of interactions with C-S-H surfaces are summarized by Duque-Redondo et al. [3] and Kunhi 

Mohamed et al. [31] In most previous studies, authors have considered the energetically most 

favorable tobermorite basal (001) surface [32] to have a Q2b silicate termination (Si-Surface 2 in figure 

3). Due to the low Ca/Si of 14Å tobermorite some authors introduced defects to raise the Ca/Si ratio 

up to 1.4 [33-35].   

The present paper shows how the brick model [21] combined with results from experimental 

measurements (Ca/Si ratio, MCL, relative concentration of silanol and hydroxyl groups) can be used 

to construct pragmatic models of realistic C-S-H surfaces. By considering the C-S-H structure 

characteristics, a correlation between system properties and the surface silanol density is found. A 

mechanism for calcium and hydroxide adsorption is proposed, which gives excellent agreement with 

previous studies on surface charge densities. Finally, a full atomistic model of the C-S-H nanofoil 

structure is proposed. 
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C-S-H nanofoils: a) TEM image of synthetic C-S-H with Ca/Si = 

 

Sections of C-S-H nanofoils were modeled as periodic structures in the a and b axis direction and with 

water molecules on both sides of the basal (001) surface in c axis direction (see SI section S1). The 

(001) surface is parallel to the calcium-silicate sheet [32]. The C-S-H sections were generated with the 

brick model from Kunhi Mohamed et al. [31] The model allows a systematic introduction of defects 

into the 14Å tobermorite structure from Bonaccorsi et al. [24], to give C-S-H bulk structures with 

representative Ca/Si ratios, consistent with experimental data [3]. The model is gaining acceptance [3, 

36-39] and can be used to construct C-S-H surfaces, which can then be used  for molecular simulations 

of adsorption processes [40]. One main advantage of the brick model is the alphanumeric code 

(notation), which means the structure is exactly described [3]. The details on model construction can 

be found in the supporting information (S1). 
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The experimental results which were used in conjunction with the brick model are: i) X-ray 

fluorescence (XRF) and inductive coupled plasma spectrometry (ICP-OES) for the measurement of the 

Ca/Si ratio [9], ii) 29Si NMR for the quantitative analysis of different silicate species (Q-sites) [88, 25, 

26],  which are usually expressed as the MCL and iii) IR and Raman spectroscopy for the relative 

concentration of silanol (Si-OH/Si) and hydroxide groups (Ca-OH/Ca) [3]. All of these experimental 

methods measure overall properties, not just the bulk, but, including the surface. The origin of 

experimental data is elaborated on in SI section 1.1.  

Since C-S-H exists only at high pH, a 90% deprotonation of surface silanol groups was assumed for the 

calculation of characteristics of the structures (Ca/Si ratio, mean chain length, relative concentration 

of silanol and hydroxide groups). This deprotonation level agrees with the value for C-S-H in calcium 

solution at pH 13 as predicted by grand canonical Monte Carlo simulations [50]. The experimentally 

observed characteristics for the C-S-H nanofoil models were taken from Duque-Redondo et al. (table 

2) [3]. 

 

Using the brick model from Kunhi Mohamed et al. [21]  a basal C-S-H (001) surface can be constructed 

as follows (figure 2). First, the size of the system needs to be decided, for example a 4x4x2 system 
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would mean that a structure which measures 4 C-S-H bricks (defective building blocks of tobermorite 

14Å unit cells) in the a-axis direction, 4 in the b-axis direction and 2 in the c-axis direction is generated, 

creating a structure which is 2 interlayers thick. Second, defects need to be selected which will be 

introduced into the C-S-H bricks. These defects need to be chosen with care so that the overall bulk 

properties mimic the experimentally measured properties (Ca/Si ratio, mean chain length, relative 

concentration of silanol and hydroxyl groups). The defects which can be used are described in ref [21]. 

Third, Ca-Si chains are added to the top and bottom of the bulk structure in order to generate the C-S-

H nanofoil with the (001) surface. For a detailed description we refer the reader to the S1 section of 

the supplementary information. 

 

 

 

Adsorbed ions were not considered in the present model.  
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To verify the choice of thickness of the computational model, the surface area as a function of number 

of layers was calculated.  Since the exact atomic composition of a computational atomistic system is 

known it is possible to calculate the mass of the system and therefore its specific surface area as 

𝑆𝑆𝐴  = 𝑎𝑟𝑒𝑎 / 𝑚𝑎𝑠𝑠 . In table 1, the approximate specific (001) surface area for the (001) surface 

model systems as a function of the number of layers is reported, whereby one (1) layer corresponds 

to a C-S-H nanofoil with a single layer and no interlayers. The calculated specific surface area is only 

for the (001) surfaces and neglects other surfaces, such as the lateral (100) surfaces, and is therefore 

slightly underestimated. 

 
  

 

   

   

   

   

   

 

As seen from table 1, the 3 layers, 2 interlayers C-S-H model results in SSA of approximately 220 m2/g, 

which is consistent with experimental observations. It can be concluded that the C-S-H nanofoils are 

indeed about 100-200 nm long [8, 10-12], and only 3 layers, 2 interlayers thick, which results in a 

thickness of 3.5 nm.  

 

characteristics of the 

structures (Ca/Si ratio, mean chain length, relative concentration of silanol and hydroxide groups)
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▪ Si-Surface 1: Only Q1-Q1 dimers exist. All bridging sites are unoccupied. Each Q1 has one 

silanol group, resulting in a surface silanol density (SSD) of 4.8 OH/nm2 

▪ Si-Surface 2: Dimers are linked with bridging silicates Q2b. Silanol groups are only found on 

Q2b silicates (two silanol groups per Q2b). SSD = 4.8 OH/nm2 

▪ Ca-Surface: Dimers are linked with bridging calcium ions – CaB. No silanol groups on the 

surface. SSD = 0 OH/nm2  

▪ Mixed-Surface: Dimers are linked with either Q2b or CaB. Silanol groups can be found only on 

Q2b silicates (SSD < 4.8 OH/nm2), as for the interlayers. 

∞
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𝑆𝑆𝐷 = 4.8
𝑀𝐶𝐿 − 2

1 + 𝑀𝐶𝐿
 [

𝑂𝐻

𝑛𝑚2]

∞

lim
𝑀𝐶𝐿→∞

4.8 (𝑀𝐶𝐿 − 2) (1 + 𝑀𝐶𝐿) = 4.8⁄
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Labbez et al. [50] in order to 

investigate the charging and electrokinetic behavior of C-S-H. While the model was very simplistic it 

successfully predicted the experimentally obtained zeta potential. In a later study Churakov et al. [63] 

investigated the intrinsic acidity of surface sites in C-S-H with the use of density functional theory ab 

initio molecular dynamics, further confirming the results of Labbez et al.  

The experiments were carried out on C-S-H with Ca/Si = 0.66, for which an Si-Surface 2 can be assumed 

(SSD = 4.8 OH/nm2). Labbez et al. used the model to predict the ionization fraction, α, and surface 

charge density, σ, for surface silanol densities 2.8 and 0.8 in solution with 2 mM CaX2 (where X is a 
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monovalent anion) at varying pH. The ionization fraction gives the percentage of deprotonated silanol 

groups and was used for our prediction of the surface charge density. Considering our newly proposed 

definition of SSD, one can back calculate the MCL of the assumed structures and predict the 

corresponding Ca/Si ratio of the studied C-S-H. The 2.8 and 0.8 SSDs correspond to C-S-H with Ca/Si 

ratios of 1.1 and 2.1 which are the lower and upper limits of a realistic C-S-H structure, therefore 

offering a valuable case to test our new atomistic model. 

𝑛 ∙ 𝐶𝑎2+ 2(𝑛 − 2) ∙ 𝑂𝐻−

𝑛
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The newly proposed surface model can explain some previously unclear observations about zeta 

potentials. Viallis-Terrisse et al. [17], Labbez et al. [50] and Yoshida et al. [16] reported negative 

experimental values of zeta potential for C-S-H with Ca/Si of 0.66 and 1.34 in solutions with [Ca2+] < 2 

mM. As suggested by our model, the surface charge for Ca/Si < 1.4 is expected to be negative (charge 

in figure 8). A negative surface charge corresponds to negative zeta potentials, as explained below. 
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When initial suspensions were titrated with Ca(OH)2 an increase in the zeta potential was observed 

with sign reversal at [Ca2+] ≈ 2 mM, suggesting further adsorption of Ca2+ and OH- at the surface.  

Labbez et al. [50] increased the pH of the solution by addition of NaOH whereby a decrease in the zeta 

potential was observed. This observation could be explained by OH- adsorption or replacement of Ca2+ 

by Na+ at the surface [45, 60]. Both mechanisms would result in lower surfaces charges and therefore 

in lower zeta potentials.   

Haas and Nonat reported positive zeta potentials for samples with Ca/Si > 0.9 in solutions with [Ca2+] 

> 2 mM This could be explained by an excess of positive charge at the surface due to Ca2+ and OH- 

adsorption as found for this model [65].  
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As explained by Předota et al. [53, 64] the potential-driven velocities next to charged surfaces can be 

directly measured. Afterwards they can be divided by the applied field strength to provide 

electrophoretic or electro-osmotic mobilities which can be converted to zeta potentials by various 

theoretical relations. Figure 9 shows the schematic of a C-S-H (001) surface of a nanofoil with a Ca/Si 

ratio below and above 1.4 and will be used to explain the expected zeta potential values.  

As explained above, the charge density (σ) of the surface is negative due to deprotonation of silanol 

groups on Q2b silicates. A certain number of ions will be adsorbed on the surface (inner and outer 

sphere adsorption). These ions are expected to be rather immobile [53]. As seen in figure 8, the 

quantity of adsorbed Ca2+ (and OH-) for Ca/Si < 1.4 is expected to be less than needed to compensate 

for the negative surface charge. Therefore, the charge will be compensated by a region dominated by 
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mobile cations above the surface (also referred to as the diffuse layer). The mobile ions of the diffuse 

layer determine the sign and amplitude of electrophoretic and electro-osmotic mobilities. In the case 

of mobile cations, the zeta potential is expected to be negative [53, 64]. For nanofoils with Ca/Si > 1.4 

the surface is expected to have a high degree of Ca2+ (and OH-) adsorbed, resulting in positive charges 

in the immobile region. Therefore, the mobile region is expected to be anion dominated, which would 

result in positive zeta potentials.   

Finally, after addressing the surface charge density of the nanofoil, some structural features of C-S-H 

can be addressed. Some experimental observations show a slow a decrease in the Ca/Si ratio of C-S-H 

over time [67]. By comparing our C-S-H nanofoil model with experimental data on zeta potential 

measurements we conclude that the amount of Ca2+-OH- adsorption depends on the solution 

condition (pH and [Ca2+]). Changes in pore solution (calcium concentration) over time most likely affect 

the adsorption and desorption of Ca2+ and OH- and consequently cause a decrease in the Ca/Si ratio. 

However, the surface charge of C-S-H should remain unchanged, as theorized for clays in contact with 

lime solution [60]. The comparison of pair distribution functions of C-S-H samples after 1 day and 1 

year of hydration show similar short-range ordering, suggesting that the bulk C-S-H structure remains 

unchanged [66]. These findings further support the existence of the proposed Ca2+-OH- adsorption 

network.   

• 

• 
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Atomic species Charge Description Reference 

 A [eV] ρ [Å] C [eV Å6] Source
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Atom 1 Atom 2 ε [eV] σ [Å] Source 

Atom 1 Atom 2 E0 [eV] r0 [Å] n m Source 

 D [eV] α [1/ Å] r0 [Å] Source 
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 K [eV/Å2] r0 [Å] Source 

 K [eV] ϴ [°] Source 
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Figure S1. Total energy of tobermorite 14Å normalized by the mean total energy of the 20ns 

production run. Conf 1: Pdamp = 0.2, shell mass = 0.3; Conf 2: Pdamp = 0.2, shell mass = 0.4; Conf 

3: Pdamp = 0.6, shell mass = 0.2; Conf 4: Pdamp = 0.6, shell mass = 0.4 
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#Relative Standard Deviation 

1169 𝑚𝑔 𝑍𝑛(𝑁𝑂3)2 ∙
1 𝑚𝑜𝑙

297.5 𝑔
∙

1

0.405 𝐿
= 9.70

𝑚𝑚𝑜𝑙

𝐿
 →

0.12

9.70
= 1.24%          (1)
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Δ
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Ω
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(𝑄(1,𝑍𝑛): 𝑆𝑖)

(𝑍𝑛: 𝑆𝑖)
= (𝑄(1,𝑍𝑛): 𝑍𝑛)            (2)
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𝐼(𝐵|A) = 𝑓(𝐵|A)P(B|A)𝑃𝑤(𝐴)           (3)
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𝑃(𝑄(1)|𝑄(1)) = 𝑋𝑄1−𝑄1                     (4)
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x
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× ×

× ×
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 a) 
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b) 

 



212 

 

• 𝐴

• 𝐵

• 𝐿 𝐿 = 3
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𝑀𝐶𝐿 =  
𝑄𝑖

0.5 ∙ 𝑄𝑖≠2𝑏 − 𝑄2𝑏
 

(1) 

𝑄𝑖

𝑖 2𝑏 2𝑝 1

𝑀𝐶𝐿 =  
𝑄1 + 3𝑄2𝑏

0.5 ∙ 𝑄1
 

(2) 

𝑄𝑀𝐴𝑋

𝑄𝑀𝐴𝑋 = 𝑄1 + 𝑄2𝑏 + 𝑄2𝑝 + 𝐶𝑎𝐵 (3) 

𝐶𝑎𝐵

𝑄𝑀𝐴𝑋

3
=  𝑄2𝑏 + 𝐶𝑎𝐵 

(4) 

𝑄2𝑏 =  
2

3
𝑄𝑀𝐴𝑋

𝑀𝐶𝐿 − 2

2 ∙ 𝑀𝐶𝐿 + 2
 

(5) 
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𝑄𝑀𝐴𝑋 = 6 ∙ 𝐴 ∙ 𝐵 ∙ 𝐿 (6) 

𝑆𝑖 =  
2

3
𝑄𝑀𝐴𝑋 + 𝑄2𝑏 

(7) 

𝐶𝑎 =  (
𝐶𝑎

𝑆𝑖
)

𝑡𝑎𝑟𝑔𝑒𝑡
∙ 𝑆𝑖 

(8) 

𝐶𝑎𝑖𝑛𝑡+𝑠𝑢𝑟𝑓 = 𝐶𝑎 −  
2

3
𝑄𝑀𝐴𝑋 − 𝐶𝑎𝐵 

(9) 

𝐶𝑎𝐵 =  
𝑄𝑀𝐴𝑋

3
− 𝑄2𝑏 

(10) 

𝑆𝑖 − 𝑂𝐻

𝑆𝑖
= −0.4306 (

𝐶𝑎

𝑆𝑖
)

𝑡𝑎𝑟𝑔𝑒𝑡
+ 0.8217 

(11) 
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𝑁𝑆𝑖−𝑂𝐻
𝐼𝑛𝑡 = (

𝑆𝑖 − 𝑂𝐻

𝑆𝑖
)

𝑒𝑞11
∙ 𝑆𝑖 −

4

2 ∙ 𝐿 − 2
(1 − 𝐷𝑠𝑢𝑟𝑓) ∙ 𝑄2𝑏 

(12) 

𝐶𝑎𝑖𝑛𝑡 =  (
𝐶𝑎

𝑆𝑖
)

𝑏𝑢𝑙𝑘
∙ 𝑆𝑖𝑏𝑢𝑙𝑘 − (2 ∙ 𝐿 − 2) ∙ (2 ∙ 𝐴 ∙ 𝐵 +

𝐶𝑎𝐵

2 ∙ 𝐿
) 

(13) 

𝑆𝑖𝑏𝑢𝑙𝑘 =  
2 ∙ 𝐿 − 2

2 ∙ 𝐿
∙ 𝑆𝑖 

(14) 

𝐶𝑎𝑠𝑢𝑟𝑓 =  𝐶𝑎𝑖𝑛𝑡+𝑠𝑢𝑟𝑓 − 𝐶𝑎𝑖𝑛𝑡 (15) 
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>C> >S'> >C> >C> >C> >C> 

>C> >C> >S> >C> >S> >S> 

>C> >C> >C> >C> >C> >C> 

>C> >C> >S'> >C> >S'> >S> 

>C> >C> >C> >C> >C> >C> 

Z 

(001) 

surface 

<S'<oX6>Co> <Co<oX6>oC> <S'<oX6>Co> <C<oCoX5>S> 

<Co<X6>oC> <S<X6>Co> 

<oC<Xo6>Co> <C<oCoX5>oC> <Co<X6>oC> <C<X6>oC> 

<C<X6>S> <Co<Xo6>S'> 

<S'<X6>S> <Co<X6>S'> <Co<oXC5>oC> <S<X6>oC> 

<S<XCo5>oC> <Co<X6>oC> 

<oC<X6>oC> <S'<XC5>oC> <Co<X6>oC> <oC<X6>oC> 

<oC<oX6>C> <oC<X6>oC> 

<oC<XC5>S> <Co<X6>S> <Co<X6>C> <Co<X6>oC> <S<Xo6>C> 

<Co<XCo5>oC> 

Z 

Bulk  

(1 

interlayer) 
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α) at a given pH and surface silanol 

density (SSD) is chosen. From this the number of deprotonated silanol groups per surface area (DSG) 

is calculated as: 

𝐷𝑆𝐺 =  𝑆𝑆𝐷 ∙  𝛼  [𝑂− 𝑛𝑚2⁄ ] 

𝑛 ∙ 𝐶𝑎2+ 2(𝑛 − 2) ∙ 𝑂𝐻−

𝜎 = 𝐷𝑆𝐺 [𝑒 𝑛𝑚2]⁄ , 

− 𝐷𝑆𝐺 + 𝐷𝑆𝐺 
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To examine Ca2+ adsorption at the Si-Surface 2, the tobermorite 14 Å structure with the (001) surface 

was investigated. We remind the reader, the basal (001) surface of tobermorite (cut through the 

interlayer) is the Si-Surface 2 in the present paper. The tobermorite structure was 3 layers, 2 

interlayers thick, and placed in contact with a calcium-chloride solution (figure S4). The (001) surface 

was modeled with 90% deprotonation of silanol groups. The negative surface charge was 

compensated with Ca2+ ions (45 ions). Additional Ca2+ ions (8 in total) and Cl- ions (16 ions) were placed 

between the surfaces. The surfaces were separated by approximately 80Å. All ions and water 

molecules were randomly placed between the surfaces [25]. 

The inspection of the system reveals that approximately 14% of Ca2+ were inner sphere adsorbed. 

Inner sphere adsorption here is defined as silicate oxygen (protonated or deprotonated) entering the 

first coordination shell of Ca2+, which happens when the distance between the calcium and oxygen is 

less than 3.15 Å [32]. The preferential outer sphere adsorption is further confirmed with the radial 

distribution function for calcium-oxygen (figure S5), where the first peak at approximately 2.4 Å points 

to inner sphere adsorption, while the intensity of the second peak at 4.7 Å points to preferred outer 

sphere adsorption (62% of Ca2+). This can also be seen from the number density distribution along the 

z-axis (figure S5). 24% of Ca2+ remain in solution.  
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In both cases a similar calcium-hydroxide networks formed on the surface (figure S9). Both networks 

started to form in a similar manner, therefore only the first (1) initial configuration will be examined 

in the following discussion. The final configuration data files for both simulations are provided as part 

of the SI.  
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