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Abstract

We have prepared a number of crystalline calcium-silicate-hydrate (C-S-H) phases hydrothermally, with calcium–silicon ratios varying

from approximately 0.5 (K-phase) to 2.0 (hillebrandite and a-dicalcium silicate hydrate). The phases were then analysed using X-ray

photoelectron spectroscopy (XPS). Increasing calcium–silicon ratios resulted in decreased silicon binding energies. Additionally, changes in

the O 1s spectra could be explained in terms of bridging (BO) and nonbridging oxygen (NBO) moieties. Finally, the modified Auger

parameter has proved particularly useful in determining the extent of silicate anion polymerisation.

Of note also are the apparently unusual spectra for 11 Å tobermorite. The silicon and oxygen photoelectron spectra indicate a phase with a

lower degree of silicate polymerisation than predicted from its composition. The main contributing factor is the intrinsic disorder within the

tobermorite structure.

This study has shown how XPS may be used to obtain valuable structural information from C-S-H phases, and our analysis of the

crystalline phases is the first step towards the analysis of real C-S-H-based cement systems.

D 2003 Elsevier Science Ltd. All rigths reserved.
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1. Introduction

The phases within the CaO–SiO2–H2O system have

been extensively studied. Their compositions vary over a

large Ca/Si range, and their crystallographic structures range

from amorphous to highly crystalline. The former are of

immense importance in cement chemistry, where calcium-

silicate-hydrate (C-S-H) gels are the principal reaction prod-

ucts and primary binding phases in Portland cement. Such

systems contain C-S-H gels with approximate Ca/Si ratios of

1.7, although this ratio fluctuates greatly over the range 0.6

to 2.0 [1]. The precise structures of C-S-H gels have not been

fully elucidated, but are related to those of jennite and

tobermorite [2,3].

The hydrothermal phases, however, are crystalline, and

their structures are well-defined. They may occur, albeit

rarely, in nature, or may be formed in autoclaved building

materials. As with the amorphous phases, there exists a broad

variety of possible structures. The basic building blocks for

these minerals are tetrahedral SiO4
4� units, which may link to

form one of many structures. There is, of course, a negative

charge associated with the silicate structures, which is bal-

anced by the presence of cations, calcium in the case of C-S-

H phases.

Thus, with changes in structure and Ca/Si ratio, there are

corresponding changes in the bonding states of the elements

within the silicate minerals. X-ray photoelectron spectro-

scopy (XPS) is a technique well suited to examining these

changes. When a material is bombarded with X-rays, pho-

toelectrons may be emitted from the topmost surfaces

(typically 1–10 nm). The kinetic energies of these photo-

electrons may be measured, although convention dictates

that kinetic energies are subsequently expressed in terms of

binding energy, i.e. the energy required to promote a photo-

electron from within an atom to the free state. Each element

yields photoelectrons of a specific binding energy, enabling

elemental analysis. Additionally, slight changes in the chem-

ical bonding environments result in small shifts in photo-

electron energy, thus also enabling chemical information to

be obtained. Among the chemical properties which may be
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evaluated from the binding energies are oxidation state,

electron-spin state, nearest neighbour atoms and type of

bonding. More thorough reviews of the technique’s capabil-

ities may be found elsewhere [4,5].

Numerous groups have used the surface selectivity of the

technique as a means of studying the hydration of calcium

silicates [6–10]. To date, however, the full capabilities of this

technique, i.e. obtaining bonding information, have not been

realised.

Previous studies [6–10] have all used the quantitative

capabilities of XPS to study the variation in Ca/Si ratio via

changes in the Ca 2p and Si 2p peak intensities. Upon

hydration of C3S [6,10], blast furnace slag [7] and b-C2S

[8], shifts in binding energies were observed, indicating

changes in bonding structure. Unfortunately, these results

were reported but not commented upon. However, Mollah et

al. [11] did relate changes in Si 2p photoelectron spectra to

changes in structure. Upon hydration of Portland cement

clinker phases, they observed an increase in Si 2p binding

energy, tending towards, although not reaching, the binding

energy of silica gel. They concluded that these shifts corre-

sponded to an increased polymerisation of the silicate

tetrahedra, but not to the extent of forming silica.

Cocke et al. [12] looked at the changes occurring in

heavy metal-doped ordinary Portland cement upon leaching.

As with Menetrier [9], there was an increase in the O 1s

binding energies of approximately 1 eV upon exposure to

water. Whereas Menetrier [9] had attributed these changes

to the increased presence of –OH, here the increase was

attributed to the formation of bridging oxygen (BO) moi-

eties (–Si)O)Si–) as opposed to the more prevalent non-

bridging moieties (–Si)O)X–) found in the fresh cement

samples. Such observations have also been reported by both

Schultz-Münzenberg et al. [13] and Seyama et al. [14]. In

both cases, the signals from the bridging and nonbridging

moieties were visible as a broadening of the O 1s signal,

which could be separated into the two components approx-

imately 2 eV apart. Similarly, Cocke et al. [12] observed a

shift of approximately 1.5 eV in the Si 2p peaks upon

leaching. This signifies a marked change in structure, cor-

responding to an increased negative charge upon the silicate

structure [15], i.e. loss of charge balancing calcium ions, as

was seen in the decrease in intensity of the Ca 2p peak upon

leaching.

There have been a few studies examining changes in X-

ray photoelectron spectra upon the degradation of various

silicate minerals [14–16]. However, an accurate determina-

tion of mineral structure is difficult when using X-ray

photoelectron peaks alone, due to the small range of chem-

ical shifts and the insulating nature of many silicates. In such

instances, a useful means of distinguishing different struc-

tures is the concept of the Auger parameter (a), as proposed
by Wagner et al. [17,18]. By arranging the Si 2p X-ray

photoelectron and SiKLL Auger lines on a two-dimensional

plot, better differentiation between compounds may be

obtained. The Auger parameter is now more often expressed

in its modified form (a0) as the sum of the X-ray photo-

electron binding energy and the Auger electron kinetic

energy, and can be represented on a diagonal grid overlaid

on the plot. As the effects of sample charging are equal and

opposite for XPS and Auger peaks, a0 is independent of

charging and can therefore be determined with more accu-

racy than either line alone. Additionally, a0 is a measure of

energy changes due to extra-atomic relaxation and is there-

fore more sensitive to the stoichiometry and strength of

bonding to the next nearest neighbours of the emitting atom

than XPS binding energy shifts [19]. Such an approach has

recently been reported by Okada et al. [20] for a selection of

silicate minerals spanning the entire range of silicate poly-

merisation types, i.e. neso-, iso-, phyllo- and tectosilicates.

They observed a clear influence of silicate polymerisation

upon both Si 2p binding energy and SiKLL kinetic energy,

and related these changes to the effective electrostatic force

of Si)O bonds in silicates. Among the minerals investigated

by Okada et al. [20] was the calcium silicate wollastonite

(CaSiO3). However, despite extensive searches within the

literature, we have been unable to find any reference to

similar studies of C-S-H.

Despite the efforts of many groups worldwide, there still

remains a great deal of work to be done in order to fully

understand cement systems. We have attempted to simplify

these incredibly complex mixtures by using crystalline C-S-

H analogues. In doing so, we are better able to correlate

changes in photoelectron spectra with structural changes,

and determine how particular factors influence the beha-

viour of cement systems.

This article presents the first results of an investigation

into the suitability of XPS as a means of investigating

cement systems. We show that compositional and structural

features may be distinguished in the various crystalline

phases. This is the first step towards using XPS to study

‘real’ systems in more detail.

2. Experimental

We prepared numerous crystalline C-S-H phases hydro-

thermally from stoichiometric mixtures of CaO (freshly

prepared from CaCO3 at 1000 �C for 5 h) and SiO2 (Aerosil).

Syntheses were performed under nitrogen atmospheres to

avoid carbonation of the C-S-H phases via reactions with

atmospheric carbon dioxide. All preparations were two-step

processes, beginning with the mechanochemical treatment of

the starting materials entailing milling of the oxides together

with distilled water (water-to-solid ratio, w/s = 4) in an agate

ball mill for 12 h. The mixtures were subsequently treated

hydrothermally in Teflon autoclaves. Durations and temper-

atures of the various hydrothermal treatments are given in

Table 1. Finally, all of the samples were allowed to cool to

room temperature and dried at 60 �C for 24 h.

Afwillite, a-C2SH (a-dicalcium silicate hydrate) and

C8S5 were prepared from b-C2S which was treated mecha-
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nochemically in an agate ball mill for 24 h, followed by

hydrothermal handling as described above and detailed in

Table 1. Formation of pure afwillite was not possible.

Rietveld analysis showed the sample consisted of approx-

imately 81% afwillite and 19% portlandite. Similarly, C8S5
contained traces of calcite and a-C2SH traces of kilchoanite

and calcite, despite working under an inert atmosphere.

Finally, K-phase and truscottite were obtained through

thermal treatment of Z-phase and gyrolite, respectively, at

500 �C in air.

The identities and purities of each phase were confirmed

both by X-ray diffraction (XRD) and electron microscopy.

The phases studied are detailed in Table 2.

Each sample was analysed as received, the powders

having been pressed onto adhesive-backed copper tape.

Analysis was performed using a VG Escascope fitted with

a MgKa (hn = 1253.6 eV) X-ray source operating at 260 W

(13 kV, 20 mA). SiKLL Auger lines could be obtained by

using the Bremsstrahlung radiation from the Mg source. The

intensity of these lines is approximately 20% of that of the Si

2p line [17]. Table 3 gives details of the spectral regions

recorded.

Data were extracted from the spectra via peak fitting

using XPSPeak software (available by download from:

http://www.phy.cuhk.edu.hk/~surface/). A Shirley back-

ground was assumed in all cases. An 80:20 Gaussian/

Lorentzian peak shape was assumed for photoelectron

peaks, while the Auger lines were fitted assuming a

50:50 Gaussian/Lorentzian peak shape. Spectra were cor-

rected for charging effects using the adventitious carbon

peak at 284.8 eV.

3. Results and discussion

Typical spectra, together with examples of curve fitting,

are shown in Fig. 1, while any trends are discussed below.

3.1. Ca 2p/Si 2p ratio

Very few of the phases could be synthesised in their pure

form. Traces of portlandite, (Ca(OH)2) and particularly

calcite (CaCO3) were often present, despite our efforts to

exclude atmospheric carbon dioxide. Quantification sens-

itivity factors were obtained empirically, using the peak

intensities from xonotlite, which was free of any contamina-

tion. Fig. 2 shows a plot of measured Ca/Si ratios versus

ideal composition for the phases analysed. The figure shows

the calculated Ca/Si ratio both including and excluding the

contribution from calcite. For the latter plot, the calcite

contributions were calculated using the carbonate peaks

within the C 1s spectra and sensitivity factors obtained

empirically from a calcite standard.

There is a good linear relationship between ideal and

measured composition, as has been observed before for

the analysis of C-S-H systems [6–10]. The one obvious

outlier is afwillite. However, this phase could not be

synthesised in its pure form, and could only be produced

intimately mixed with portlandite, hence the higher than

expected Ca/Si ratio.

Table 2

Mineral names, formulae and Ca/Si ratios of the C-S-H phases investigated

Phase Formula Ca/Si Reference

Phyllosilicates (sheet silicates comprising SiO2.5
� anionic groups)

K-phase Ca7(Si16O38)(OH)2 0.4375 [22]

Z-phase Ca9(Si8O20)2(OH)2�14H2O 0.5625 [21]

Truscottite Ca14(Si8O20)(Si16O38)

(OH)8�2H2O

0.5833 [21]

Gyrolite Ca16(Si8O20)(Si8O20)2
(OH)8�14H2O

0.6666 [21]

Inosilicates (chain silicates comprising SiO3
2� anionic groups)

11 Å Tobermorite Ca4.5(Si6O16)(OH)�5H2O 0.750 [26]

Xonotlite Ca6(Si6O17)(OH)2 1.000 [23]

Foshagite Ca4(Si3O9)(OH)2 1.333 [24]

Hillebrandite Ca2(SiO3)(OH)2 2.000 [25]

Sorosilicates (containing both Si3O10
8� and SiO4

4� anionic groups)

C8S5 Ca8(Si3O10)(SiO4)2 1.600 [29]

Nesosilicate (comprising isolated SiO4
4� anionic groups)

Afwillite

(Ca(OH)2 also present)

Ca3(SiO3OH)2�2H2O 1.500 [28]

a-C2SH Ca2(SiO3OH)(OH) 2.000 [27]

Table 3

Details of the spectral regions recorded

Region Start energy (eV) End energy (eV)

Wide 0 1100

C 1s 275 305

O 1s 520 550

Ca 2p 335 370

Si 2p 90 120

Si 2s 140 163

SiKLL (kinetic energy) 1580 1615

Table 1

Hydrothermal handling conditions for the various crystalline phases

synthesised for this study

Phase C/Sa Duration Temperature (�C)

Z-phase 0.5 96 h 170

plus 16 h 190

Gyrolite 0.66 32 days 220

11 Å Tobermorite 0.83 5 days 170

plus 5 h 180

Xonotlite 1.00 14 days 220

Foshagite 1.333 16 h 220

Hillebrandite 2.0 7 days 200

Afwillite (plus Ca(OH)2) 2.0b 7 days 180

a-C2SH 2.0b 7 days 200

C8S5 (plus calcite) 2.0b 7 days 220

a Indicates the C/S ratio used for synthesis.
b Denotes mechanochemically treated b-C2S.
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Fig. 1. Examples of typical XPS spectra (xonotlite), including curve fitting results. Note that the data have not been corrected for charging effects. (a) Ca 2p, (b)

Si 2p, (c) O 1s, (d) C 1s, (e) SiKLL.
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Fig. 1 (continued ).

L. Black et al. / Cement and Concrete Research 33 (2003) 899–911 903



3.2. Ca 2p binding energies

Fig. 3 shows a plot of Ca 2p3/2 binding energies versus

Ca/Si ratio. There appears little correlation between the two.

These results are in general agreement with Seyama and

Soma [15] who found no correlation between binding energy

and composition for a number of charge balancing cations

within clay systems.

Fig. 2. Plot of measured versus ideal Ca/Si ratio for the phases analysed. Measured Ca/Si ratio indicates that calculated from spectral intensities, while ideal Ca/

Si ratio is the theoretical value based upon composition.

Fig. 1 (continued ).
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However, the binding energies of calcium depleted phases

(the phyllosilicates) were generally higher than the others,

which made us examine the results more closely and led us to

believe that calcium coordination number rather than simply

Ca/Si ratio was an important factor. Calcium is always

sixfold coordinated in the phyllosilicates, [21,22]. It may

be six or sevenfold coordinated in many of the inosilicates

(xonotlite [23], foshagite [24] and hillebrandite [25]), with

the exception of 11 Å tobermorite [26], which contains only

sevenfold coordinated calcium atoms. Meanwhile, crystal-

line nesosilicate C-S-H phases may consist either of six- and

sevenfold coordinated calcium as in a-dicalcium silicate

hydrate [27] or only sevenfold coordinated calcium as in

afwillite [28]. Finally, the sorosilicate C8S5 (structurally

related to kilchoanite) contains both sixfold and eightfold

coordinated calcium [29]. Thus, Fig. 4 shows a plot of Ca

2p3/2 binding energy versus the average calcium coordina-

tion number for each of the phases analysed. This plot shows

how the calcium coordination number has a slight influence

upon binding energy. A lower coordination number leads to

Fig. 4. Plot of Ca 2p3/2 binding energy versus the average calcium coordination number as obtained from structural determinations.

Fig. 3. Plot of Ca 2p3/2 binding energies versus ideal Ca/Si ratios.
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a shorter, stronger Ca)O bond and thus a higher binding

energy.

3.3. Silicon binding energies

Both the Si 2p and Si 2s lines were measured for each

sample. The Si 2p lines are commonly measured, these being

sharper and more intense than the Si 2s lines. However, other

authors report problems measuring the former when using an

aluminium Ka X-ray source [14,15,30]. Therefore, to enable

ready comparisons between our results and others, we

measured both sets of lines. Trends were equally evident in

both sets of lines.

Fig. 5 shows a selection of Si 2p XPS spectra obtained in

this study, while Fig. 6 shows a plot of both Si 2p3/2 and Si

2s binding energies versus Ca/Si ratio. There is a clear

decrease in binding energy with increasing calcium content.

This may be understood by remembering that calcium acts

as a charge-balancing cation within the C-S-H structure.

Higher Ca/Si ratios imply higher residual negative charges

Fig. 5. A selection of Si 2p photoelectron spectra recorded from various crystalline C-S-H phases used in this study. Note that the abscissa runs in the negative

direction according to convention.

Fig. 6. Plot of both Si 2p3/2 and Si 2s binding energies versus ideal Ca/Si ratios.
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on the silicate tetrahedra, thus the silicon atoms are sub-

jected to increased screening and relaxation, in turn leading

to a lower binding energy. A similar relationship was

reported by Seyama and Soma [15] and Carriere and Deville

[31], who both showed a relationship between the anionic

O/Si ratio and silicon binding energies (Si 2s and Si 2p for

Seyama and Soma [15] and Carriere and Deville [31],

respectively). As the anionic O/Si ratio decreased from 4

(for nesosilicates), via 3 (inosilicates) to 2.5 (phyllosilicates)

and eventually 2 (silica), the silicon binding energies

increased.

11 Å Tobermorite has a binding energy much lower than

that predicted from its Ca/Si ratio, as seen in Figs. 5 and 6,

the cause of which is worthy of some explanation. The main

contributing factor is the intrinsic disorder within the tober-

morite structure caused by the variation in the calcium

content of the so-called zeolitic position (Ca2 using the

notation of Merlino et al. [26]). It is widely accepted that

the variation in the calcium content (C/S = 4/6–5/6) (by one

atom per unit formula) has a great effect on the coordination

of Si2. With low calcium contents (C/S = 4/6), the nonbridg-

ing oxygen atoms (NBOs) of the bridging Si-tetrahedra (O6)

are hydroxylated. With increasing C/S ratios, the ‘‘zeolitic’’

position is progressively occupied, creating an excess of

positive charge, which is compensated for by a loss of

protons, until at full calcium occupation there is full occu-

pation of position O6 by oxygen. In the structure determina-

tion of 11 Å tobermorite from the Urals (C/S ratio = 4.5/6),

the bond length Si)O6 is fairly long (ca. 1.68 Å) [26].

Molecular dynamics simulations by Faucon et al. [32]

have shown that with increasing C/S ratio rupture of the

tetrahedral chains can occur between bridging and non-

bridging silicon atoms, thus forming isolated pyrogroups

[Si2O7]
6 � . This model is validated through 29Si NMR

results which show between 10% and 20% Q1 in the spectra

[33]. In this sense, 11 Å tobermorite should not be classified

as a strictly chain silicate, and may be regarded as less

polymerised than xonotlite in terms of condensation of Si-

tetrahedra.

Another indication of decreased polymerisation in 11 Å

tobermorite is the occurrence of polytypes with single

chains of wollastonite type (so-called dreiereinfachketten)

[34]. The presence of such chains indicates that the double

chains within tobermorite are not as stable as the double

chains in xonotlite. Additionally, the possibility of exchan-

ging aluminium for silicon in tobermorite (up to 1/6 of all

silicon atoms), but not in xonotlite, resulting in increased

stability of the former with respect to xonotlite [35], again is

indicative of tobermorite’s instability.

The unusually low binding energy of 11 Å tobermorite is

also reflected in its thermodynamic instability. Over the

temperature range 170–200 �C, it is metastable with respect

to both gyrolite (lower C/S ratio) and xonotlite (higher C/S

ratio), both of which have more highly polymerised Si-

tetrahedra.

3.4. SiKLL Auger peaks

The principal reason for recording the SiKLL Auger line

was to determine the modified Auger parameter (vide infra).

However, the results are interesting in their own right. An

advantage of using this line over the photoelectron lines is

that the shift is much greater, more than compensating for

the slightly broader peaks.

Fig. 7 shows the variation in kinetic energy with Ca/Si

ratio. There is a gradual increase in kinetic energy with

Fig. 7. Plot of SiKLL kinetic energy versus ideal Ca/Si ratios.
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increasing Ca/Si ratios. However, this simplified interpreta-

tion shows a number of outliers. It is better to consider the

results in three groups, separated according to silicate

structure. The phyllosilicates may be represented as

SiO2.5
1� , thus there is only a small charge on each silicon

tetrahedron and minimal relaxation, hence the low kinetic

Fig. 8. 2-D chemical state plot of Si 2p binding energy versus SiKLL kinetic energy. Equivalent modified Auger parameter values (a0) lie along the diagonals.

(a) The data for the phases studied; (b) a number of other silicate phases for comparison.
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energy. The inosilicates posses a structure which may

nominally be written thus: SiO3
2 �. There is a higher

residual charge on each silicate tetrahedron than for the

phyllosilicates, hence greater relaxation around the silicon

atoms resulting in higher kinetic energies. Finally, the

nesosilicates comprised of isolated tetrahedra may be

represented, thus: SiO4
4�. They exhibit the greatest degree

of relaxation, thus the highest SiKLL kinetic energies.

3.5. Modified Auger parameter

The measurement of the modified Auger parameter (a0)

has two advantages with regards to our work. Firstly, a0 is a

measure of energy changes due to extra-atomic relaxation

and is therefore more sensitive to the stoichiometry and

bonding state than XPS binding energy shifts alone [19].

Secondly, errors due to surface charging are removed by the

equal and opposite shifts in each of the two contributing

energies.

Fig. 8a shows the 2-D chemical state plot for the phases

studied. The plot is of Si 2p3/2 binding energy versus SiKLL
kinetic energy, with equivalent a0 values lying along the

diagonals. Unfortunately, the literature regarding the deter-

mination of a0 for mineral phases is very sparse. Hence,

comparisons with the results of others are difficult. How-

ever, the above plot is repeated in Fig. 8b, with the addition

of a number of other silicate phases for comparison (data

adapted from Refs. [17,19,20,36]). These plots allow more

ready differentiation between the different phases than plots

of either photoelectron binding energy or Auger electron

kinetic energy alone. Additionally, grouping of phases with

similar structures can be seen. The phyllosilicates may be

easily differentiated from the other phases by photoelectron

binding energies alone, but the 2-D plots shown in Fig. 8a

and b also allow ready differentiation between the inosili-

cates and nesosilicates. The latter group of compounds

possesses a0 values higher than the former (and the phyllo-

silicates), a reflection of the greatly different silicon bonding

arrangement. The value for C8S5 meanwhile lies between

those of the neso- and inosilicates, a result of its structure,

being a sorosilicate containing both Si3O10 and SiO4 silicate

anions. The a0 values for the various inosilicates and

phyllosilicates are similar, indicative perhaps of their similar

polymeric structures. The nesosilicates meanwhile are well

separated from the rest, a result of their isolated silicate

tetrahedra. This may perhaps be more clearly seen in Fig. 9,

where a0 values are plotted against Ca/Si ratio.

3.6. O 1s binding energies

Putnis [37] states that the Si)O bond lengths of BOs are

about 0.025 Å longer than of nonbridging atoms. This

increased bond length is reflected in an increased photo-

electron binding energy, as shielding of the silicon atoms

decreases, as has been seen by both Seyama et al. [14] and

Schultz-Münzenberg et al. [13]. The presence of water of

crystallisation and hydroxide groups, together with both BO

and NBO groups, makes quantitative analysis difficult.

However, trends are still evident as may be clearly seen in

Fig. 10. This plot shows a selection of O 1s spectra from the

crystalline phases used in this study. With increasing Ca/Si

ratio, there is an increased contribution from the NBOs, seen

as a change in the symmetry of the spectra. Attempts at

quantification, however, were not successful, and more

Fig. 9. Plot of modified Auger parameter (a0) versus ideal Ca/Si ratios.
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work is required in this area to distinguish the contributions

from BOs, NBOs, hydroxide anions and water of crystal-

lisation.

Again, differences between the spectra are the result of

changes in C-S-H structure. Thus, XPS may be used to

characterise crystalline C-S-H phases. Higher Ca/Si ratios

lead to an increased preponderance of NBOs, which them-

selves bond to the charge balancing calcium ions thus,

Ca)O)Si.

4. Conclusions

X-ray photoelectron spectroscopy has been shown to be a

useful tool for characterising various crystalline calcium

silicate hydrate phases. Via a combination of different

spectral parameters, we have been able to identify differ-

ences in silicate structure for different phases. Structural

changes are revealed via changes in the photoelectron

spectra in a number of ways, as summarised below:

� XPS is quantitative. Therefore, changes in Ca/Si ratios are

reflected in the ratios of their photoelectron peak in-

tensities.
� Calcium binding energies are relatively independent of

C-S-H composition or structure. However, at low Ca/Si

ratios, the binding energies are slightly higher, as a result

of both the slightly shorter Ca)O bonds between the

silicate anions and the calcium ions and the decreased

calcium coordination in these compounds.
� Both Si 2p and Si 2s binding energies showed a de-

pendence upon composition. Higher Ca/Si ratios imply a

higher residual negative charge upon the silicate tetrahe-

dra. This results in increased screening and relaxation of

silicon atoms, leading to lower binding energies.
� The trends in silicon photoelectron binding energies may

also be understood in terms of the O/Si ratio of the silicate

anions. As the O/Si ratio decreases, the silicon binding

energy increases. This may be explained as above.
� The SiKLL kinetic energies increased with increasing Ca/

Si ratio. A plot of kinetic energy versus Ca/Si ratio

reveals three regions, according to silicate structure, i.e.

phyllosilicate, inosilicate and nesosilicate.
� The different phases could be distinguished best of all via

the modified Auger parameter (a0). This is ideally

displayed using a 2-D chemical state plot of SiKLL kinetic

energies versus Si 2p binding energies. Equivalent values

of a0 lie along the same diagonal.

The greatly different structure of the nesosilicates was

reflected in higher values of a0. The phyllosilicates and

inosilicates were better distinguished via the 2-D plots.
� BOs and NBOs may be distinguished via their O 1s

binding energies. The presence of water of crystallisation,

hydroxyl groups and adsorbed water made quantitative

analysis impossible, and curve fitting allows only semi-

quantitative analysis of the ratio of NBO to BO atoms in

various phases. Increased Ca/Si ratios lead to an increased

NBO/BO ratio. Problems are encountered due to the

presence of hydroxide groups and water of crystallisation.
� The binding energies for tobermorite deviate from their

expected values. These may be explained by considering

the intrinsic disorder within the tobermorite structure and

the presence of isolated pyrogroups [Si2O7]
6� as a result

of rupture of silicate chains.

Fig. 10. A selection of O 1s photoelectron spectra recorded from various crystalline C-S-H phases used in this study. The tendency towards the increased

prevalence of NBOs with increasing Ca/Si ratio is clear.
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To date, we have investigated crystalline C-S-H phases

as crystalline analogues of the very important amorphous C-

S-H phases found in cement systems. We have shown how

XPS may be used to distinguish the various phases, and how

the spectra may be influenced by the silicate structure. It is

therefore hoped that XPS may now be applied to ‘real’

cement systems, furthering the understanding of the com-

position, structure and stability of such systems.
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