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Abstract

X-ray photoelectron spectroscopy (XPS) has been used to analyse a series of mechanochemically synthesised, nanocrystalline calcium silicate
hydrates (C-S-H). The samples, with Ca/Si ratios of 0.2 to 1.5, showed structural features of C-S-H(I). XPS analysis revealed changes in the extent
of silicate polymerisation. Si 2p, Ca 2p and O 1s spectra showed that, unlike for the crystalline calcium silicate hydrate phases studied previously,
there was no evidence of silicate sheets (Q®) at low Ca/Si ratios. Si 2p and O Is spectra indicated silicate depolymerisation, expressed by
decreasing silicate chain length, with increasing C/S. In all spectra, peak narrowing was observed with increasing Ca/Si, indicating increased
structural ordering. The rapid changes of the slope of FWHM of Si 2p, 4c, s; and Ango_go as function of C/S ratio indicated a possible
miscibility gap in the C-S-H-solid solution series between C/S 5/6 and 1. The modified Auger parameter (o) of nanocrystalline C-S-H decreased
with increasing silicate polymerisation, a trend already observed studying crystalline C-S-H. Absolute values of o’ were shifted about —0.7 eV

with respect to crystalline phases of equal C/S ratio, due to reduced crystallinity.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poorly-crystalline calcium silicate hydrates (C-S-H gel) are
the primary hydration products of Portland cements, and may
constitute up to 70 wt.% of hardened cement pastes. Thus, the
properties of these gels are important for the mechanical and
chemical properties of cement based materials. C-S-H gels are
commonly formed via the hydration of C;S and 3-C,S, which
are the principal constituents of Portland cement clinker. In
hardened cement pastes, C-S-H gels are nanoheterogeneous,
showing variable composition on a micrometric scale [1,2]. The
C-S-H phases are often defined by their molar CaO/SiO, (C/S
ratio). For C-S-H gel in fully reacted hydrated cement pastes it
may vary over the range 1.7-2.0 (most probably 1.7-1.8) [2].
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Ageing, carbonation, leaching, alkali—silica reaction (ASR),
etc. meanwhile may cause the C/S ratio to drop well under 1.0.

In order to understand the structure of C-S-H phases and the
processes of their formation, many investigations have been
carried out on both hardened cement paste and synthetically
produced C-S-H gels. The latter have the advantage of being
able to be synthesised with a defined C/S ratio over a relatively
broad range (0.5—1.5). Because of the possibility of intimate
mixing of C-S-H gel with portlandite, some authors have
suggested an actual upper limit of the C/S ratio of about 1.5 [3],
whilst several authors investigated C-S-H phases for a possible
miscibility gap, which may be present at around C/S=1.0 [4].

The use of X-ray diffraction for structural investigations is a
challenging task, due to the almost amorphous nature of the C-
S-H gels. Nevertheless, they show some reflections in their
diffraction patterns, which may be assigned mainly to ordering
in the xy plane. A more ordered C-S-H phase of special im-
portance is C-S-H(I), which also shows a basal reflection in the
range 14—12A and in most of its features resembles the pattern
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of tobermorite. The precise position of the basal reflection may
depend upon C/S and water to solid, w/s, ratios [2]. Reactive
milling in a ball mill is a reproducible way to synthesise
nanocrystalline C-S-H phases of type C-S-H(I) which are the
object of this investigation.

Because of the limitations of X-ray diffraction in the case of
most C-S-H phases, structural studies have been performed with
methods not dependent upon long-range structural order, such
as trimethylsilylation (TMS) [5], *°Si MAS NMR, [3,6—10] and
vibrational spectroscopy [11,12]. Many structural models for C-
S-H gel have been proposed based upon these investigations,
mostly incorporating the binary solid solution mechanism.
Results of both Fujii and Kondo [13] and Cong and Kirkpatrick
[3] indicated that C-S-H gel exists as a solid solution between
tobermorite and Ca(OH)j,, the so-called defect-tobermorite model,
whilst Richardson and Groves [14] proposed a model based on
isolated silicate chains of variable length and OH content, inter-
grown with Ca(OH),. A widely accepted model is that proposed
by Taylor, assuming that C-S-H gel consists of a mixture of 14 A
tobermorite and jennite domains on the nanometer scale [15,16].
The structures of 14 A tobermorite and jennite were solved re-
cently by Bonacorssi et al. [17,18]. Richardson has recently stated
that the precise structure of C-S-H depends upon the system in
question, but may be adequately described by a combination of the
tobermorite—jennite model and the tobermorite—portlandite model
[19]. The applicability of these structure models seems to depend
upon the nature and origin of the C-S-H gels. The models of Cong
and Kirkpatrick suitably describe some synthetic C-S-H phases,
whereas those of Taylor and Richardson and Groves address C-S-
H gels obtained via hydration processes of cement. In both cases
tobermorite-like structures similar to C-S-H(I) are very important
for understanding the structural features of the C-S-H gel, despite
limitations due to differences in the highest attainable C/S ratios
depending upon the origin of the C-S-H gel.

In structural studies of C-S-H gels, the degree of polymerisa-
tion of the silicate units plays an essential role. °Si NMR in-
vestigations on pure C-S-H gels with various C/S ratios showed a
decrease in the Q'/Q? ratio and the occurrence ofa Q? signal with
decreasing C/S [3]. Vibrational spectroscopy studies [11,12] also
confirm these observations. Increased polymerisation has also
been observed after heating of pure C-S-H gels [20] or leaching of
hardened cement pastes [21].

Okada et al. [22] studied the silicate anionic structure of the C-
S-H phases formed upon hydration of 3-C,S, by means of TMS
and *°Si NMR spectroscopy. They reported increasing polymer-
isation, from monomer to dimer then chain-polymer, with increas-
ing curing time. Similar observations were made by Rodger et al.
[23] for C3S. Grutzeck et al. [24,25] and Rodger et al. [23] showed
that cement pastes are comprised initially of dimers (Q'), which
transform to Q” upon ageing. Thomas et al. [26] showed that a
further polymerisation to Q* and Q* of the C-S-H gels is possible
in mature and partly carbonated cement pastes.

Here, following a cursory analysis by X-ray diffraction, we
have studied a series of synthetically prepared C-S-H phases of
type C-S-H(I) using X-ray photoelectron spectroscopy (XPS), a
technique more thoroughly reviewed elsewhere [27,28]. This
technique is extremely surface sensitive, and has therefore, been

used to examine the early stages of hydration [29-32]. It is
possible, using XPS, to investigate the chemical state of all
elements, excluding hydrogen, in a single experiment, giving a
total analysis time per sample of about 1 to 2 h. Slight changes in
the bonding environment of a given element results in changes in
photoelectron spectra. Thus, with emphasis on studies of C-S-H
phases, photoelectron spectra are sensitive, for example, to the
degree of polymerisation of the silicate anionic structure [31,33—
36], to the calcium coordination number [33], to the bonding
state of oxygen (i.e. the presence of bridging and non-bridging
oxygen atoms) [30,33,37], and to the influence of atomic sub-
stitution [38]. Furthermore, XPS is quantitative, allowing the
effects of C/S upon structure to be readily discerned. For these
reasons, XPS is suitable for structural examinations of C-S-H
gels. Many of the studies using XPS for the analysis of cements
have concentrated upon the quantitative capabilities of the tech-
nique, i.e. determination of C/S ratios, rather than for structural
analysis, i.e. determination of silicate structure. Upon hydration
of C3S [29-31] and B-C,S [32], changes in photoelectron spectra
were observed, indicating changes in bonding structure, but not
commented upon. Mollah et al. [36] did however note increased
Si 2p binding energies upon hydration of Portland cement clinker
phases attributed to increased silicate polymerisation.

We have recently shown how XPS may be used to ascertain
structural information from C-S-H phases. Increased silicate
polymerisation, as a result of decreasing C/S, led to an increase
in the silicon binding energies of a series of crystalline C-S-H
phases [33,34,38]. Similarly, ageing of fresh clinker minerals
led to surface hydration and silicate polymerisation, observed
via marked increases in silicon binding energies [37]. Calcium
binding energies have also been found to be dependent upon C-
S-H structure, with six-fold coordinated calcium, as present in
C-S-H phases with sheet structures, typically possessing higher
binding energies than C-S-H phases with either chain or dimeric
silicate structures [33]. Furthermore, the O 1s spectra of the
crystalline C-S-H phases may also be used to reveal structural
changes, in particular the preponderance of bridging and non-
bridging oxygen atoms in the structures [33,35].

This article is a continuation of recent studies, progressing from
crystalline analogues to laboratory-synthesised, pure, homoge-
neous, mechanochemically-synthesised calcium silicate hydrates.
An initial cursory analysis by X-ray diffraction was used to con-
firm structure. X-ray photoelectron spectroscopy (XPS) was then
used to investigate changes in structure with changes in C/S.
Whilst the samples analysed in this study were synthetic, and may
therefore not entirely model the C-S-H phases formed in hydrated
cement pastes, it is hoped that this work will act as a step towards
the use of XPS to analyse hydrated cement pastes.

2. Experimental
2.1. Synthesis

The nanocrystalline C-S-H phases were prepared mechan-
ochemically, according to the method of Saito et al. [39] from

stoichiometric mixtures of CaO (freshly prepared from CaCO;
at 1000 °C for 5 h) and SiO, (Aerosil). This entailed milling of
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the oxides with distilled water (w/s=8) in an agate ball mill for
24 h. After every 20 min of milling, the ball mill was stopped for
10 min to avoid overheating. All syntheses were performed
under nitrogen atmospheres to minimise the effects of car-
bonation. After milling, the slurries produced were dried in a
glovebox, under nitrogen, at 60 °C for 96 h. The following
samples with target C/S-ratios were synthesised: C/S=1/5, 2/5,
1/2,2/3,3/4, 5/6, 1/1, 4/3 and 3/2. In the following discussion
the samples will be referred to using this notation. After syn-
thesis, and between analyses, the samples were stored under
nitrogen in hermetically-closed glass vials.

2.2. XPS

The powdered samples were smoothly pressed, as received,
onto indium foil and introduced into the spectrometer for anal-
ysis. XPS spectra were recorded on a PHI 5600 spectrometer
(7%107® Pa base pressure), fitted with a Mg Ka anode
(1253.6 eV). High resolution scans of elemental lines were
collected at 11.75 eV pass energy of the hemispherical capacitor
analyser which yields a full-width-at-half-maximum (FWHM)
of the Ag 3ds), line of 0.62 eV. The energy scale of the spec-
trometer was calibrated using the Cu 2p;,, Ag 3ds,, and Au
4f,, lines of pure and Ar” sputter cleaned metal foils [40]. The
binding energies of elemental lines were charge referenced to
the C 1s line of adventitious hydrocarbon at a binding energy
(BE) of 284.8 eV. The error in the binding energies is about
+0.15 eV and for the FWHM about +£0.05 eV, assuming similar
charging situations at the sample surfaces.

High resolution spectra were recorded from the Si 2p, Ca 2p,
O 1s and C Is regions. Data were analysed using PHI Multipak
software. Curve fitting was performed using nonlinear-least-
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squares optimization of Gaussian—Lorentzian sum functions. A
Shirley-type background was used for all background subtrac-
tion corrections. Atomic concentrations were calculated with
regard to transmission function of the spectrometer and standard
sensitivity factors. Note that the Si 2p spectra were fitted using
one curve, rather than the two predicted by XPS theory. This
allows a more ready comparison with literature values and avoids
the confusion encountered previously [33,34].

3. Results and discussion

Pure C-S-H was obtained in the samples with C/S ~1/2 to 1.
X-ray diffraction patterns were typical for nanocrystalline C-S-H
(C-S-H (I)), and may be identified according to ICDD data set
entry No. 34-0002 (Fig. 1). Furthermore, there was no similarity
between the diffraction patterns of our samples and the C-S-H (II)
phase (ICDD data set entry No. 27-0374). With increasing C/S the
basal reflection shifted to lower d-spacings, with a simultaneous
decrease in FWHM. XRD analysis of the samples is the subject of
a separate paper [41]. At higher calcium contents (C/S 4/3, 3/2)
additional peaks were visible, ascribed to portlandite, the quantity
of which increased with increasing C/S. At lower calcium con-
tents (C/S 1/5, 2/5) a hump at ~4 A was observed, attributed to
amorphous silica gel. No reflections of any CaCOj3; polymorphs
were visible in the diffraction patterns. Some surface carbonation
is inevitable during analysis, but the quantity of carbonate pro-
duced lay under the detection limits of the technique.

Quantification of the photoelectron spectra showed a good
correlation between as-weighed and measured C/S ratios (as
determined from peak intensities and empirical sensitivity fac-
tors), indicating no significant surface enrichment of either cal-
cium or silicon for the samples. This allowed surface composition
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Fig. 1. XRD powder patterns of the nanocrystalline C-S-H phases with different C/S ratios (device: D8 Advance, Cu Ko »).
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Fig. 2. Plot of measured (by XPS) against as-weighed C/S ratios of the
nanocrystalline C-S-H samples.

to be used in place of bulk composition for most of the samples
(see below). Fig. 2 plots the measured C/S ratios against the
intended C/S ratios.

Fig. 3 shows a plot of Si 2p binding energies and peak widths
versus measured C/S ratios. The binding energies lay between
101.65 and 102.9 eV. However, the samples with C/S=1/5 and
2/5 were not homogeneous with respect to silicon-bearing
phases, and contained amorphous silica as visible in the X-ray
diffraction patterns (see above). This has also been determined
by Raman spectroscopy [42] and *°Si NMR [43]. Excluding
these samples, the range in Si 2p binding energies was smaller,
i.e. 102.2 to 101.65 eV. These binding energies are similar to

those reported for hardened cement pastes [36] and aged cement
clinkers [35]. There was a slight decrease in Si 2p binding
energies with increasing C/S, indicating silicate depolymerisa-
tion, as observed for crystalline silicates [33,34,44,45]. The
binding energies for various crystalline C-S-H phases are also
given in Fig. 3 for comparison. The Si 2p binding energies of the
nanocrystalline samples were similar to those of the crystalline
neso-, soro-, and inosilicates (Q°, Q' and Q7 silicates res-
pectively) [33,34] whilst being considerably lower than those of
crystalline phyllosilicates (Q” silicates). It follows that nano-
crystalline C-S-H phases do not form sheet silicate structures.
Rather, they comprise silicate dimers and chains, as has also
been confirmed by Raman spectroscopy [42] and *°Si NMR
[43]. It is also consistent with the 2°Si NMR spectroscopic data
of Cong and Kirkpatrick [3], who observed a small quantity of
Q’ bonding environments in samples with C/S <5/6. These were
assigned to bridging tetrahedra between two single chains giving
rise to double chains as found in xonotlite and 11 A tobermorite,
rather than to sheet structures. Okada et al. [46] observed only
long chains and no silicate sheets in C-S-H gels with C/S ratios
of 1/2 and 2/3.

Fig. 3 also shows the variation in peak width (FWHM) of the
nanocrystalline samples with C/S. As expected, the hetero-
geneous, silicon-rich samples (C/S=1/5 and 2/5), which con-
tain amorphous silica, with a characteristic binding energy of
~103.4 eV [47], gave rise to broad peaks. More interestingly
there was a marked increase in peak width from C/S 5/6 to 1/2.
If we consider that variations in binding energies reflect dif-
ferences in the electronic environment of an element, then
sharper peaks indicate the presence of fewer environments, i.e. a
more ordered structure. Thus, we may assume that the poly-
merisation at lower C/S ratios (C/S 2/5-1/2) is not uniform,
rather that there is a mixture of different silicate arrangements,
namely Q°, Q? dimers and Q” chain ends. Based upon the
diffraction patterns shown earlier, some broadening of the Si 2p
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Fig. 3. Si 2p binding energies and peak widths versus C/S for the various nanocrystalline C-S-H phases. Also shown, for comparison, are the Si 2p binding energies of

various crystalline C-S-H phases.
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peak may be due to the presence of amorphous silica, but the
resolution was insufficient to identify separate phases within the
samples of low C/S. Additionally, the change in slope of FWHM
in Fig. 3 may indicate a possible miscibility gap in the C-S-H
solid solution series between C/S 5/6 and 1. Finally, we consider
the samples with C/S=4/3 and 3/2. These samples contained
considerable amounts of portlandite. A detailed interpretation of
the diffraction patterns revealed that the C-S-H phases in these
samples both have C/S ratios of ~1.25 [41], with the excess
calcium present as portlandite. On the basis of Si 2p photo-
electron spectra alone it would not be possible to ascertain this,
but with the knowledge obtained from XRD we see that the Si2p
binding energies of these two calcium-rich samples are similar,
as are their FWHM. From this we may infer that the silicon-
bearing phases in these samples, i.e. C-S-H, are similar.

The modified Auger parameter o’ (defined as the sum of the
Si 2p photoelectron binding energy and the SiKLL Auger
electron kinetic energy) is frequently used as a measure of extra-
atomic relaxation and can be employed as a probe of the local
structural of the element under investigation. For crystalline C-
S-H phases, o’ has successfully been used to characterise the
polymerisation of silicate tetrahedra [33—35]. For the crystalline
C-S-H phases, o’ decreases with increased polymerisation,
which may be interpreted as follows. The extra-atomic relax-
ation of final state silicon depends on screening by electrons of
neighbouring atoms. In silicates, these nearest neighbours are,
to a first approximation, oxygen atoms. Screening is increas-
ingly effective, as more electrons around a specific oxygen atom
are polarised towards the silicon atom. In other words, the lower
the electronegativity of additional cations bonded to the oxygen,
the better the screening effect. Bridging oxygen atoms are

bonded to a second silicon atom and thus reduce screening of
the central silicon. Non-bridging oxygen atoms are bound to
calcium atoms, which, being less electronegative than silicon
lead to increased shielding of the silicon. Increased polymer-
isation leads to a greater number of bridging oxygen atoms,
therefore decreased shielding and lower o’.

The modified Auger parameters of the nanocrystalline C-S-
H phases followed the trend observed for the crystalline phases,
and decreased with increasing polymerisation (Fig. 4) (using the
mean connectivity as a simple measure of polymerisation [48]).
Mean connectivity was calculated based on 2°Si NMR data [43]
(note that no NMR data were obtained for the sample with C/
S=1/5). It is also possible to see clustering of the samples, with
the two sets of bi-phase samples, i.e. at the extremities of C/S,
separated from the monophase samples with 1/2<C/S<1/1.
Absolute values of o’ were consistently shifted by about —0.7 eV
with respect to the crystalline phases of equal C/S ratio. Con-
sidering the data for the three silica polymorphs, it is clear that o’
increases with increasing crystallinity. Thus, the lower crystal-
linity of the nanocrystalline samples compared to their crystal-
line equivalents leads to this reduction in o’.

Whilst well-defined trends were visible in the Si 2p binding
energies and especially in the Auger parameters, the Ca 2p;),
binding energies showed no such behaviour (Fig. 5). Nano-
crystalline C-S-H phases in general possessed Ca 2p;), binding
energies of 346.9+0.15 eV, similar to crystalline neso-, soro-,
and inosilicates. The crystalline phyllosilicates (sheet silicates)
have slightly higher binding energies (>347.25 e¢V) [33]. This
may be taken as further evidence for the absence of silicate
sheets in our phases. The Ca 2ps, peaks sharpened with in-
creasing C/S, again implying a more ordered structure with
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Fig. 4. Modified-Auger-parameter plotted against mean connectivity of pure crystalline and nanocrystalline C-S-H phases (Note that the annotations for the
nanocrystalline C-S-H phases indicates the as-weighed C/S ratio). Modifications of silica and some other calcium silicates are given for comparison. Mean
connectivity of pure nanocrystalline samples was obtained from 2’Si NMR measurements.
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Fig. 5. Ca 2p;,, binding energies and peak widths versus C/S for the various nanocrystalline C-S-H phases. Note, the axes are plotted on the same scale as Fig. 3 for

ready comparison.

increasing C/S. As with the Si 2p spectra, it wasn’t possible to
identify a second phase within the calcium-rich samples, despite
portlandite being detected by XRD.

The energy separation between the Ca 2ps, and Si 2p peaks,
(4ca_si), has previously been used to follow silicate polymer-
isation upon hydration of C;S [29] and C,S [32], there being a
decrease in energy separation upon hydration, i.e. silicate poly-
merisation. This approach has the advantage of negating errors
due to charge correction, but does not allow comparisons bet-
ween phases that are too dissimilar.

Fig. 6 plots Ac,_g; versus C/S for the nanocrystalline phases.
The separation increased from ~244.6 eV for the sample with
C/S=2/5 (ignoring the highly heterogeneous sample with C/
S=1/5), to ~245.3 eV for the samples with C/S=4/3 and 3/2.

245.6 -
245.4 i
245.2 1
245.0 1

244.8

ACaSi (ev)

. 244.6
244.4
244.2

244.0

243.8 —_——

This is further proof for increased silicate polymerisation with
decreasing C/S. For comparison, Regourd et al. observed an
energy separation of 245.7 eV for C;S, falling to 245.1 eV after
4 h hydration [29]. A similar study by Thomassin et al. observed
an initial energy separation of 245.4 eV for 3-C,S, falling to
244.6 eV after 4 h hydration [32]. We have reported similar
results for fresh and aged clinker minerals [35]. Calculations
based on the results of Mollah et al. show that, upon curing of
OPC for 28 days, the energy separation decreased from 246.3 to
244.8 eV and 245.9 eV for pure and zinc-doped OPC res-
pectively [36].

Interestingly, although the samples with C/S=4/3 and 3/2
ostensibly had different C/S ratios, Ac,_g; values indicated phases
of similar structure. The XRD patterns of these two samples were

0.0 0.5

1.0 1.5

Measured C/S

Fig. 6. Energy separation between Si 2p and Ca 2ps,, binding energies (Ac, s;) versus C/S for the various nanocrystalline C-S-H phases.
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Fig. 7. O Is spectra of the nanocrystalline C-S-H phases, showing the variation,
with C/S, in the relative numbers of bridging (BO) and non-bridging oxygen
(NBO) atoms. Spectral intensities have been normalised for comparison.

very similar except for the portlandite contents, and the C-S-H
phases both had C/S ratios of ~1.25 (see above) [41].

Finally, we consider the O 1s spectra, which may be employed
to examine the structure of minerals [44,45,49] and glasses [50—
52], for example to distinguish bridging oxygen (BO) and non-
bridging oxygen (NBO) atoms. The binding energy of an element
is directly related to its effective atomic charge. Increased electron
density around an atom screens the core electrons, leading to a

2.1 5

2.0

Agoneo (€V)

decreased binding energy. Therefore, non-bridging oxygen
atoms, especially when bound to alkali and alkali earth metals,
often have lower binding energies than bridging oxygen atoms.
We have recently shown how the O 1s spectra of crystalline C-S-
H phases could be related to their structures [37].

Fig. 7 shows the O 1s spectra of the nanocrystalline phases.
The spectra may be assumed to comprise of four components:
non-bridging oxygen atoms with binding energies of 530-—
530.5 eV, bridging oxygen atoms with binding energies of
531.5-532.7 eV, hydroxide species at 533—533.5 eV and bound
water at ~ 534 eV. With respect to the minor phases present at both
ends of the investigated composition range, amorphous silica,
containing bridging oxygen atoms, does not add additional com-
ponents. Portlandite in the calcium-rich samples adds intensity at
531.6 eV [53]. For the nanocrystalline C-S-H phases, signals were
visible from bridging, non-bridging and hydroxyl species, with
little or no contribution from bound water. The high vacuum
conditions required for XPS analysis lead inevitably to some loss
of bound water [37,54]. However, loss of such water should not
influence the extent of silicate polymerisation, nor the contribu-
tions from either bridging or non-bridging oxygen atoms.

The O 1s spectra were broad and asymmetric. With increasing
C/S there were increased contributions from non-bridging oxygen
atoms, as silicate depolymerisation led to increased numbers of
Ca—O-Si units and fewer Si—O-Si units. However, the Si 2p
spectra showed that silicate sheets are not formed. Thus, the
observed silicate depolymerisation was due to ever shortening
silicate chains with increasing C/S.

For crystalline phases, BO/NBO ratios have been success-
fully linked to crystal structure, with an increase in the BO/NBO
ratio being linked to increased silicate polymerisation [37].
Despite the structures of the crystalline C-S-H phases already
being known, the extraction of data was an arduous task. Fitting
parameters had to be strenuously constrained, and loosened

1.0 1.5

Measured C/S

Fig. 8. Variation in Axgo_po With C/S. The decrease in peak separation corresponds to increased silicate polymerisation.
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gradually with each iteration to ensure sensible results. The lack
of a structural model for the nanocrystalline C-S-H phases, from
which to begin peak fitting made structural interpretations based
on BO/NBO ratios incredibly difficult. The problems were
compounded by the presence of minor phases, namely unre-
acted silica and portlandite. Unlike with the Si 2p and Ca 2p
spectra, the presence of these minor phases could be observed
directly in the O Is spectra. The presence of a large excess of
unreacted SiO; in the sample with C/S=1/5 was clearly evident
in this sample’s O 1s spectrum, there being a large peak at
~532.5 eV. This peak was not evident however in the sample
with C/S=2/5, where XRD also showed the presence of
unreacted SiO,. More subtle were the changes in the spectra of
the calcium-rich samples. The O 1s binding energy of portlandite
is close to that of bridging oxygen atoms. The O 1s spectra of the
samples with C/S=4/3 and 3/2 revealed little difference com-
pared to the sample with C/S=1/1, where an increase in the
NBO/BO ratio was expected. The overlapping O 1s bands due to
portlandite and bridging oxygen atoms gave a lower than ex-
pected NBO/BO ratio.

Changes in the extent of polymerisation can also be followed
via changes in the separation between the peaks due to bridging
and non-bridging oxygen atoms (Ango_po) [37]. Fig. 8 shows a
continuously increasing peak separation with decreasing C/S.
We recently observed similar behaviour in crystalline C-S-H
phases with sheet and chain silicate structure, where peak se-
paration increased with decreasing C/S within each structural
class [37]. The shift from chain to sheet silicate structures was
on the other hand marked by a strong discontinuity in peak
separation. Hence, like the crystalline phases, the nanocrystal-
line C-S-H phases are increasingly polymerised with decreasing
C/S ratio. Unlike the crystalline phases however, increased
polymerisation manifests itself in the formation ever lengthen-
ing silicate chains rather than sheet silicate structures. Absolute
values of peak separation were higher for nanocrystalline C-S-H,
indicating a maximum NBO/Ca ratio of 2, particularly for C/
S ~1/2 [37]. Again with regard to a possible miscibility gap in
the C-S-H-solid solution series, there seems to be a change in
slope around C/S 0.9.

4. Conclusions

Nanocrystalline calcium silicate hydrate (C-S-H) samples
were prepared mechanochemically in the composition range with
C/S ratios of 1/5-3/2, yielding surface C/S ratios, as confirmed
by XPS measurement, of between 0.21 and 1.48. The samples
with C/S=1/5 and 2/5 were found to contain residual SiO,, and
samples with C/S 4/3 and 3/2 contained portlandite. The C-S-H
gave diffraction patterns similar to C-S-H(I). The phases ap-
peared to possess a defect-tobermorite structure, as indicated by
the results of Cong and Kirkpatrick [3], because no C-S-H(II) or
other phase similar to jennite could be found. This structure is
consistent for synthetic C-S-H phases.

Quantitative XPS showed the average surface composition to
match the bulk composition. However, where XRD revealed
multiphase systems for the most calcium-rich or calcium-poor
samples, XPS could not easily recognise the presence of mul-

tiple phases. Despite this, the surface structure may be used to
investigate bulk structure. This is true for the monophase sam-
ples (1/2<C/S<1/1), and for the multiphase systems, provided
that the XPS data are used in conjunction with other techniques,
i.e. XRD, Raman or NMR.

XPS enabled the simultaneous determination of the chemical
states of all of the constituent elements (excluding hydrogen). Si
2p binding energies slightly decreased with increasing C/S. The
binding energies indicated the presence of neso-, soro- or iono-
silicates, not phyllosilicates (sheet silicates). Further evidence for
this was gained from examining variations in Ca 2p binding
energies, where the higher Ca 2p binding energies seen for
phyllosilicates were not observed for the nanocrystaline C-S-H
phases.

The trend in modified Auger parameter for the nanocrystal-
line C-S-H followed that seen for crystalline C-S-H, with a
decrease in o’ with increasing C/S indicating decreased poly-
merisation. Absolute values of o’ were shifted about —0.7 eV
with respect to crystalline phases of equal C/S ratio, due to a
lower degree of crystallinity.

The O 1s spectra also indicated silicate depolymerisation
with increasing C/S. As the presence of silicate sheets was
excluded, silicate depolymerisation indicated decreasing silicate
chain length with increasing C/S. At low C/S, the presence of
unreacted SiO, was observed in the O 1s spectra, whilst at high
C/S the presence of portlandite led to erroneous NBO/BO ratios.

All spectra (Si 2p, Ca 2p and O 1s) also showed consistent
behaviour when examining changes in peak widths with C/S.
Peak widths were greatest for the calcium-poor phases and fell
consistently with increasing C/S. From this we may infer that
there was greater structural disorder within the calcium-poor
phases.

There were several hints on a possible miscibility gap in the
C-S-H-solid solution series between C/S 5/6 and 1. The slope of
FWHM of Si 2p versus C/S changed rapidly in this region, as did
the appearance of the O 1s spectra, and Ango_go versus C/S.
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