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Abstract

We have synthesised 11-A tobermorite hydrothermally, both pure and with increasing isomorphic substitution of aluminium for silicon.
The samples were analysed by X-ray photoelectron spectroscopy (XPS). Aluminium was found, on the basis of its Al 2p binding energies, to
be tetrahedrally coordinated. We observed no changes in Ca/(Si+Al) ratio upon aluminium substitution, implying that charge balancing does
not occur via the incorporation of additional calcium into the tobermorite structure. Aluminium substitution into the silicate structure led to a
decrease in Si 2p binding energies. This implies one of two alternatives. Firstly, that charge balancing occurs via substitution of OH™ for O*~
in the tobermorite structure. Secondly, the presence of aluminium in the tobermorite structure may negatively influence the degree of silicate
polymerisation. Further work is required to determine which of these possibilities is the case.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Crystal structure; Characterization; XPS; Tobermorite; Aluminium substitution

1. Introduction

The particular interest in the structure and crystal
chemistry of the tobermorite group of minerals arises from
their close relationships with the C—S—H (calcium silicate
hydrates) phases formed during the hydration process of
Portland cement [1]. Five members of the tobermorite group
have been characterised: clinotobermorite, 9-A tobermorite,
10-A tobermorite, 11-A tobermorite and 14-A tobermorite.
The notations 9, 10, 11 and 14 A refer to the characteristic
basal spacings (001-peaks in the XRD patterns) of 9.3, 10.0,
11.3 and 14.0 A, respectively.

The tobermorite minerals belong to the class of
inosilicates, the main structural unit being the wollaston-
ite-type “Dreierkette” [2]. Our interest focuses on 11-A
tobermorite, which comprises calcium- and silicon-layers
plus a so-called interlayer [3]. The calcium layer consists of
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edge-linked seven-fold coordinated calcium polyhedra,
running parallel to (001) [4], whilst the silicate layers are
formed by double chains, “Dreierdoppelketten”, the result of
condensation of two wollastonite-type “Dreiereinfachketten”
running along b. Calcium and silicate layers alternate
along c-axis connected via shared oxygen atoms. The
double chains alternating in the [210] direction are
translated by 1/2 along b, giving rise to eight-ring channels
running along [100]. Within the channels, additional Ca
(zeolitic calcium) and water may be placed, leading to the
term “interlayer”, and allowing possible variations in
calcium content.

Aluminium can be incorporated into the structure of 11-
A tobermorite, and aluminium enriched tobermorites may
occur in hydrothermally cured cements and aerated
concrete. Aluminium substitutes for silicon in the bridging
tetrahedra which form the double chains (Q3) [5], although
additional substitution in non-bridging tetrahedra has been
proposed [6,7]. Considering both the compositions of
natural tobermorites and the Loewenstein rule, aluminium
substitution for silicon is possible up to Al/(Al+Si)=1/6,
with charge compensation via substitution of OH™ for
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O?". Thus, the chemical composition may vary from
Cay 5Si014(OH) - 5SH,0 (the most common composition of
tobermorite) in “pure” tobermorite, to Ca, sAlSisOq5
(OH), - 5H,0 in the fully exchanged tobermorite. Addition-
ally, there is the possibility of charge balance by varying the
calcium content: CaySigO;5(OH), -5H,0-CasAl-
Si5016(OH) - 5H,0. Charge balance is achieved via coupled
substitution O+OH ™ —Ca?"+0*~, whereby O indicates the
so-called ‘empty’ position.

A technique ideally suited for examining changes in the
bonding and structure materials is X-ray photoelectron
spectroscopy (XPS) and thorough reviews of the techni-
que’s capabilities may be found elsewhere [8,9]. XPS has
been used many times for the study of cement systems
[10—-14], but few of these have been structural examina-
tions. We have recently used XPS to characterise the
different silicate structures within the various C—S-H
phases [15-17].

Wagner et al. [18] examined the relationships between
the structures of various silicates and their photoelectron
spectra. They illustrated how binding energies increased
with increasing silicate polymerisation. Furthermore, they
showed how incorporation of aluminium into silicate
structures led to a decrease in silicon binding energies,
due to the increased negative charge introduced into the
structure upon substitution of Si*" by AI’*. Similar
behaviour was observed by Seyama and Soma [19] for a
variety of silicate and aluminosilicate minerals.

This short article examines how photoelectron spectro-
scopy can be used to examine aluminium incorporation into
11-A tobermorite. Other articles, using other analysis
methods (e.g. XRD, IR, TGA, NMR), to investigate the
structures further, are to follow.

2. Experimental
2.1. Sample synthesis

Five samples were prepared from CaO (lime), AI(OH);
(Fluka) and SiO, (Aerosil, Merck) with a water to solid
ratio (w/s) of 20, target Ca/(Si+Al) molar ratios of 5/6, and
Al/(Al+Si) molar ratios of 0, 1/64, 1/12, 1/9 and 1/6. All
syntheses were performed under nitrogen to avoid sample
carbonation. The starting materials were treated mechano-
chemically for 32 h, according to the method of Saito et al.
[20] and Sasaki et al. [21]. The resultant nanocrystalline
phases were then treated hydrothermally in Teflon-lined
steel autoclaves at 170 °C for 22 h followed by an
additional 2 h at 180 °C to yield crystalline 11-A
tobermorite. The products were filtered, washed with
double-distilled, decarbonated water and dried at 60 °C.
Samples were then packed under inert gas prior to analysis.
X-ray diffraction was used to confirm 11-A tobermorite
formation and exclude the presence of unreacted starting
materials.

2.2. Sample analysis

Prior to XPS analysis, sample purity was confirmed by
X-ray diffraction. This was performed using silicon-doped
(NIST640b) samples on a D5000 diffractometer from
Bruker-AXS employing Cu Ko, , radiation and a graphite
secondary monochromator. The measurements were per-
formed in reflection mode over the 2@ range 2-80° with a
0.02° step and 31 s/step.

XPS analysis was performed on each sample as received,
the powders simply being pressed onto adhesive-backed
copper tape before introduction into the vacuum chamber.
Analysis was performed using a VG Escascope fitted with a
MgK,, (hv=1253.6 eV) X-ray source operating at 260 W (13
kV, 20 mA). After an initial wide spectrum, regional spectra
were recorded with a 30-eV pass energy for the important
elemental lines (Si 2p, Al 2p, Ca 2p, O 1s and C 1s).

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 and an 80:20 Gaussian/Lorentzian peak shape were
assumed in all cases. Spectra were corrected for charging
effects against the adventitious carbon peak at 284.8 eV.

3. Results and discussion

A qualitative evaluation of the X-ray diffraction patterns
confirmed that the samples are phase-pure with some
negligible amounts of calcium carbonate, calcite and aragon-
ite, and the zeolitic aluminosilicate, ferrierite (Fig. 1). No
traces of gibbsite were found, confirming the incorporation of
aluminium into the tobermorite structure. The slight changes
in the position of the (002) reflection revealed enlargement of
the ¢ parameter with increasing aluminium content, also
confirming aluminium incorporation [22].

3.1. XPS spectra

3.1.1. Ca 2p spectra

Aluminium incorporation does not affect the Ca 2p
binding energies (Table 1). All the samples showed Ca 2ps,
binding energies of approximately 346.9 eV, compared to
~346.8 eV for calcite and portlandite. There is only a weak
relationship between C—-S—H structure and Ca 2p binding
energy dependent upon silicate anion type, phyllosilicates
having higher Ca 2p binding energies than other silicate
anion types [15]. Thus, in this study, only concerned with
11-A tobermorite, an inosilicate, a trend in binding energies
would not be expected.

We have already stated that charge balancing upon
incorporation of aluminium may be achieved by increasing
the calcium content. As all of our samples were prepared
from starting materials with the same Ca/(Al+Si) ratio, then
the aluminium-poor samples may be expected to contain an
excess of calcium, most probably present as calcium
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Fig. 1. X-ray diffraction patterns of the aluminium-substituted 11-A tobermorite samples. T=tobermorite, C=calcite, A=aragonite; *possibly ferrierite.

carbonate. Thus, to determine whether charge balancing
occurred via changes in calcium content, we must examine
the Ca/(Si+Al) ratios of the 11-A tobermorite phase and
look for the presence of calcium carbonate.

We observed no changes in the Ca/(Si+Al) ratios of the
11-A tobermorite phase with increasing aluminium content,
either by XPS or EDX analysis during examinations by
environmental scanning electron microscopy (details not
shown). Similarly, the diffraction patterns showed no
systematic variation in carbonate content. It appears there-
fore that charge balancing does not occur via changes in
calcium content. To confirm this, we looked for evidence of
calcium carbonate formation. The Ca 2ps,, binding energies
of the three possible CaCO; polymorphs are 346.8, 347.0
and 347.3 eV' for vaterite, calcite and aragonite, respec-
tively [23]. These values are similar to the values for 11-A
tobermorite. However, the presence of carbonate should still
be detectable via a C 1s peak at approximately 289.5 eV. We
did not find any evidence for major changes in the carbonate
contents of our samples, confirming that charge balancing
does not occur via changes in the calcium content.

3.1.2. Si 2p spectra

Fig. 2 shows the variation in Si 2p binding energies and
peak widths with increasing aluminium content. Aluminium
incorporation leads to a decrease in Si 2p binding energy. The
decrease is evident for Al/(Al+Si)>1/64, and even then is
only slight, but it is consistent. However, care is needed when
interpreting this trend. The error in the binding energy values

! Note that we have corrected all of our binding energies against a
binding energy for the adventitious carbon peak of 284.8 eV. Other groups
may use slightly different values for this carbon peak. Where this is so, we
have re-calculated the literature values for consistency.

is £0.05. Thus, it is uncertain as to whether this decrease is
linear or that there is a step for Al/(Al+Si)>1/9. The
consequences of each of these alternatives are described
below.

Barr et al. [24] reported a shift to lower Si 2p binding
energies for sheet silicates with increasing Al/Si. Seyama
and Soma [19] observed similar behaviour in the Si 2s
binding energies of various aluminosilicate minerals. Sub-
stitution of AI** for Si*" results in an effective increase in
the negative charge on the silicate anion, increased shielding
of the silicon nuclei, and thus a decrease in binding energy.
In this instance, an approximately linear decrease in binding
energy with increasing aluminium content would be
expected, and substitution of OH™ for O~ would be the
charge compensation mechanism.

Alternatively, a stepped decrease in the Si 2p binding
energies could be explained by a reduction in the number of
double silicate chains in the silicate structure upon aluminium
incorporation. A lower degree of polymerisation leads to
lower silicon binding energies [15,16,25]. According to
Faucon et al. [26-28] increasing aluminium content leads to
breaking of the silicate chains to form [Si,O;] groups. A

drawback of the model of Faucon et al. is that the
Table 1

Details of important spectral data

Binding energy (eV) 0 1/64 1/12 1/9 1/6

Si 2p 101.90 101.90 101.88 101.81 101.78
FWHM 2.34 2.56 2.39 2.38 2.41
Ca 2ps3p 346.90 34690 34690 346.89  346.91
FWHM 2.07 2.18 2.04 2.06 2.12
OCasi 245.00  245.00 245.02  245.08 245.13
Al 2p - - 74.12 73.97 73.92
FWHM - - 2.45 1.84 2.82
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Fig. 2. Si 2p binding energies and FWHM with increasing aluminium content, Al/(Al+Si).

authors used the structural model of Hamid [29], which is
based on the presence of “dreiereinfachketten”, and not
dreierdoppelketten” as found in many ’SiNMR or IR studies.

In addition to the decrease in binding energies, incorpo-
ration of aluminium leads to a broadening of the Si 2p
peaks. Even ignoring the apparent outlier for Al/(Al+Si)=1/
64 the increase upon incorporation is significant at the 5%
level. Different bonding environments lead to differences in
binding energy, therefore peak broadening indicates the
presence of silicon atoms in various different electronic
environments, namely Si-O-Si and Si-O-Al species.
Another cause could be the presence of silanol (Si-OH)
groups. However, analysis by NMR spectroscopy showed
no evidence of silanol groups in these samples.

Additionally, a careful examination of the powder
diffraction patterns reveals broadening of the diffraction
peaks in this sample, indicating a slightly less crystalline
sample. This will also lead to broadening of the photo-
electron peaks.

3.1.3. Al 2p spectra

Aluminium was only detected by XPS for Al/(Al+Si)>1/
12, even then the peaks were weak and determination of the
precise binding energies was difficult. The binding energies
were approximately 74 eV, but fell slightly from 74.12 eV
for Al/(AI+Si)=1/12 to 73.92 eV for Al/(Al+Si)=1/6.

Barr et al. reported that aluminium binding energies are
dependent upon coordination number. Tetrahedrally coordi-
nated aluminium generally has a lower binding energy than
octahedrally coordinated aluminium, i.e. 73.4-74.55 and
74.1-75.0 eV, respectively [30]. Despite the overlap in these
regions, our values of 74.1 eV and below appear to indicate
tetrahedrally coordinated aluminium in 11-A tobermorite, as
expected. A decrease in binding energies with increasing
aluminium substitution was also observed by Seyama and

Soma [19], who concluded that decreases in both Si 2p and
Al 2p binding energies was attributable to charge delocal-
isation over the entire silicate anion.

3.1.4. O Is spectra

We observed no difference in the O 1s spectra with
increasing aluminium content. We had hoped to see changes
in the spectra due to the presence of Si—O—Al species, similar
to those seen for pure C—S—H phases upon changes in the
ratio of bridging (Si—O-Si) to non-bridging (Si—-O-Ca)
oxygen atoms [15,31]. However, the electronegativity of
aluminium lies between that of calcium and silicon, thus the
binding energies of Si—O—Al species lie between those of the
bridging and non-bridging oxygen atoms. Our spectral
resolution was not sufficient to distinguish between these
different groups.

Similarly, the changes in the O 1s spectrum expected if
charge balancing was achieved via substitution of OH™ for
O’ are too slight to be resolved in this experiment. The
presence of an additional OH group, at the expense of a non-
bridging oxygen atom would lead to only a very slight
change in the O Is spectrum. The situation is complicated
further by the presence of an indeterminable amount of
water of crystallisation.

4. Conclusions

Isomorphic substitution of aluminium for silicon into the
silicate structure of 11-A tobermorite leads to a decrease in
Si 2p binding energies. Substitution of A" for Si** ions
leads to increased shielding of the silicon atoms and thus
lower binding energies. Conversely, following the model of
Faucon et al. [26-28], the observed trends may also be due
to lower silicate polymerisation upon aluminium incorpo-
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ration. However, as no changes were observed in the Ca/
(Si+Al) ratios nor in the levels of calcium carbonate present
upon aluminium substitution, the possibility of charge
balancing by additional calcium in aluminium-substituted
11-A tobermorite may be excluded.

The aluminium binding energies indicate tetrahedrally
coordinated aluminium. Increasing aluminium substitution
led to slight decreases in Al 2p binding energies. That both
the Si 2p and Al 2p binding energies decreased with
increasing substitution indicates that the electrons are
delocalised over the silicate anions.

There was no noticeable change in Ca 2p binding
energies with increasing aluminium substitution. We sup-
pose that aluminium incorporation does not greatly influ-
ence the bonding environment of calcium. Similarly, we
observed no differences in the O Is spectra. This was due
however to insufficient spectral resolution when using a
laboratory-based machine.
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