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Abstract  

The dramatic change in properties of water near its critical point (i.e. T = 
374 °C and p = 22.1 MPa, note: 100 MPa = 0.1 GPa = 1 kbar ≈ 1000 atm) 
has been a subject of numerous studies and also lead to the development of 
various applications (e.g. in waste destruction, biomass processing, and the 
synthesis of advanced ceramic materials). However, comparatively little is 
known about the behavior of water at gigapascal pressures. The present 
study attempts to explore catalytical properties and reactivity of extreme 
water with respect to several oxide systems: SiO2, TiO2 and LiAlSiO4. “Ex-
treme water” here is defined as existing at p,T conditions of 0.25–10 GPa 
and 200–1000 °C, thus considering both supercritical fluid and hot com-
pressed ice. The study shows that extreme water can make high pressure 
mineral phases accessible at relatively mild T conditions. At the same time, 
high pressure aqueous environments appear efficient in stabilizing novel 
metastable structures and may be considered as a general route for synthesiz-
ing new materials. 
The hydrothermal treatment of SiO2 glass at 10 GPa and 300–550 °C yielded 
an unusual ultrahydrous form of stishovite with up to 3% of structural water. 
At the same time, the extreme water environment enhanced notably the ki-
netics of stishovite formation, making it accessible at unprecedentedly low 
temperatures. Thus, for the SiO2–H2O system water acts as both catalyst and 
reactant. For TiO2 a hydrothermal high pressure treatment proved to be of 
high importance for overcoming the kinetical hindrance of the rutile – TiO2-
II transformation. 6 GPa and 650 °C were established as the mildest condi-
tions for synthesizing pure TiO2-II phase in less than two hours. The crystal-
lization of LiAlSiO4 glass in an extreme water environment yielded a num-
ber of different phases. In the low pressure region (0.25–2 GPa) mainly a 
zeolite (Li-ABW) and a dense anhydrous aluminosilicate (α-eucryptite) were 
obtained. At pressures above 5 GPa the formation of novel pyroxene-like 
structures with crystallographic amounts of structural water was observed.  
The overall conclusion of this study is that extreme water environments 
show a great potential for catalyzing phase transitions in oxide systems and 
for stabilizing novel structures via structural water incorporation. 
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1 Introduction 

1.1 Extreme water  
Water is the most ubiquitous solvent and has unique structural and physical 
properties. In contrast with organic solvents water can exist at very high 
pressures and temperatures. Solvent properties and reactivity vary dramati-
cally between different pressure and temperature (p,T) conditions. In the 
supercritical fluid regime – where temperatures and pressures are above 374 
°C and 22.1 MPa, respectively (note: 100 MPa = 0.1 GPa = 1 kbar ≈ 1000 
atm) – water becomes miscible with nonpolar compounds while polar and 
ionic compounds remain highly soluble as well [1]. The freezing point of 
water increases largely after 1 GPa. It is about 100 °C at 2 GPa, about 300 
°C at 6 GPa and reaches 730 °C at around 40 GPa.  
The behavior of water at high p,T conditions is of profound importance to 
many scientific disciplines, including Earth and planetary sciences, physics, 
chemistry and materials science. Most extreme conditions – yielding superi-
onic H2O – exist in the ice bodies of outer solar systems and possibly in the 
deep interior of the giant planets Neptune and Uranus for which highly con-
ducting water may account for the observed magnetic fields [2]. In the 
Earth’s crust and upper mantle, supercritical aqueous environments are re-
sponsible for volcanism and ore deposit formation [3,4]. Furthermore, the 
high p,T properties of water are linked to various geochemical processes and 
reactions, such as the formation of petroleum [e.g. 5]. The behavior and 
properties of water at p,T conditions around its critical point (terminus of the 
liquid-vapor coexistence line) are rather well investigated and also techno-
logically exploited (e.g. in waste destruction, biomass processing, and for 
the hydrothermal synthesis of advanced ceramic materials) [6,7]. In contrast, 
more extreme conditions – involving gigapascal pressures and temperatures 
in excess of 1000 °C – are experimentally difficult to access and have only 
been sparsely explored. Most insight stems from molecular dynamics (MD) 
simulations [8]. However, uncertainties prevail even for basic properties at 
comparatively low pressures, such as the melting curve of ice VII [9].  
This thesis attempts to examine the reactivity of extreme water 
environments, where “extreme” refers to gigapascal pressures up to ~10 
GPa, and temperatures from ~100 °C to ~1000 °C. Compared to the p,T 



 2 

conditions around the critical point, which are already exploited for various 
chemical reactions, this represents especially a large increase in pressure. 
One may expect decisive changes in thermodynamic key relations, such as 
solubility/mixing and solid-fluid-reaction equilibrium constants, but also for 
the kinetics of reactions and phase transitions (e.g. through modified 
(hydroxylated) surfaces). Recent MD simulations predict a modest increase 
of the dielectric constant ε0 from 10 to about 30 when increasing pressure 
from 1 to 10 GPa at 1000 K [10]. These values are similar to those of dipolar 
solvents, such as acetone. Also, mass transfer will not deteriorate because 
viscosities are expected to remain comparably low (below 3 mPa·s) [11]. 
Furthermore, Kw (the ionic product of water) increases drastically with 
increasing p,T and attains values as high as 10-3 at 10 GPa and 730 °C 
(translating to a pH of 1.5). Thus, extreme water at GPa pressures is 
expected to be a highly effective acid-base catalyst (Fig. 1).  

 
Figure 1.1. The overview of the water p,T phase diagram showing the region defin-
ing “extreme water” and the commonly applied range for near- and supercritical 
water (marked yellow, right and left, respectively). The pH values are given for the 
corresponding ranges. The roman letters denote the ice solid phases.  

The reactivity of extreme water is virtually unexplored but should open for 
innovative chemistry with a wide range of chemical systems. In this thesis 
three model systems were examined: SiO2, TiO2 and LiAlSiO4. These repre-
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sent single component systems with high relevance to both Earth and mate-
rials sciences. The primary goal was to gain insight into the response of 
well-defined chemical compounds to an extreme water environment. So 
complex reactions with extreme water are not really considered and one may 
rather speak of extreme-water-catalyzed (phase) transitions. In any case, this 
could lead to new knowledge with respect to geochemical processes (the 
aspired p,T conditions covered the Earth’s crust and upper mantle region 
down to 300 km) and/or the production of novel materials.   
The chosen p,T range (i.e. gigapascal pressures up to ~10 GPa, and tempera-
tures up to  ~1000 °C) includes “hot” ice VII, for which superionic proper-
ties have been postulated [12]. Although solid, ice VII may represent an 
interesting reaction medium. The p,T boundaries are mainly set because of 
methodological reasons. It is not trivial to confine experimentally extreme 
water environments. Also, with increasing pressure reaction volumes de-
crease a lot and beyond 10 GPa it is difficult to obtain sample amounts that 
are sufficient for a conclusive characterization of products. High pressure 
methodology used in this thesis was based on large volume presses driving 
piston cylinder and multi anvil devices. With this technique reaction vol-
umes of at least 0.1 cm3 could be maintained at 10 GPa. At the same time 
p,T conditions were accurately constrained and could be preserved over pro-
longed time (if necessary, several days). A considerable effort in this thesis 
presented the search for suitable sample capsules and finding procedures to 
confine the volatile H2O (when fluid) in the pressure cells. 

1.2 SiO2 
Understanding the complex relationships between the many polymorphs of 
silica, being crystalline, amorphous and molten, is of great significance and 
remains the subject of continuing study [13-15]. At ambient to moderate 
pressures (up to 9 GPa) all forms of silica are built up of SiO4 tetrahedra – 
the highest pressure polymorph of this type is coesite. At higher pressures 
dense forms containing SiO6 octahedra occur. Stishovite with the tetragonal 
rutile structure is stable between 9 and 50 GPa [16]. It is the prototype min-
eral having octahedrally coordinated silicon and one of the hardest oxide 
materials. Coesite and stishovite are abundant in the silica rich sedimentary 
and basaltic parts of subducted oceanic slabs and crustal fragments at depth 
of the Earth’s mantle [17]. They are considered as nominally anhydrous 
minerals [18,19]; however, stishovite may contain small amounts of hydrox-
yl (OH, “structural water”) in conjunction with Al incorporation and thus be 
an important contributor to the water budget of silica based mantle rocks 
[20].   
Because of the great strength of the Si-O bond and the rigidity of the tetra-
hedral SiO4 coordination there are large kinetic barriers associated with the 
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transition between silica polymorphs, especially when going from four- to 
six-coordinated Si [21]. For example, silica glass can be irreversibly densi-
fied at pressures in excess of 15 GPa without a phase transition to crystalline 
coesite and stishovite [22]. For the transition coesite – stishovite there is a 
critical temperature of about 1000 °C to overcome the kinetic barrier [23]. 
As a consequence, little is known about transformation mechanisms. If this 
barrier could be lowered new, intermediate, high pressure forms of silica 
with silicon in either a mixed tetrahedral/octahedral environment or forms 
containing five-coordinated silicon may become accessible [24]. To explore 
routes for lowering the kinetic barrier associated with the transformation 
from tetrahedrally to octahedrally coordinated Si in SiO2, mixtures of both 
silica glass and coesite with water were exposed to a pressure of 10 GPa and 
various temperatures. Unexpectedly, these conditions produced novel forms 
of stishovite containing unprecedented amounts of structural water.  

1.3 TiO2 
The findings for SiO2 triggered the study of TiO2. For TiO2 the rutile struc-
ture is the most stable form at ambient pressure. It is known that on com-
pression TiO2 undergoes a sequence of phase transitions, rutile → α-PbO2-
type → baddeleyite-type (MI) → orthorhombic Pbca phase (OI) → cotun-
nite-type (OII) [25]. The first one from rutile to α-PbO2 (columbite) takes 
place in the pressure range 5 to 8 GPa.  Similar to the coesite–stishovite 
transformation in SiO2 this transition is connected with a considerable kinet-
ic barrier. Mixtures of rutile with water were exposed to pressures between 2 
and 6 GPa and temperatures ranging from 200 to 650 °C which helped estab-
lishing a more precise phase boundary between rutile and TiO2-II at low 
temperatures, and resulted in a procedure for efficient rutile-TiO2-II conver-
sion which may be useful for industrial production.  

1.4 LiAlSiO4 
LiAlSiO4 is an aluminosilicate which at ambient pressure consists of a 
framework built from tetrahedral AlO4 and SiO4 units. There are several 
crystalline modifications with this composition, including a zeolite (Li-
ABW), as well as LiAlSiO4 glass. It was thought that LiAlSiO4 glass would 
provide a splendid precursor for extreme water catalyzed crystallization into 
new zeolite materials. The investigation was inspired by the “zeolite conun-
drum”, asking the question why there are so many hypothetical zeolite struc-
tures but only so few observed [26]. The conundrum expresses the current 
poor understanding of mechanisms of zeolite formation. If the number of 
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mechanisms could be enlarged in an extreme water environment, more zeo-
lite structures may become experimentally accessible.  Mixtures of LiAlSiO4 
glass with water were exposed to pressures between 0.25 and 10 GPa and 
temperatures ranging from 200 to 600 °C. Unexpectedly pressures above 5 
GPa produced pyroxene-like phases with crystallographic amounts of OH 
incorporated. 
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2 Materials and Methods 

2.1 Starting materials  
 

For investigating the transformation behavior of silica (SiO2), titania (TiO2) 
and LiAlSiO4 in the presence of extreme water, the following starting mate-
rials were used: 
 
a) Water: Milli-Q® ultrapure water. 
 
b) Silica: The primary silica source was amorphous SiO2 glass manufactured 
by SPEX® (purity 99.999%). The material displayed a broad distribution of 
particle sizes, ranging from about 2 to 200 µm (Fig. 2.1 a). In addition, silica 
glass powder with uniform particle size ~1 µm and rod-shaped glass pieces 
were occasionally used for control experiments.  
 
c) Titiania: Puratronic®, 99.995% (metal basis). This material corresponded 
to rutile with a smaller fraction of anatase impurity (< 3 %) and consisted of 
sub-μm sized particles that appeared sintered into large chunks (Fig. 2.1 b). 
 
d) LiAlSiO4: LiAlSiO4 glass was synthesized from Li2CO3 (ChemPur, 
99.995%), Al2O3 (ChemPur, 99.999%) and SiO2 (Umicore, 99.99%). The 
powders were pre-dried overnight at 110 °C and carefully mixed in an agate 
mortar with a molar ratio Li2CO3:Al2O3:2SiO2. The mixture was transferred 
to a platinum crucible with a lid and heated in a furnace in air atmosphere at 
a rate of 1200 °C/hour from 300 to 700 °C, 100 °C/hour from 700 to 1000 
°C and 300 °C/hour from 1000 to 1600 °C. Finally, the mixture was dwelled 
at 1600 °C for one hour and quenched by placing the crucible onto a copper 
table. The resulting LiAlSiO4 glass came out as a colorless, transparent sin-
gle piece (without visible opaque regions), and contained a few bubbles only 
in the area of the melt being in contact with crucible (Fig. 2.1 c). About 1.5 g 
of glass was produced at a time.  
According to powder X-Ray diffraction and scanning electron microscopy 
analysis the synthesized glass sample was void of any crystalline contribu-
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tion. The distribution of Al and Si in the glass was probed by means of ener-
gy-dispersive X-ray spectroscopy using a JEOL JSM 7000F scanning elec-
tron microscope equipped with a Schottky-type field emission gun at 15 kV 
accelerating voltage (see section 2.3 for details on methods). The measure-
ments were performed on several pieces of glass 3-5 mm across which were 
picked from different regions of the initial glass piece. The glass was me-
chanically polished and coated with ~15 nm carbon film to decrease possible 
charge up during the probing. None of the probed areas revealed any sub-
stantial deviation from the expected 1:1 Al:Si ratio. The average Al:Si ratio 
was 1:1.075±0.077. Additional analysis by inductively coupled plasma opti-
cal emission spectrometry using a Varian Vista-MPX instrument yielded 
Li:Al molar ratio of ~1:0.99.  
LiAlSiO4 glass was crushed between tungsten carbide cubes (parts of the 
multi-anvil assembly, see section 2.2.2) prior to using it for the experiments. 
The so-produced material consisted of irregularly shaped glass particles with 
sizes ranging from 50 to 500 µm (Figure 2.1 d).  

 
Figure 2.1 (a), (b), (d): SEM pictures showing particle morphology and size distri-
bution in SPEX SiO2 glass, rutile TiO2 and crushed LiAlSiO4 glass starting materi-
als, respectively; inset in (b) shows a close-up of the rutile particles. (c) A photo-
graph of LiAlSiO4 glass before crushing. 
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2.2 Producing hydrothermal environments at gigapascal 
pressure 

 
The starting materials were exposed to extreme conditions (i.e. pressures in a 
range 0.25 – 10 GPa and temperatures in a range 200 – 1000 °C) in the pres-
ence of up to 35 wt. % H2O. The experiments employed a rather large pro-
portion of water in order to ensure its constant activity in possible high p,T 
processes. High p,T conditions were produced by large volume press meth-
odology using piston-cylinder (PC) and multi-anvil (MA) devices. A de-
scription of the high pressure techniques and details of the experimental 
setup will be given below. 

2.2.1 Choice and preparation of sample containers 
Aqueous environments at high p,T conditions can be highly corrosive. In 
geosciences samples with liquid water are commonly contained in hermeti-
cally sealed noble metal capsules, which can withstand prolonged exposure 
to sub- and supercritical water. At the same time, such capsules are most 
often inert with respect to reaction components and show rather low water 
loss [27]. In this study the capsules were prepared from gold-palladium 
(Au80Pd20), silver-palladium (Ag70Pd30) alloys or platinum metal (Pt). Each 
capsule was made from a cut piece of noble metal tubing and the two lids 
were prepared from a corresponding metal foil (Figure 2.2 a). The dimen-
sions of the capsules measured 5 mm outer diameter and ~6.2 mm length 
which resulted in 80-90 mm3 sample volume. The lids were sealed to the 
capsules using a LaserStar 1900 laser welding workstation (Figure 2.2 b). 
After welding the first lid 55-65 mg of powdered starting material was load-
ed into the capsule, followed by careful addition of MilliQ water with a sy-
ringe until the capsule was filled completely. After inserting the second lid 
and subsequent welding, 20-35 mg H2O would stay in the capsule (up to 35 
wt.%). The quality of the capsule seal was ensured by inspection under a 
optical microscope and by the oven test (leaving a capsule in an oven heated 
to 100 °C for several hours and weighing to detect any mass loss). Capsules 
that showed mass loss after the oven test were discarded.  
After the high pressure run the capsules were weighed to check for water 
loss during the experiment. If any mass loss was observed, most often it was 
negligible (<5 mg); however, a few times an almost complete loss of water 
occurred. The reason is not clear; most likely it can be attributed to mi-
crocracks which were introduced when the tubing was cut. Out of all the 
capsule materials used, Au80Pd20 appeared the best at keeping the water. 
After weighing, capsules were pierced by slightly cutting the edge of the lid 
with diagonal pliers. When piercing a droplet of pressurized fluid would 
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normally appear. Samples were dried at 50–60 °C until no mass decrease 
could be detected anymore (usually for about 1 day) and recovered. 

 
Figure 2.2 (a) parts of the noble metal capsule before welding; (b) LaserStar 1900 
workstation at ASU; (c), (d) capsule deformation after a multi-anvil experiment: 
decrease in OD is higher than decrease in length. 

2.2.2  High pressure techniques 
 
A MA device was used for experiments requiring higher pressures (2 – 10 
GPa) and temperatures up to 1000 °C, whereas a PC device was employed 
for the 0.25 – 2 GPa, 200 – 600 °C p,T range.  

Multi-anvil device 
A multi-anvil (MA) apparatus is a high pressure device where a sample is 
hydrostatically compressed by several (≥4) anvils. The sample is contained 
in a polyhedral pressure transmitting medium (PTM), and the shape of the 
polyhedron (tetrahedral, cubic or octahedral) depends on the type of MA 
apparatus. Cubic and octahedral MA devices are commonly used today, 
employing 6 and 8 anvils, respectively. The first MA apparatus was intro-
duced in 1958 [28] and since then underwent a number of modifications 
[29]. Typically, the MA design allows heating samples under pressure, and 
from the beginning the device was popular within the geoscience 
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Figure 2.3. (a) “Big Blue” press at ASU. (b), (c) Sketches showing the basic parts of 
6-8 Walker-style MA: (b) an octahedral assembly between truncated cubic anvils, 
(c) complete cubic assembly (stage II) between the outer anvils (stage I). (d) Cross-
sectional view of MA showing the heating circuit. 

field as it made accessible the p,T conditions of the Earth’s interior. Nowa-
days MA usage has expanded into other fields, such as synthesis of novel 
materials and in situ observations of the matter under extreme p,T [30,31]. 
In this study a Walker module [32] of a 6-8 octahedral MA apparatus de-
signed by Kawai and Endo [33] was used. The instrument (“Big Blue” at 
ASU) is shown in Fig. 2.3 (a). In this type of MA the cylindrical sample is 
contained inside an octahedral PTM. The latter is compressed by 8 truncated 
tungsten carbide (WC) cubes forming a single cubic cluster around the octa-
hedron (Fig. 2.3 b). The resulting cubic assembly is then positioned along its 
[111] axis between 6 wedge-shaped stainless steel anvils (Fig. 2.3 c), en-
closed in a confinement ring. The 6 outer anvils are referred to as a stage I, 
and the 8 WC cubes as stage II, hence the numbers “6-8” in the name of this 
setup. The MA apparatus is compressed uniaxially with a hydraulic ram 
(press). The pressure distributes hydrostatically over the octahedral PTM by 
the two stages of anvils. The efficiency for pressure generation is determined 
by the size of the truncation of the WC anvils and the dimensions of the 
PTM. Typical sets of dimensions of the octahedron edge/truncation lengths 
(in mm) are 18/12 (up to 10 GPa), 14/8 (up to 16 GPa) and 10/5 (up to 21 
GPa). The sample pressure has to be calibrated as a function of the hydraulic 
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oil pressure. This is achieved by in-situ monitoring of known phase transi-
tions through changes in electrical resistivity (e.g. the Bi-I to Bi-II and Bi-III 
to Bi-V transitions at 2.55 and 7.7 GPa, respectively) in room temperature 
calibrations, or the ex-situ analysis of known phase equilibria (e.g. quartz – 
coesite, coesite – stishovite) in high temperature calibrations. [34] High 
temperatures are produced by passing the current through a resistive furnace 
(e.g. sleeves of graphite or LaCrO3) inserted in PTM around the sample. 

 
Figure 2.4. (a) Detailed view of the 18/12 assembly developed by Stoyanov et al. 
[35]; (b) positioning of the 18/12 assembly and type C thermocouple between the 
WC cubes; (c) a complete cubic assembly nested in a Walker module with the cop-
per foil attached and thermocouple (TC) connected. Photographs are kindly provid-
ed by Michael Zeilinger.  

An 18/12 assembly developed by E. Stoyanov et al. [35] (Figure 2.4 a) has 
been used in this study. This assembly supports sample volumes of up to 150 
mm3 at pressures up to 10 GPa, while the thermal gradients are kept mini-
mal. The Stoyanov assembly is especially beneficial for high pressure syn-
thesis as it yields enough product for extensive ex-situ characterization. The 
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sample capsules inside the octahedral PTM (made of MgO/MgAlO2) are 
contained in a BN sleeve and positioned in a graphite resistance furnace. 
ZrO2 surrounding the furnace provides thermal insulation. A type C 
(W5%Re/W26%Re) thermocouple in a 4-bore Al2O3 sleeve is used for the 
temperature measurement near the sample in connection with an external 
power/T controller. The electric circuit for heating the sample is created by 
(1) molybdenum leads bridging the graphite furnace and WC cubes, (2) cop-
per foil between the cubes and the steel wedges, and (3) copper foil pieces 
outside the wedges in contact with the top and the bottom plates of the as-
sembly (Fig. 2.3 d, 2.4 b,c). Electric insulation within the assembly is pro-
vided with pyrophillite gaskets and paper backings. In a standard MA run 
the oil pressure was increased at 400 psi/hour with a computer-controlled 
micropump, and heating was applied at a rate of 20 °C/min after the target 
pressure was achieved. After a run, temperature was quenched by turning off 
the power at the controller. This was followed by a micropump-controlled 
depressurization. 

Piston–cylinder device  

 
The PC apparatus [36] is a relatively simple device commonly used in geo-
science for achieving the p,T range of the lower crust – upper mantle region 
[37]. The pressure in a PC is generated by forcing a piston into a cylinder (a 
“bomb” with cylindrical cavity) with a hydraulic ram. The resulting sample 
pressure is calculated by multiplying the applied oil pressure by the 
ram/piston area ratio. The maximum pressure achievable with PC devices is 
determined by the tensile strength of the bomb. For a non-end loaded PC 
apparatus, as the one used in this work, the upper pressure limit is 2.5 – 3 
GPa. The principle of heat generation in a PC is similar to that applied in 
MA apparatus, employing a resistive furnace around the sample. The non-
end loaded PC device (Depths of the Earth Inc., Cave Creek, AZ) employed 
in this study is shown in Fig. 2.6. Experiments at 0.25 GPa were performed 
using a 25 mm sample assembly and a cylinder with a corresponding bore 
diameter. Experiments at 1 and 2 GPa were performed using a 13 mm as-
sembly. A scheme of a typical assembly and the photographs showing com-
ponents of a 13 mm setup are displayed in Fig. 2.5 (a) – (c). The sample 
capsule positioned inside the graphite resistance furnace is supported by 
crushable MgO bushing, a stainless steel base plug insulated with a Pyrex 
sleeve, and a tungsten carbide base plug support. As in MA experiments, an 
Al2O3-insulated type C thermocouple was used for sample temperature 
measurements. Unfired pyrophillite powder tightly packed between the cap-
sule and the furnace served as a pressure medium, as it is an efficient materi-
al for decreasing H2O loss during a run [38]. The furnace is nested in Pyrex 
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and NaCl sleeves, which function as PTM and provide thermal and electric 
insulation. The base plug support is insulated with a pyrophillite gasket dur-
ing the experiment. In a typical PC run the oil pressure on the sample was 
generated at 100 psi/min with a hydraulic hand pump and measured with a 
Heise gauge (±50 psi). Heating (at 25 °C/min) was started when ~85% of 
target pressure was achieved. Later the compression speed was adjusted to 
reach desired p,T conditions simultaneously. After the run isobaric quench-
ing was performed, followed by sample depressurizing. 

 
Figure 2.5. (a) Photograph showing the entire set of assembly components: (1) sam-
ple capsule; (2) base plug support; (3), base plug insulation sleeve; (4) base plug; 
(5), (6) crushable MgO; (7) Al2O3 disc; (8), (9) graphite furnace and graphite lid, 
respectively; (10) Pyrex glass sleeve; (11) NaCl sleeve; (12) pyrophillite powder; 
(13) pyrophillite gasket; (14) insulated type C thermocouple. (b) A completed PC 
assembly ready for an experiment. (c) Cross-sectional sketch of a PC sample assem-
bly. (d) Cross-sectional view of a PC device showing the heating circuit. 
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Figure 2.6. A photograph of a QUICKPress PC by Depths of the Earth Company 
(reproduced from www.depthsoftheearth.com). 
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2.3 Characterization of products 

2.3.1 Powder X-ray diffraction  
Most products from high pressure hydrothermal treatments were obtained as 
fine powders with the size of crystallites rarely exceeding several microns. 
Therefore analysis by powder X-ray diffraction (PXRD) was used as a pri-
mary tool to identify the crystalline phases within the sample and monitor 
possible structural changes. 
The main process behind the origin of a PXRD pattern can be briefly de-
scribed as an elastic scattering of a monochromatic X-ray radiation by the 
electron shells of the atoms within solid matter. The wavelength λ of X-rays 
usually is in the range of the interatomic distances within the solid. If the 
atoms show long range order (i.e. the matter is crystalline), a constructive 
interference of the coherent X-rays becomes possible whenever the (well-
known) Bragg’s law is satisfied: nλ = 2dsinθ, where n is the diffraction or-
der (usually n=1), d is the distance between the ordered lattice planes (as-
signed an hkl index) and θ is the scattering angle. The PXRD pattern is usu-
ally measured as a 1D function of 2θ, and the peak positions are defined by 
the crystalline lattice dimensions, while the intensities are related to the 
types of scattering atoms, their positions within the unit cell and their ther-
mal vibrations. Thus the PXRD pattern is unique for each compound, and 
the crystalline phases in a sample may be deduced using crystallographic 
databases. However, solving an unknown structure from a PXRD pattern is 
complicated due to the peak overlap problem: reflections from equivalent 
lattice planes (characterized by different hkl, but having the same d) will 
arise at the same 2θ value. Since intensity extraction for individual reflec-
tions is not possible from the overlapped peaks, a complete structure solu-
tion from PXRD is challenging, and single crystal XRD is preferred when-
ever possible for this purpose. 
When the atomic parameters are determined, high quality data obtained by 
PXRD allows a complete structure refinement. The Rietveld method [39] is 
an efficient analysis tool utilized for the extraction of highly accurate unit 
cell parameters and refined atomic positions from PXRD data. During a 
Rietveld refinement a theoretical model is fitted to the experimental diffrac-
tion pattern, and their differences are minimized by a least square routine. 
The model takes into account both instrumental and sample contributions. 
Furthermore, in the case of mixtures phase fractions can be extracted by the 
Rietveld method. Effects of preferred orientation and/or absorption can 
complicate a refinement and have to be taken care of appropriately. 
If only the lattice constants of a compound are known, the Le Bail method 
[40] can be used to extract the unit cell parameters from the observed peak 
positions. Unlike in the Rietveld method, peak intensities are not refined 
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against a structural model, but instead adapted to fit the experimental pattern 
the best possible way. This method can therefore be also used to extract the 
peak intensities for further evaluation. 
 
For PXRD analysis performed in this work three different diffractometers 
have been used: A Bruker D8 Advance, a Stoe Stadi P and a Panalytical 
X’Pert Alpha1. All instruments were equipped with a Ge111 monochroma-
tor and operated using CuKα1 radiation. Measurements with the first two 
listed instruments were performed in a Debye-Scherrer geometry. For De-
bye-Scherrer measurements powdered samples were tightly packed into 
glass capillaries with 0.3–0.5 mm thickness. The Panalytical diffractometer 
was operated in Bragg-Brentano geometry. Samples were prepared by 
mounting powders onto a flat zero-background holder. Short-time measure-
ments (up to one hour) were conducted for primary phase analysis of sam-
ples. High quality data for the Rietveld or Le Bail analysis were usually col-
lected overnight (9-12 hours). 
Rietveld refinements and Le Bail fits were mainly performed using the Full-
prof package [41]. Rietveld analysis was used for the structure refinement of 
the samples discussed in Chapters 3 and 4. The refined parameters typically 
included the background, the scale factor and a zero shift, unit cell parame-
ters, peak shape function, atomic coordinates and thermal displacement coef-
ficients. However, in case of the samples described in Chapter 3 the refine-
ment was challenged by anisotropic peak broadening. The issue was ac-
counted for by using spherical harmonics function [42]. The products ob-
tained in the LiAlSiO4 system (Chapter 5) were analyzed by the Le Bail 
method, since the observed PXRD patterns for the known products did not 
show significant deviations from earlier reported structures. Further details 
are addressed in the corresponding chapters and Papers I-IV. 

2.3.2 Vibrational spectroscopy  
Vibrational spectroscopy can provide valuable information for structure 
elucidation based on detecting fundamental vibrations of structural entities. 
The method includes two primary techniques: infrared (IR) and Raman spec-
troscopy.  
In both techniques the incident electromagnetic radiation promotes the mol-
ecules/structural entities within the sample to excited vibrational levels from 
the ground state. As a result oscillations of bonds and atoms within the struc-
ture occur (vibrational modes), which give rise to the bands in a vibrational 
spectrum. Position and intensity of a band are primarily defined by the type 
and symmetry of the underlying vibrational mode (e.g. stretching or bend-
ing), the strength of oscillating bonds and the type of the atoms involved. 
The symmetry of a vibrational mode defines whether the band is observed in 
IR or Raman, and thus using both techniques is useful to obtain the most 
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information. Despite the complementary of the two techniques, the princi-
ples underlying the generation of a spectrum are very different. 
Vibrational bands in an IR spectrum arise from selective absorption of the 
polychromatic infrared light (λ ~ 750 nm–1 mm) by the sample. Positions of 
the bands in the IR spectrum, measured in wavenumbers ν = 1/λ (expressed 
in cm-1), correspond to the energy of absorbed light. In order for a vibration 
mode to be IR-active it should result in a change of a dipole moment. The 
most intensive bands in an IR spectrum belong to asymmetric vibrational 
modes in nonpolar molecules.  
Raman spectra, on the contrary, result from the inelastic scattering of fo-
cused monochromatic light (usually from a laser), and positions of vibra-
tional bands are expressed as a shift from the incident beam energy. Raman 
shifts are measured in cm-1, similarly to the wavenumbers in IR spectra. 
Selection rules for Raman active vibrations are based on a change in the 
polarizability tensor of a vibrating unit. The most intensive bands are the 
fully symmetric ones (e.g. the "breathing mode" in a benzene molecule). As 
a rule, if an oscillating molecule has a center of inversion, Raman- and IR-
active modes will be mutually exclusive. Otherwise, a molecule displays 
vibrational modes active in both Raman and IR. 
IR spectroscopy proved highly effective for detecting trace amounts of struc-
tural or absorbed species which are otherwise not visible by other common 
methods (such as PXRD). For instance, infrared spectra are often used to 
identify OH- and H2O in nominally anhydrous minerals [43]. Similarly, in 
this work the usage of IR spectroscopy provided important information re-
garding incorporation of structural water in the samples, with the character-
istic ν(O-H) bands observed in the 2600 – 3800 cm-1 wavenumber region. 
Fourier-transform infrared spectra (FTIR) in the 400 – 4000 cm-1 wave-
number range were acquired with 4 cm-1 resolution in transmission and at-
tenuated total reflection (ATR) modes at room temperature. For transmission 
FTIR, samples were finely ground with dried KBr in a proportion of approx. 
1:100, pressed into pellets and measured using a Bruker IFS 66/v instrument. 
ATR-FTIR spectra were acquired with a Varian 610-IR spectrometer using a 
Specac Goldengate micro-ATR accessory with a diamond ATR element. 
High temperature FTIR study of the SiO2 products was conducted at 25 – 
300 °C using a Varian 610-IR microscope operated in reflection mode and 
connected to a Varian 670-IR spectrometer. The products obtained during 
the TiO2 study (Chapter 4) were examined in the far infrared (FIR) region 
(100–600 cm-1) with 4 cm-1 spectral resolution with a Bruker Tensor 37 
FTIR spectrometer. The instrument was equipped with a MCT detector and 
a Bruker Platinum ATR accessory with a germanium ATR element.  
Raman spectra were acquired using a Labram HR 800 and an Acton Spec-
traPro 300i spectrometer. Both instruments were operated in backscattered 
mode and employing a 532 nm laser. Further details are given in papers II 
and III. 
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2.3.3 Electron microscopy  
In order to analyze processes of crystal formation and growth occuring in 
extreme water environments and to estimate the effect of p,T conditions on 
the crystal morphology, products were examined with scanning and trans-
mission electron microscopy (SEM, TEM). 

Scanning electron microscopy and EDS analysis 
Scanning electron microscopy (SEM) is commonly employed for detailed 
imaging and compositional analysis of bulk specimens. In this type of mi-
croscope the specimen surface is continuously scanned by an electron beam 
condensed into a small probe (typically a few nm). The electrons are accel-
erated by a voltage of 2–40 kV, which allows imaging of the samples with a 
spacial resolution as small as 1 nm, far above the magnification limit of an 
optical microscope. Interaction of the incident electron beam with the sam-
ple surface results in a variety of processes including scattering and emission 
(Fig. 2.7). Images in SEM are created by detecting secondary electrons (SE, 
originating from the sample) and backscattered incident electrons (BE). SE 
come from the smallest interaction volume near the specimen surface, result-
ing in images with the highest spatial resolution. BE arise from higher pene-
tration depth, and their intensity is dependent on the atomic numbers (Z) of 
the elements constituting the probed region of the sample. As a result, the 
images formed by BE show distinct compositional contrast, with the brighter 
areas indicating heavier elements. 
When an incident electron is inelastically scattered by the inner electron 
shells of the atom, the electrons near the nuclei may shift to higher energy 
levels or even escape the atom, creating a hole. Within a very short time the 
hole is filled by one of the electrons from the next energy levels, resulting in 
the emission of a photon with a wavelength corresponding to the energy 
difference between the levels. These photons are called "characteristic X-
rays" as their energy is defined by the type of the atom. Energy-dispersive 
X-ray spectroscopy (EDS) is an SEM technique allowing qualitative and 
quantitative elemental analysis by detecting the characteristic X-rays of the 
atoms within the sample. 
SEM examination of crystal morphologies during this study was performed 
using two different microscopes: a JEOL JSM 7000F with a Schottky-type 
field emission gun and an XL30 Environmental SEM-FEG instrument. Typ-
ically the SiO2 and LiAlSiO4 samples were dispersed over a sticky carbon 
tape mounted on an aluminum stub and coated with a 10-15 nm gold layer in 
order to decrease the charge-up of the crystallites. However, using mild im-
aging conditions (2-3 kV accelerating voltage and a probe current <10 pA) 
made it possible to examine and picture uncoated particles, which ensured 
that surface features were not perturbed by the gold-coating. TiO2 samples 
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were usually coated with ~40-60 nm gold layer, and images were acquired at 
10-15 kV accelerating voltage.  
 

 
Figure 2.7. Schematic representation of the major processes occurring in SEM upon 
the interaction of the incident electron beam with the sample surface.  

SEM-EDS analysis was especially utilized for studying compositional varia-
tions in LiAlSiO4 samples (see Chapter 5 and Paper IV). EDS data collection 
was performed in a 10–15 kV range in a backscattered mode and using an 
Oxford Instruments EDS detector fitted to the JEOL JSM-7000F instrument 
The Oxford INCA software was used for data evaluation. In order to obtain 
reliable quantitative data by EDS, the samples are required to be polished 
prior to the experiment. Except for the starting material (LiAlSiO4 glass) and 
the samples 5-600 and 10-600 (see Table 5.3), samples were prepared by ion 
beam cross section polishing (CSP) in vacuum using a JEOL SM-09010 
instrument with a Penning type argon ion gun. For the CSP procedure the 
powders were embedded into conductive carbon ink and painted onto an Al 
stub. The CSP was typically performed at 5 kV accelerating voltage during 
11 hours. LiAlSiO4 glass was prepared for EDS analysis by mechanically 
polishing several pieces with sizes 3-5 mm across embedded in plastic 
mounts. The mounts were coated with ~15 nm carbon layer prior to the 
measurements. The LiAlSiO4 samples 5-600 and 10-600 mainly consisted of 
the small crystallites a few μm in size which tended to stick together, and 
obtaining quantitative EDS data from the individual crystals proved chal-
lenging. Analyzing separate crystals, however, was important as the pres-
ence of several phases was suspected in this product. Sample preparation 
was performed by dispersing a very small amount (<1 mg) in a droplet of 
distilled water on the surface of a microscope glass slide, so that a layer of 
separated crystals would form. After the evaporation of water the crystals 
were pressed onto a carbon sticky tape mounted on an Al stub. The interac-
tion volume during the analysis was close to average size of the crystals, and 
thus lack of polishing did not have a serious effect on the results. 
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Transmission Electron Microscopy (TEM)  
In this work TEM was used for high resolution imaging of products 
(HRTEM) obtained during the TiO2 study (Chapter 4) as well as the identifi-
cation of a minor phase appearing in LiAlSiO4 samples using rotational elec-
tron diffraction (RED) technique (Chapter 5). The samples were typically 
prepared by dispersion in ethanol and placing a droplet of suspension onto a 
copper TEM grid with a holey carbon film. High resolution TEM imaging of 
the TiO2 samples was performed using a JEOL JEM-2100F field emission 
microscope operated at 200 kV. TiO2 products were identified either from 
selected area electron diffraction (SAED) patterns or by analyzing FFT-
processed HRTEM images. The RED study of LiAlSiO4 samples was car-
ried out in a JEOL JEM-2100 operated at 200 kV accelerating voltage. The 
detailed description of the RED method is given by Wan et al. [44]. Com-
plete experimental details and the procedure of the phase identification by 
RED processing are provided in the supporting information section of Paper 
IV. 

2.3.4 Methods specifically directed to the analysis of H in 
oxide materials 

Secondary Ion Mass Spectrometry (SIMS) 
Secondary ion mass spectrometry (SIMS) is a highly sensitive tool for ele-
mental analysis, which combines the principles of sputtering and conven-
tional mass spectrometry. The basic principle of SIMS is bombarding the 
sample with a focused beam of primary ions with a typical impact energy of 
~3-20 keV in a high vacuum. As a result, secondary ions are emitted from 
the sample area a few micrometers across and then selected for their energy 
and mass. A beam of negative ions (such as oxygen) is typically used to 
enhance the signal of positively charged secondary ions, and vice versa. This 
way the SIMS technique can provide highly accurate information about the 
compositional depth profile in materials and geological samples. Sample 
preparation is highly important for SIMS, and the samples are generally 
required to be polished (flat) to obtain reproducible results. Non-conductive 
samples need conductive coating before the measurement. In order to obtain 
reliable quantitative data in SIMS, a well-known standard must be analyzed 
first. 
SIMS analysis was applied for quantifying structural water in the SiO2 sam-
ples (discussed in chapter 3). The measurement was performed with a Cami-
ca SIMS instrument at ASU. Since the sample represented a fine powder, the 
flat surface for SIMS probing was obtained by depositing a mixture of a 
sample and 5 microliters of distilled water onto a glass slide. After drying 
overnight at 110 °C the sample was gold-coated and placed in the SIMS 
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instrument. Analysis for H+ after 1 hour pumping revealed a water content in 
a background less then 0.02 wt.%. SIMS analyses used a primary beam of 
mass-filtered oxygen ions (16O-) focused to a ~30µm diameter spot. Positive 
secondary ions with 75±20 eV initial kinetic energy were allowed into the 
mass spectrometer operated in peak-switching mode from an 8 µm diameter 
circular area in the middle of the sputtered crater. Ions were detected using 
an electron multiplier and corrected for deadtime. Crater depths were less 
than 0.4 µm. Hydrated, rhyolitic glasses were used as a standard for calculat-
ing the final ratios of H+/30Si+ [45,46]. 

Thermal analysis 
Thermogravimetric analysis and differential scanning calorimetry 
(TGA/DSC) were carried out using a Netzsch STA 449 system. The samples 
(5-8 mg powders) were heated in a platinum crucible from room temperature 
to 1000 °C in argon with a heating rate of 10 °C/min. A buoyancy correction 
was made by subtracting the baseline collected by running a blank 
TGA/DSC with an empty platinum crucible. The water content of samples 
was determined by the TGA weight loss curves and by weighing the samples 
on a microbalance before and after the experiment. 

MAS-NMR 
NMR is a multinuclear technique, which means that a sample containing 
several different NMR active nuclei can be studied independently using 
NMR of each of the nuclei. In this work 29Si and 1H NMR was employed for 
the characterization of SiO2 products after high pressure hydrothermal 
treatments.  
29Si direct (one pulse) magic angle spinning (MAS) and 1H→29Si cross-
polarization (CP)-MAS NMR spectra were collected on a 400 MHz wide-
bore Varian VNMRS spectrometer with a 3.2 mm triple resonance MAS 
probe operating in double resonance mode (1H/29Si). The 1H→29Si CP-MAS 
spectra were collected with a 10 s recycle delay and 1024 scan averages. For 
the direct 29Si MAS spectra, a π/6 pulse was used and 28 scan averages were 
collected with a 1 h recycle delay to ensure quantitative 29Si MAS spectra. 
The 1H MAS NMR experiments and 1H/29Si heteronuclear correlation spec-
tra were collected on an 800 MHz Varian VNMRS spectrometer with a 1.6 
mm triple resonance FastMAS probe. Typical experimental conditions for 
1H MAS experiments were a 2 μs π/2 pulse, 100 kHz sweep width, 16 scan 
averages and a recycle delay of 60 s. Two-dimensional (2D) 1H double 
quantum/single quantum (DQ/SQ) experiments were collected on the 800 
MHz Varian VNMRS spectrometer with a 1.2 mm UltraFastMAS probe at a 
MAS frequency of 50 kHz with the back-to-back excitation/reconversion 
pulse sequence. 
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Tetrakis(trimethylsilyl)silane (TTSS) was used as a setup standard for all 
29Si MAS and CP-MAS experiments and as an indirect TMS chemical shift 
reference (high ppm resonance set to -10.02 ppm). Adamantane was used as 
an indirect 1H chemical shift reference for TMS by setting the single 1H res-
onance to 1.63 ppm.  
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3 Discovery and characterization of ultra-
hydrous stishovite 

This chapter summarizes the findings from studying the behavior of amor-
phous silica and crystalline coesite in an aqueous environment at pressures 
near 10 GPa and temperatures between 250 and 550 °C. Both forms of silica 
were found to transform to an ultra-hydrous variant of stishovite with struc-
tural water contents ranging from 0.5 to 3 wt%. This is reported in detail in 
papers I and III. Crystal structure, morphology and stability of hydrous 
stishovite, as well as the nature of incorporated water and its content quanti-
fication will be discussed below. 

3.1 Stishovite: a general overview 
Stishovite is a dense high pressure polymorph of silicon dioxide which is 
thermodynamically stable between 9 and 50 GPa [16]. Stishovite adopts the 
rutile structure (tetragonal, P42/mnm) and thus represents a SiO2 polymorph 
composed of SiO6 octahedra. Coesite, which “precedes” stishovite in the 
silica p-T phase diagram (Fig 3.1), contains exclusively SiO4 tetrahedra. 
Both coesite and stishovite are believed to be abundant in silica-rich sub-
ducted slabs and crustal fragments in the Earth's mantle. [17, 47, 48] How-
ever, coesite and stishovite were discovered for the first time in nature in the 
rocks from Meteor crater in Arizona, suggesting an impact origin [49,50]. 
It is important to notice that typically stishovite is classified as a nominally 
anhydrous mineral, only bearing up to 50 ppm water in its pure form. In the 
presence of trivalent cations, such as Al3+, stishovite can incorporate up to 
3000 ppm (0.3 wt. %) of H2O [19]. Hydrogen in this case is introduced into 
the structure as a part of a charge compensation mechanism in which Si4+ is 
directly substituted by Al3+ [51]. However, only about 40% of aluminum 
cations are charge-balanced by protons, with the rest being balanced by O 
vacancies. Al-bearing hydrous stishovite proved stable at p,T conditions 
relating to the subduction process and is considered a significant carrier for 
transporting water into the Earth upper mantle [20]. 
Given these facts, it was then surprising to find that stishovite containing 
water in excess of 1 wt.% can be produced in an impurity-free SiO2–H2O 
system. 
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Figure 3.1 p,T phase diagram showing the relation between SiO2 polymorphs. The 
polyhedral structure representations for quartz, coesite and stishovite are shown 
within corresponding stability fields. 

3.2 Ultra-hydrous stishovite: first evidence and 
synthesis conditions 

The initial motivation behind studying transformations of amorphous SiO2 in 
the presence of water at gigapascal pressures was to explore the possibility 
to access exotic metastable high pressure phases which may occur as inter-
mediates during the coesite – stishovite transition. Since the coordination 
number of silicon during this transformation changes from 4 to 6, one could 
think, for instance, of an intermediate phase with 5-coordinated silicon. Such 
intermediates, however, were not observed. Instead, experiments at 10 GPa 
on silica glass–water or coesite–water mixtures at various temperatures pro-
duced stishovite containing unprecedented amounts of structural water. 
All the hydrothermal experiments were performed using a MA device. The 
samples were enclosed in Au/Pd or Ag/Pd capsules and compressed to 10 
GPa. The temperature was varied between 250 and 550 °C. A dwelling time 
of 8 hours was typically applied. The starting material represented silica 
glass (see Chapter 2) and synthetic coesite which was prepared from silica 
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glass pressurized at 5 GPa and heated to 1000 °C for 20 min. After gently 
crushing and grinding, the coesite sample had a particle size distribution 
from about 2 to 200 μm. Regular, dry, stishovite for control experiments was 
prepared from silica glass pressurized at 10 GPa and heated at 1000 °C for 5 
h. A full list of experiments, heating conditions and corresponding products 
is given in Table 3.1. The recovered products typically represented fine col-
orless powders. All samples were evaluated first by PXRD, followed by the 
characterization of selected products via vibrational spectroscopy (FTIR, 
Raman), scanning electron microscopy, thermal analysis, secondary ion 
mass spectrometry (SIMS) and NMR spectroscopy. 
The first experiment was performed with silica glass which was heated at 
450 °C. This temperature was slightly above the melting point of water at 10 
GPa (~425 °C) [52-54]. The obtained product corresponded to single phase 
stishovite. However, its powder X-Ray pattern showed clearly a slightly 
expanded unit cell (Fig. 3.2). The assumption was made that in a SiO2–H2O 
closed system in the absence of other components, such as trivalent cations, 
water (either as H2O, OH- or H+) was introduced into the stishovite structure. 

 
Figure 3.2. Comparison of PXRD patterns of the anhydrous stishovite (sample pro-
duced by slow cooling, see Table 3.1) and hydrous stishovite obtained during 8 
hours hydrothermal treatment of SiO2 glass at 10 GPa, 450 °C. Positions of the in-
dexed Bragg reflections for dry stishovite are shown with vertical lines. 
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Table 3.1 Produced samples and relevant experimental conditions. 

Run and 
sample ID 

Synthesis 
temperature Starting material Heating 

duration Product 

250 250 °C SiO2 glass powder 
+H2O 8 h Vitrified SiO2 glass 

300 300 °C SiO2 glass powder 
+H2O 8 h Coesite, hydrous 

stishovite (13 %) 

350 350 °C SiO2 glass powder 
+H2O 8 h h+ and h- stishovite, 

coesite 

400 400 °C SiO2 glass powder 
+H2O 8 h h+ and h- stishovite 

400-coe 400 °C Coesite sintered 
pieces + H2O 8 h h+ and h- stishovite 

400-1m 400 °C 1 μm SiO2 glass 
powder + H2O 8 h h+ and h- stishovite 

450-coe 450 °C Coesite sintered 
pieces + H2O 8 h single phase hydrous 

stishovite 

450* 450 °C SiO2 glass powder 
+H2O 8 h single phase hydrous 

stishovite 

450-D2O 450 °C SiO2 glass powder 
+D2O 8 h d+ and d- stishovite 

450-15min 450 °C SiO2 glass powder 
+H2O 15 min single phase hydrous 

stishovite, coesite 

500 500 °C SiO2 glass powder 
+H2O 8 h single phase hydrous 

stishovite 

550* 550 °C SiO2 glass powder 
+H2O 8 h single phase hydrous 

stishovite 

Anhydrous-
SC 

Slow cooling 
from 1000 °C 
to 500 °C, 1 

°C /min 

SiO2 glass powder 
+H2O (1:2.5) ≈8.3 h single phase 

anhydrous stishovite 

Anhydrous 1000 °C Dry SiO2 glass 
powder 5 h 

Anhydrous 
stishovite + 5% 

coesite 
Coesite 
synthesis 1000 °C Dry SiO2 glass 

powder 20 min Single phase coesite 

450-Dry 450 °C Anhydrous stishovite 
+ H2O 8 h single phase 

anhydrous stishovite 

3.3 Producing hydrous stishovite from silica glass and 
coesite 

Transitions between silica polymorphs are known to be associated with large 
kinetic barriers [21]. For example, the study of Zhang et al. revealed that T ≥ 
1000°C is required to obtain reliable data on coesite – stishovite p,T phase 
boundary (cf. Fig. 3.1) [23]. On the other hand it is well established that 
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hydrothermal conditions catalyze the transformation of amorphous silica to 
coesite, which proceeds via the intermediate phase of quartz [55].  
In the present study, an extreme water environment made stishovite accessi-
ble at unprecedented low temperatures. Stishovite was obtained at tempera-
tures below 350 °C, with significant yields above 400 °C. Products at tem-
peratures lower than 400 °C corresponded to a mixture of coesite and 
stishovite. Stishovite weight fractions according to Rietveld analysis were 
approximately 11 and 89 % at 300 and 350 °C, respectively. To get some 
insight into transformation rates, glass starting material was equilibrated at 
450 °C for only 15 min. This resulted in a sample that contained approx. 
89% stishovite (see pattern in Fig. 3.3 (a)). Undoubtedly, water catalyzes 
stishovite formation. However, at the same time water is also incorporated in  

 
Figure 3.3. (a) PXRD pattern of the product obtained from SiO2 glass during 15 min 
of hydrothermal treatment at 10 GPa and 450 C (sample 450-15min). (b) A large 
coesite crystal with the platelets of hydrous stishovite peeling off its surface found 
in the sample 450-15min. 

stishovite and, thus, acts as a reactant. The low temperatures of stishovite 
formation in an extreme water environment may specifically relate to the 
occurrence of its hydrous form. It is noteworthy that hydrous stishovite also 
forms in a solid water (ice VII) environment (i.e. at temperatures below 425 
°C at 10 GPa).  
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Figure 3.4. Optical micrographs showing a partially crystallized glass-coesite parti-
cle found in the 300 sample in (a) plane-polarized and (b) cross-polarized light. 
Figure adapted from Paper I. 

 
Figure 3.5. SEM micrographs of the hydrous stishovite produced from coesite start-
ing material (sample 450-Co). (a) Overview of the large stishovite agglomerates in 
the 450-Co sample; (b) close up of an agglomerate indicating intergrowth of 
stishovite crystals. 

The silica glass - hydrous stishovite transformation clearly proceeds via 
coesite. Examination of sample 300 under the optical microscope revealed 
the presence of partially transformed glass pieces with a crystalline outer 
shell (Fig 3.4). The crystallization process starts on the outside of a glass 
particle, which is in contact with hot ice, and goes inwards, breaking the 
surface into coesite domains few microns across. Coesite crystallites within 
these domains subsequently transform into hydrous stishovite. At higher 
temperatures – in a liquid water environment – coesite crystals may ripen 
prior transformation to hydrous stishovite. Figure 3.3 (b) shows an SEM 
image of a ripened coesite crystal found in the 450-15min run with hydrous 
stishovite particles peeling off its surface. At this point it is important to 
notice that no unit cell change was found for the coesite phase in any of the 
samples. Thus it can be stated that no water incorporation into the coesite 
structure occurs during the glass – coesite transition. Using coesite as start-
ing material affords directly hydrous stishovite. In this case stishovite crys-



 31 

tals appear sintered into agglomerates that have the shape and size of the 
original coesite particles (Fig. 3.5). The mechanism of the water-catalyzed 
coesite – hydrous stishovite transition remains unknown. 
The appearance of hydrous stishovite crystals from glass starting material 
changes markedly with dwelling temperature (in contrast with using coesite 
as starting material). This is shown in Figure 3.6. Sample 350 consisted of 
particles which resemble in size and shape the glass starting material. On the 
microscale, however, the particles represent agglomerates of fine (0.1-0.5 
µm sized) dendritic stishovite crystals. These crystals display a peculiar in-
tergrowth pattern with two primary orientations, which are likely defined by 
the microstructure of preceding coesite domains. In the 400 °C product the 
stishovite crystals are still partially intergrown, but the agglomerates are 
much smaller compared to the 350 sample. The stishovite crystals appear 
larger, reaching 1 µm in size, and their shape is now more regular and better 
defined: it is tabular square with rounded edges, and the middle part of a 
crystal is noticeably thicker than the rim. This shape with no developed faces 
is considered typical, or even indicative, for hydrous stishovite with water 
contents > 1 wt.%. 
Samples 350 and 400 are distinguished because of the solid water environ-
ment at 10 GPa. Stishovite crystals in the 450 °C product are largely sepa-
rated with former intergrowth contacts still visible, and some of the crystals 
show thicker edges and sharper corners. These features can be explained by 
the enhanced mass transport in a liquid water environment at 450 °C. How-
ever, the change in crystalline shape also relates to the decrease in structural 
water content at the higher dwelling temperature. The morphology of 
stishovite crystals obtained at 500 and 550 °C shows then a pronounced 
difference to the lower temperature products. Here the water content is be-
low 1 wt. % and crystals appear thicker and with developed faces and cor-
ners. In the 550 sample the tabular crystal shape is entirely absent, being 
replaced by uniform, almost equant euhedral crystals which start to resemble 
regular water-free stishovite.  
Anhydrous stishovite was obtained when a glass/H2O mixture was heated to 
1000 °C during an hour, slowly cooled to 500 °C (1 °C/min), and subse-
quently quenched to room temperature. The crystals display a very well de-
fined prismatic crystal habit, which is perhaps typical for materials with the 
rutile structure. In another experiment regular, dry, stishovite was heated for 
8 hours at 10 GPa and 450 °C in a water environment in order to see whether 
the formation of hydrous stishovite may also be achieved using stishovite as 
starting material. However, a hydration of dry stishovite was not possible 
and it was concluded that the formation of hydrous stishovite is exclusive to 
a water catalyzed coesite-stishovite transformation at temperatures below 
600 °C. 
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Figure 3.6. SEM micrographs of the samples 350, 400, 450, 550, and anhydrous 
stishovite obtained in a slow cooling experiment. (a) 350: intergrowth of the 
stishovite crystals on the surface of bulk agglomerate. (b) 400: partially separated 
stishovite crystals showing tabular crystal habit and rounded edges. (c) 450: separat-
ed stishovite crystals showing visible intergrowth contacts. 500: crystals with vari-
ous morphologies and sizes. (d) 550: evenly sized euhedral crystals with developing 
faces and sharper edges. (e) Anhydrous: prismatic, well-defined stishovite crystals 
grown by slow cooling from 1000 °C. Figure adapted from Paper III. 
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Table 3.2. Crystallographic data for selected stishovite products obtained by Rietveld refinement (space group P42mnm).  

Sample ID a (Å) c (Å) V (Å3) x (O) Biso (Si) Biso (O) Rp (%) Rwp (%) Rf (%) Weight(%) 

*350 h+ 4.2194(2) 2.6610(2) 47.37    5.09 7.34  ~82 

*350 h- 4.1911(2) 2.6647(2) 46.81    5.09 7.34  ~18 

400 h+ 4.2123(1) 2.6619(1) 47.23 0.3090(6) 0.79(5) 0.49(8) 8.83 10.0 1.41 78(<1) 

400 h- 4.1872(2) 2.6640(2) 46.71 0.3035(17) 0.79(5) 0.49(8) 8.83 10.0 1.71 22(<1) 

*400-coe h+ 4.2261(2) 2.6646(2) 47.59 0.3052   4.95 7.09  47 

*400-coe h- 4.1965(2) 2.6654(2) 46.94 0.3070   4.95 7.09  53 

*450-15min 4.2066(2) 2.6642(2) 47.14 0.3078   5.70 8.83  88 

450 4.1966(1) 2.6650(1) 46.94 0.3087(6) 1.44(8) 1.47(12) 13.2 9.44 1.09 100 

500 h+ 4.1954(1) 2.6630(2) 46.87 0.3083(17) 0.66(2) 0.72(2) 5.69 6.38 1.64 12(<1) 

500 h- 4.1804(1) 2.6649(1) 46.57 0.3069(3) 0.66(2) 0.72(2) 5.69 6.38 1.15 88(<1) 

550 4.1812(1) 2.6647(1) 46.59 0.3074(4) 0.60(4) 0.71(7) 6.95 7.70 1.40 100 

Anhydrous 4.1775(1) 2.6654(1) 46.52 0.3067(4) 0.40(4) 0.58(6) 11.7 12.3 2.73 100 

*Values are provided by collaborator  
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3.4 Powder X-ray diffraction analysis: structural 
changes in stishovite 

The PXRD patterns of the samples produced at 350 - 550 °C are compiled in 
Figure 3.7 (a), along with the pattern for anhydrous stishovite. It can be seen 
that the 350 - 550 samples show slight, but distinct shifts of the Bragg reflec-
tions towards lower 2θ angles, indicating a unit cell expansion. The patterns 
have been closely examined via Rietveld refinements and the results of the 
analysis are given in Table 3.2.  
Rietveld analysis was performed within the conventional space group of 
stishovite (tetragonal, P42/mnm). Symmetry lowering was not supported 
from the PXRD data. It was found that the unit cell expansion upon water 
incorporation is anisotropic, with the a parameter being increased and the c 
parameter remaining unchanged. The extent of increase of the a parameter 
depends on the dwelling temperature. The general trend can be described in 
the following way: with increasing dwelling temperature the unit cell dimen-
sions of anhydrous stishovite are approached. Vice versa, the most pro-
nounced increase in the a parameter (almost 1%) was seen at 350 °C.  
The PXRD patterns of the samples 350 and 400 revealed an important fea-
ture: hydrous stishovite in these samples is present as two distinct phases 
(denoted as "h- stishovite" and "h+ stishovite" in Table 3.2). The stishovite 
phase with the smaller unit cell volume (h- stishovite) shows the dimensions 
rather close to those of anhydrous stishovite, and usually contributes a 
smaller weight fraction of the sample (~20 %). Phase heterogeneity of the 
low temperature dwelling samples was not apparent from their SEM analy-
sis. The reason for the heterogeneity is not clear, but, very likely, can be 
attributed to the solid ice-VII environment during the synthesis which sup-
presses the mass transport during conversion. Also, at low temperatures the 
sample is affected stronger by the temperature gradient in the capsule. The 
two stishovite phases h+ and h- can be observed regardless of the type of 
starting material or its particle size distribution. The experiments employing 
coesite or silica glass with 1 micron-sized particles also produced double-
phase stishovite samples after 8 hours of heating at 400 °C.  
The structural variations of hydrous stishovite obtained at different dwelling 
temperatures are conveniently illustrated by the evolution of the 220 reflec-
tion in the patterns of 350 - 550 samples (Fig. 3.7 (b)). In order to get an 
acceptable Rietveld fit of the hydrous stishovite patterns, anisotropic peak 
broadening was corrected using spherical harmonics [42]. Some phase het-
erogeneity is also noticeable for the 500 sample. It can be noted that the unit 
cell of the stishovite in the sample 450-15min is has an increased volume 
compared to the sample 450 produced during 8 hours of equilibrating time. 
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This shows that initially formed hydrous stishovite dehydrates over time 
and, thus, is metastable. The end point of this progression (> 10 hours) may 
be anhydrous stishovite, but this is presently unknown. In this respect, pro-
longed dwelling and increased temperature seem to act in the same direction 

 
Figure 3.7. (a) Compilation of PXRD patterns of the stishovite samples obtained at 
350 – 550 °C, 10 GPa during 8 hours of hydrothermal treatment and the anhydrous 
stishovite produced by slow cooling. Vertical lines refer to the indexed Bragg reflec-
tions of anhydrous stishovite, and arrows indicate the strongest reflections of coesite 
the 350 °C product. (b) Evolution of the 220 reflection with synthesis temperature. 
The 350 and 400 samples represent two-phase mixtures, and minor phase heteroge-
neity is visible for the 550 sample. Figure adapted from Paper III. 
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3.5 FTIR study: proof of the presence of the structural 
hydrous species 

The first reliable proof of structural water incorporation into stishovite was 
obtained via FTIR spectroscopy. Transmission FTIR spectra collected for 
various stishovite samples are compiled in Fig. 3.6. For better comparison 
spectra were normalized with respect to the most intensive band (which is 
around 840 cm-1 and thus corresponds to a Si-O vibration (their spectral 
region is excluded from Fig. 3.6)). The wavenumber region 2500 - 3500 cm-

1 shows two prominent vibrational bands near 2650 and 2900 cm-1 (Fig. 3.6, 
spectrum of the 450-G sample shown in black). These bands suggest O-H 
stretching vibrations. This is confirmed by the FTIR spectrum of the deuter-
ated stishovite sample (3.8, 450-D2O (red)) where these bands are shifted to 
lower wavenumbers (2029 and 2163 cm-1) due to the isotope effect. The 
positions of the O-H bands in hydrous stishovite samples are different from 
those reported for Al-bearing stishovite, which occur around 3100 cm-1 [20, 
51, 56].  

 
Figure 3.8. FTIR spectra shown in the region of ν(O-H) vibrations for the various 
stishovite products from 8 hours of hydrothermal treatment at 450 °C and 10 GPa 
(bottom to top): glass-produced stishovite (450-G); stishovite obtained from glass in 
D2O (450-D2O); stishovite produced from coesite starting material (450-Co). The 
vertical lines denote the positions of major ν(O-H) bands.  
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Finally, hydrous stishovite obtained from glass starting material displays a 
weak band around 3390 cm-1 which is attributed to free water (fluid) inclu-
sions, as it is only observed in the samples produced in liquid water envi-
ronment. This assignment is supported by the results of additional ATR-
FTIR experiment where the spectrum of the 450 sample was monitored dur-
ing heating from 25 to 300 °C. The bands near 2650 and 2900 cm-1 stayed 
practically unchanged through the whole heating range, whereas the 3390 
cm-1 band disappeared between 100–150 °C. For hydrous stishovite obtained 
from coesite the high-frequency band occurs at a somewhat lower wave-
number (3322 cm-1) with considerably higher intensity (Fig. 3.6, spectrum 
450-Co (blue)). This indicates the presence of a significant amount of fluid 
inclusions which is probably inherent to the different morphology of the 
samples (cf. Fig. 3.5 (b) and 3.6 (c)). 

3.6 Thermal analysis: quantification of structural water 
content and thermal stability of hydrous stishovite 

The water content in hydrous stishovite samples was quantified using ther-
mogravimetric analysis (TGA). The TGA result was cross-checked for one 
sample (the 450 °C product obtained from silica glass) by secondary ion 
mass spectrometry (SIMS) analysis. The SIMS measurement revealed a H2O 
content of 1.3(±0.1) wt. % which was in good agreement with the TGA re-
sult (1.4 wt.%). Furthermore, according to SIMS the concentration of trace 
elements in this sample (B, Al, Na, Mg) did not exceed 60 wt. ppm.  
The TGA and differential scanning calorimetry (DSC) curves for the 
coesite-free samples 400 – 550 obtained from glass starting material are 
compiled in Fig. 3.9, together with anhydrous stishovite. TGA analysis of 
samples obtained from coesite starting material is not conclusive with re-
spect to structural water, because a substantial fraction of water in these 
samples represents fluid inclusion in grains.  All the TGA curves (Fig. 3.9 
(a)) show a small weight decrease below 300 °C, which is attributed to sur-
face water loss. The sharp discontinuities in the traces correspond to the 
release of structural H2O. The associated weight loss for the samples 500 
and 550 is ~0.7 wt.%, for 450 1.4 wt.%, and for 400 near 3%. Given the 
obvious correlation between increased unit cell volume and H2O content an 
even higher amount of structural water is expected to be present in the 
stishovite produced at dwelling temperatures below 400 °C, which is a re-
markable compared to Al-bearing hydrous stishovite. 
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Figure 3.9. (a) TGA and (b) DSC traces obtained for the samples 400 – 550 and dry 
stishovite. Figure adapted from Paper III. 

The product of stishovite thermal decomposition is referred as "glass" as it 
was found to be amorphous by PXRD. Anhydrous stishovite decomposed to 
glass around 550 °C, displaying a DSC trace with a sharp rise and distinct 
maximum (Fig. 3.9 (b)). The 400–550 stishovite samples have decomposi-
tion onsets at lower temperatures. The decrease in decomposition tempera-
ture apparently correlates with the structural water content in the samples. 
The 400 sample starts decomposing below 400 °C. Its DSC curve looks ra-
ther different compared to the other samples, extending over more than 200 
°C and showing a broad maximum. This peculiarity probably relates to its 
two-phase composition. 

3.7 Octahedral hydrogarnet-like defect as an H2O 
incorporation mechanism 

To elucidate the structural role of water in a more detailed way an extensive 
NMR spectroscopy study was undertaken. This is detailed in paper I. 
The 1H-MAS NMR spectrum of hydrous stishovite shows three groups of 
protons with chemical shifts of 10.5, 4.7, and 1 ppm (Fig. 3.10). The reso-
nance around 1 ppm is also observed for dry stishovite and is known from 
zeolites [57] and attributed to surface hydroxyl species [58] With respect to 
the resonances at 10.5 and 4.7 ppm, hydrous samples obtained from glass 
and coesite starting material show noticeable differences. The peak at 4.7 
ppm is much more intense for products from coesite starting material, and 
when compared to the 10.5 ppm resonance shows considerable motional 
narrowing. This resonance is most probably associated with the broad band 
near 3390 cm-1 in the FTIR spectrum and attributed to liquid water inclu-
sions in grain boundaries of hydrous stishovite obtained from coesite starting 
material. The broadening of the 10.5 ppm resonance is partially because of 
strong proton–proton dipolar coupling. However, there are also clear hetero-
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geneous contributions to the line width of the 10.5 ppm resonance, indicat-
ing a chemical shift dispersion. 
H–H dipolar couplings were accessed from double/single quantum NMR 
correlation spectra. These corresponded to proton-proton distances of 2.6 
and 2.9 Å. Thus it can be concluded that the protons in hydrous stishovite 
are clustered at a distance below 3 Å. Without the presence of other metals 
substituting for Si, the mechanism of hydrogen incorporation in hydrous 
stishovite is the hydrogarnet-like substitution 4 H+ ↔ Si4+. Or alternatively a 
cluster of four OH- ([OH-]4) replaces an entity SiO4

4-. Metastable hydrous 
stishovite and its decomposition can be expressed with the formula:  

Si1-xH4xO2 = (1-x) SiO2 + 2x H2O, 

and 3 wt.% of water would correspond to a Si defect concentration of almost 
5% (x = 0.05). 
The hydrogarnet defect has been established for tetrahedrally coordinated 
silicon sites in grossular garnets [59,60]. However, the stishovite case ap-
pears special, as it is the first time this substitution is observed for 
 

 
Figure 3.10. (top to bottom) 1H MAS-NMR spectra of the hydrous stishovite ob-
tained from hydrothermal treatment of glass at 450 °C and 10 GPa (450-G), anhy-
drous stishovite and the stishovite produced from coesite in hydrothermal environ-
ment at 450 °C and 10 GPa (450-Co). Chemical shifts for the three main groups of 
protons are indicated by vertical lines. Figure adapted from Paper I. 
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octahedrally coordinated silicon. The results from IR (assuming the [O-
H···O] distance-frequency correlations according to Libowitzky [61]) and 
1H-NMR spectroscopy investigations suggest that the following distances 
are associated with the octahedral hydrogarnet defect: H···H = 2.6 and 2.9 
Å; O···O = 2.59 and 2.63 Å; H···O = 1.6 and 1.7 Å. From this information 
one may infer that H coordinates pairs of O atoms by bridging octahedron 
edges, rather than terminating four O atoms as hydroxyl and leaving two O 
atoms underbonded. One can envision that distributing four protons over O-
O edges will yield multiple, energetically close lying structural configura-
tions. The breadth and heterogeneity of the 1H signal is an expression for 
these various proton arrangements. The unique octahedral defect in hydrous 
stishovite represents a complex bonding situation. Further insight has to 
come from temperature dependent 1H and 2H NMR investigations and com-
putational modeling.  

Conclusions 
(i) Hydrous stishovite forms in hydrothermally assisted transitions of coesite 
to stishovite when employing excess water and low temperatures. Water acts 
as catalyst and reactant. Presumably, temperatures above 600 °C will pro-
duce anhydrous stishovite. Slow cooling experiment from 1000 °C and pre-
vious high temperature experiments in an excess water environment [62,63] 
produced anhydrous stishovite. When exposing a sample of anhydrous 
stishovite to hydrothermal conditions at 10 GPa and at 450 °C for 8 hours, 
hydration was not observed. 
(ii) Independent of the initial SiO2 source, two phases of hydrous stishovite 
were obtained at 350 and 400 °C, which is attributed to a solid water envi-
ronment. It is not clear why this phenomenon occurs.  
(iii) Hydrous stishovite is metastable and dehydrates over time in a high 
pressure hydrothermal environment. It is not clear whether the end point 
corresponds to anhydrous stishovite.  
(iv) Unique with hydrous stishovite is the amount of water incorporated (> 1 
wt.%) and the substitution mechanism via unprecedented octahedral hy-
drogarnet defects. The octahedral hydrogarnet defect manifests itself as dou-
ble peak at 2650 and 2900 cm-1 in IR spectra and with resonances near 11 
ppm in 1H MAS NMR spectra. Structural properties and the dynamic behav-
ior of the octahedral hydrogarnet defect in hydrous stishovite remain to be 
explored. Also it is uncertain whether octahedral hydrogarnet defects have 
wider implications as water storage mechanism in minerals for Earth and 
planetary interiors. 
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4 Transformation of rutile to TiO2-II in an 
extreme water environment 

This chapter describes the findings related to the hydrothermally assisted 
synthesis of the high pressure polymorph TiO2-II of titanium dioxide from 
its rutile form. The influence of pressure, temperature and the presence of 
water on the transformation kinetics is discussed, as well as the effect of a 
hydrous environment on the particle morphology and the ripening mecha-
nisms. 

4.1 TiO2-II phase – a titania polymorph potentially 
interesting for a large scale synthesis 

Titanium dioxide, TiO2, is used in a wide range of applications and is per-
haps the most studied semiconducting oxide. Its unique optical properties 
result in a remarkable photocatalytic activity, and the compound is used for 
the photodegradation of organic waste [64,65]. Water photolysis in presence 
of titania and its significance as a component of photovoltaic solar cells and 
other devices have been the subject of numerous studies [66]. Furthermore, 
TiO2 is commonly used as a pigment [67] in paint and cosmetics [68], and 
plays an important role in the development of compatible bone implants 
[69].  
In nature TiO2 normally occurs as one of the three polymorphs rutile, ana-
tase and brookite, with the rutile being the most common and thermodynam-
ically stable [70]. For practical applications usually only rutile, anatase or 
their mixtures are considered. However, titanium dioxide also displays a 
range of high pressure polymorphs, whose optical and photocatalytical prop-
erties are only known from theoretical studies [71]. Among the high pressure 
polymorphs the TiO2-II phase, which is isostructural to α-PbO2, is attractive 
for potential practical use as it is metastable at ambient conditions and its 
pressure range of formation would be accessible in industrial high pressure 
processing. TiO2-II can be synthesized from rutile, brookite or anatase at 
pressures between 5–12 GPa [72-74]. Here we consider TiO2-II production 
using rutile as it makes a convenient and easily available starting material. 
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Figure 4.1. Polyhedral representation of the rutile (a) and TiO2-II (b) structures 
along b and a, respectively. The light-colored octahedra are shifted upwards for half 
a period along the viewing direction with respect to the darker ones. (c) Schematic 
view of the rutile–TiO2-II transformation mechanism. Figure adapted from Paper II 
with permission from 2013 © Elsevier. 

TiO2-II (space group Pbcn, a = 4.5318(7) Å, b = 5.5019(7) Å, c = 4.9063(6) 
Å [75]) was first synthesized in a laboratory setting in 1962 by Dachille and 
Roy [76] and structurally characterized by Bendeliani et al. [77]. Similar to 
the ambient pressure polymorphs, the TiO2-II structure is formed by TiO6 
octahedral building units. The arrangement of octahedra in rutile and TiO2-II 
is shown in Fig. 4.1 (a), (b) along the b and a directions, respectively. It can 
be easily seen that in both tetragonal rutile (P42/mnm) and orthorhombic 
TiO2-II strands of edge-sharing octahedra run along the c direction, being 
connected by sharing corners along a and b. The corner connected strands 
are mutually shifted by half a translation period (a/2 or b/2). In case of rutile 
the strands of octahedra have a linear arrangement, while in TiO2-II planar 
zigzag strands are formed. In general, the rutile – TiO2-II structural trans-
formation can be described either as cation jumps by a/2 or a slip on {101} 
[78] (Fig. 4.1 c). Interestingly, in several natural samples [79,80] TiO2-II has 
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been found as nanometer-thick lamellae sandwiched in twinned rutile inclu-
sions within the {101} twin boundary. 

4.2 Finding optimal p,T conditions for a quick TiO2-II 
synthesis from rutile 

Rutile is an important accessory mineral in sedimentary, igneous and meta-
morphic rocks [81], and the rutile – TiO2-II phase boundary is of high inter-
est to Earth sciences. For instance, the occurrence of TiO2-II as inclusion in 
other minerals can be used as a thermobarometer for ultra-high pressure 
metamorphism in the diamond stability range [79], or as a potential indicator 
of a meteorite impact event [82]. However, the rutile – TiO2-II phase trans-
formation is also known to be kinetically hindered, which gave rise to signif-
icant discrepancies in previously reported data [74,83,84]. Withers et al. 
have shown that the sluggishness of the rutile – TiO2-II transition can be 
noticeably decreased in the presence of water and it appears that a hydrous 
environment is essential for obtaining reliable data for p,T phase boundaries 
in the titania system. In Chapter 3 it was shown that a hydrous environment 
at gigapascal pressures dramatically improved the kinetics and lowered the 
temperature of the stishovite formation from coesite and, moreover, lead to 
the incorporation of structural water. This study attempts to establish the 
mildest conditions for the bulk synthesis of TiO2-II phase from rutile using a 
similar hydrothermal treatment procedure. At the same time, it would be 
interesting to find out if the TiO2-II structure undergoes alteration in an ex-
treme water environment. Natural rutile samples are known to contain sig-
nificant amounts of water [85], which in pure rutile could be introduced via 
a Ti4+ → Ti3+ + H+ substitution mechanism [86]. 
Hydrothermal treatment of rutile powder was performed using a MA device. 
The samples (60-65 mg rutile and 20-35 mg H2O) were enclosed in Pt cap-
sules, compressed to a target pressure between 2–6.5 GPa and subsequently 
heated to a temperature between 200–600 °C at a rate of 20 °C/min. A 
dwelling time of 2 hours was applied in most cases. The list of experiments, 
products and relevant experimental conditions is given in Table 4.1. The 
graph shown in Figure 4.2 compiles the obtained results on the rutile – TiO2-
II boundary along with the data obtained by Withers et al. and Akaogi et al. 
[74,84].  In both earlier studies equimolar mixtures of TiO2-II and rutile 
phases were used for equilibrium investigations using either dry conditions 
[84] or a hydrothermal environment with only 5 wt.% of H2O [74]. Together 
with much longer equilibration times these are the major differences in the 
experimental conditions compared to the present study.  
The analysis of the products by PXRD did not reveal a significant, if any, 
yield of TiO2-II at p < 5 GPa, T < 600 °C, unlike it was observed in earlier 
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reports. For example, the 5-600 sample was found to contain approx. 27% 
wt. TiO2-II, while 6-500 contained only trace amounts. At the same time, the 
6-600 product yielded 69% TiO2-II. The incomplete transformation of the 
rutile in this samples has to be attributed to kinetic effects. An attempt to 
repeat some runs (5-500-8) with the heating time extended to 8 hours did not 
show a detectable increase in the TiO2-II yield; however, this run suffered 
from a large water loss, which could have affected the results. Finally, a 
crystallographically pure sample TiO2-II was obtained at 6 GPa and 650 °C. 
Accordingly, these conditions are considered mildest for the bulk synthesis 
of TiO2-II phase from rutile using short (2 hours) dwelling times. Important-
ly, control runs without added water gave completely untransformed rutile at 
6 GPa and 650 °C, and only 63 wt.% of TiO2-II at 8 GPa, 650 °C, which 
confirms the significance of a hydrous environment for overcoming kinetic 
sluggishness. However, obtaining accurate data in the low temperature re-
gion of the phase boundary still remains a challenge. 

 
Figure 4.2 Results of the present study on the rutile – TiO2-II phase boundary using 
2 hours heating time in presence of water (diamonds) in comparison with the results 
by Withers et al. (blue dotted line, squares) and Akaogi et al. (circles, red dashed 
line). Open and filled symbols correspond to the rutile and TiO2-II growth, respec-
tively. Figure adapted from Paper II with permission from 2013 © Elsevier. 
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Table 4.1. Produced samples and relevant experimental conditions 

Sample ID P, GPa T, °C Heating 
duration, h 

Product 

2-200 2 200 2 rutile 

2-400 2 400 2 rutile 

2-600 2 600 2 rutile 

4-200 4 200 2 rutile 

4-400 4 400 2 rutile 

4-600 4 600 2 rutile 

5-200 4.98 200 2 rutile 

5-400 5.08 400 2 rutile 

5-500 5.14 500 2 rutile 

5-600 5.19 600 2 rutile + TiO2-II (27%) 

5-500-8 5.14 500 8 rutile + TiO2-II (<1%) 

6-500 6 500 2 rutile + TiO2-II (4%) 

6-600 6 600 2 rutile + TiO2-II (69%) 

6-650 6 650 2 TiO2-II 

6-650 (dry) 6 650 2 rutile 

8-650 (dry) 8 650 2 Rutile+TiO2-II (63%) 

 
The PXRD pattern of the TiO2-II sample obtained at 6 GPa, 650 °C is shown 
in Fig. 4.3 together with the Rietveld fit. Tables 4.2 and 4.3 compile the 
results of the Rietveld refinement. The extracted unit cell dimensions and 
atomic coordinates are in a good agreement with previously reported data 
from both single crystal [75,87] and powder X-ray analysis, and most proba-
bly it is safe to state that no detectable water incorporation into TiO2-II 
structure has occurred. Additionally, the FTIR analysis of the TiO2-II sam-
ples did not reveal any bands in the wavenumber region of ν(O-H) vibra-
tions. 
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Table 4.2. Selected crystallographic parameters and refinement results for TiO2-II. 

 
Space group Pbcn 

Crystal system Orthorhombic 

a (Å) 4.5337(2) 

b (Å) 5.4996(3) 

c (Å) 4.9037(3) 

V (Å3), Z 122.266(1), 4 

dcalc (g/cm−3) 4.341 

RF 2.422% 

Rp 8.74% 

Rwp 8.19% 

Rexp 7.00% 

χ2 1.370 

Table 4.3. Atomic coordinates and isotropic thermal displacement parameters for 
TiO2-II 

Atom Wyck. x y z B (Å2) 

Ti 4c 0 0.17216(7) 0.25 0.29(2) 

O 8d 0.26918(20) 0.38242(16) 0.41807(17) 0.75(3) 

4.3 The effect of pressure and temperature on the 
morphology of hydrothermally produced rutile and 
TiO2-II samples 

 
To get further insight into the influence of a hydrothermal environment as 
well as the synthesis conditions on the rutile – TiO2-II phase transformation 
the samples were studied with electron microscopy, both SEM and TEM.   
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Figure 4.3. Rietveld fit of the TiO2-II PXRD pattern of the sample 6-650. Figure 
adapted from Paper II with permission from 2013 © Elsevier. 

The SEM images shown in figure 4.4 show the morphology evolution of the 
hydrothermal titania products with increasing p,T. The rutile starting materi-
al (Fig. 4.4 a) consisted of large chunks of agglomerated, partially sintered 
subhedral crystals with sizes <1 µm, poorly defined shapes and visible sur-
face defects. This microstructure remained visually unchanged in the prod-
ucts hydrothermally treated at 200 °C, regardless of the applied pressure. 
The rutile samples obtained from higher temperature treatment (400 – 600 
°C), on the contrary, consisted of euhedral crystals with well-defined shape 
and without noticeable surface defects (Fig. 4 b, c, samples 4-400 and 4-600 
are shown). At the same time, the rutile crystals in the 4-600 product are 
fully separated, while in the 4-400 sample the sintering is partially pre-
served. The presence of a small-sized and a bulky-sized fraction in these 
samples as well as a significant change in appearance compared to the start-
ing material can be attributed to recrystallization or Ostwald ripening. The 
pure TiO2-II sample (6-650, Fig. 4.4 d) consists of two distinct fractions of 
crystals: small, 0.2-0.3 µm-sized particles, and bulky euhedral crystals 
reaching 5-7 microns in size, which can be explained by ripening processes 
as well. Interestingly, the 6-600 sample containing 31% rutile and 69% 
TiO2-II revealed a very similar size distribution.  
The results of TEM study are presented in Fig. 4.5. The particles belonging 
to the nanoscale fraction in the pure TiO2-II sample (Fig 4.5 (a), (b)) repre-
sented well-defined single crystals of the high pressure phase. In the 6-600 
sample, the small-size crystal fraction was found to be a mixture of rutile 
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and TiO2-II. Interestingly, crystals of the both phases are seen surrounded by 
satellite rutile aggregates of only a few nm in size (Fig. 4.5 (c), (d)).  

 
Figure 4.4. SEM images showing TiO2 samples obtained at various p,T: (a) rutile 
starting material; (b) – (d) rutile phase found in 5-200, 4-400 and 4-600 products; (e) 
rutile-TiO2-II mixture obtained at 6 GPa, 600 °C;  (f) single phase TiO2-II obtained 
at 6 GPa, 650 °C. Figure adapted from Paper II with permission from 2013 © Else-
vier. 

The amorphous layer around the satellites most likely is a result of hydrox-
ylation which, in turn, is a part of the mass transport process in the hydrous 
environment. This feature was not observed in the 6-650 sample. 
Based on the above observations, the following mechanism of the rutile – 
TiO2-II transformation in presence of water can be suggested: (1) segrega-
tion of the rutile crystals into a small-sized and bulky-sized fraction; (2) 
small-sized rutile crystals, after having reached the critical size, transform 
into TiO2-II phase when the p,T conditions correspond to the stability field 
of the latter; (3) TiO2-II crystals grow at the expense of rutile crystals. The 
amorphous (probably hydroxylated) layer on the surface of the crystals 
would first transform to rutile (forming a nano-sized aggregate) and later to 
the high pressure phase, thus becoming a part of a TiO2-II crystal; (4) once 
the transformation is completed, ripening processes stop due to a much low-
er solubility of the TiO2-II phase. This would explain the size distribution 
observed in 6-650 sample. Similarly, Bendeliani et al. [77] have stated that 
increasing the experiment duration did not influence the grain size, which 
supports the suggested hypothesis. 
The 8-650 sample produced via dry synthesis is remarkably different com-
pared to the hydrothermally obtained products. It represented a single sin-
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tered piece upon recovery that broke into irregularly shaped fragments when 
crushing (Fig. 4.5 e). The sample consisted of a mixture of both phases in a 
proportion TiO2-II: rutile of approx. 2:1. This is similar to the 6-600 sample. 
However, in this sample crystals were separated, whereas in the 8-650 sam-
ple orthorhombic TiO2-II and tetragonal rutile lamellae were intergrown into 
a composite along the [001] and [100] directions, respectively. It is clear that 
the formation of regular, well separated crystals is favored in a hydrothermal 
environment. 

 
Figure 4.5. Transmission electron microscopy study of the samples 6-650 [(a), (b)], 
6-600[(c), (d)] and 8-650 [(e), (f)]. (a) Overview of the crystals (small-sized frac-
tion); (b) HRTEM image of a small-sized crystal taken along [001] direction (see 
the FFT inset). (c), (d) bulk rutile and TiO2-II crystals, respectively, with nano-sized 
rutile aggregates on the surface. (e) overview of crystallites in crushed 8-650 sam-
ple; (f) HRTEM image showing intergrown rutile and TiO2-II lamellae observed 
along [100] and [001] direction, respectively. Figure adapted from Paper II with 
permission from 2013 © Elsevier. 
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Conclusions 
TiO2-II can be successfully synthesized from rutile at 6 GPa, 650 °C in less 
than 2 hours when a hydrothermal environment is provided. The sluggish 
rutile – TiO2-II transformation is catalyzed in presence of water. The hydro-
thermally assisted growth of TiO2-II crystals can be explained via Ostwald 
ripening. The structural parameters of TiO2-II extracted from X-ray analysis 
are in a good agreement with previously reported data, suggesting the struc-
ture is not altered by the presence of extreme water. In future it would be 
important to investigate optical and photocatalytical properties of hydro-
thermally produced TiO2-II, as well as the dependence of particle size distri-
bution on p,T synthesis conditions. 
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5 Transformations of LiAlSiO4 in an extreme 
water environment 

This chapter describes the response of aluminosilicates LiAlSiO4 to an ex-
treme water environment. Originally it was thought that through extreme 
water catalysis LiAlSiO4 glass could be transformed into new, crystalline, 
zeolite-like materials. Instead it was observed that, similar to SiO2, novel 
hydrous forms of LiAlSiO4 are produced in which the majority of metal ions 
attain an octahedral coordination. The formation of hydrous LiAlSiO4 at 
pressures above 5 GPa and the interplay of known crystalline phases of 
LiAlSiO4 in the lower pressure region will be discussed below.    
 

5.1 Can LiAlSiO4 glass in an extreme water 
environment shed light into the zeolite conundrum? 

 
Zeolites are microporous crystalline materials that are widely used for their 
catalytic, sorption, and ion exchange properties. Their frameworks are built 
from tetrahedrally coordinated by oxygen Al and Si atoms and have an aver-
age chemical composition Si1-xAlxO2 (typically x ≤0.5, as follows from the 
Löwenstein’s rule [88]). A persistent open question of zeolite chemistry is 
the mechanism of framework formation. Although only tetrahedrally coordi-
nated atoms are involved, millions of structures can be devised. At the same 
time there are only about 200 known natural or synthetic zeolite frame-
works. This discrepancy is stunning and has been termed as “the zeolite 
conundrum”: “Why are there so many hypothetical zeolites and so few ob-
served?” [26].  
The study by Deem at al. underlines this impressively: More than 2.7 million 
unique zeolite-like structures were calculated of which at least 300,000 
should be thermodynamically accessible as aluminosilicate compounds [89]. 
Intriguingly, the about 200 known zeolite structures lie at the low density 
edge of the distribution of predicted structures. This led the authors to con-
clude that a whole new world of (more dense) zeolite-like materials is still to 
be discovered, offering new possibilities in terms of properties and applica-
tions compared to established zeolites. 
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Following the zeolite conundrum it was thought that high pressure hydro-
thermal environments could provide a means to tap into this “new world” of 
zeolites by providing new mechanisms of the zeolite crystal growth. And 
aluminosilicate glasses with defined compositions would make ideal “high 
energy state” precursors. The hydrothermal crystallization of water-free 
glasses has previously been employed to mimic the hydrothermal formation 
of natural zeolites in a temperature range between 170 and 270 °C and pres-
sures up to 200 MPa (0.2 GPa) [90,91]. At higher pressures (and perhaps 
temperatures) new variants of aluminosilicates with intermediate densities 
between known zeolites and the conventional dense forms may become ac-
cessible. 

 
Figure 5.1 Crystal structures of the common compounds with LiAlSiO4 stoichiome-
try, shown in a polyhedral view. Structures are built from corner-sharing LiO4, AlO4 
and SiO4 tetrahedra. LiO4 units and Li atoms are shown in grey color, AlO4 and 
SiO4 – in blue and yellow, respectively. (a) Zeolite Li-ABW (LiAlSiO4·H2O, ortho-
rhombic, Pna21). The channels in the framework formed by 8-member rings run 
parallel to c direction. Water molecules hosted within the channels (red circles) form 
one-dimensional chains along c by hydrogen bonding. Li atoms coordinate to the 
oxygen in H2O and the three framework O atoms. (b) α-eucryptite (rhombohedral, 
R-3): alternating tetrahedral units form tubes (indicated with red circles) that run 
along the c direction with centers at (0,0), (1/3,2/3) and  (2/3,1/3) (left). A perpen-
dicular view of a tube is shown in the right hand figure. (c) β-eucryptite (hexagonal, 
P6222) structurally corresponds to “stuffed” β-quartz containing Li atoms in the 
channels along c direction within the AlO4–SiO4 framework. Figure adapted from 
Paper IV. 
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Compositionally homogeneous LixAlxSi1-xO2 glasses can be easily synthe-
sized over a broad range of x. Here x = 0.5, LiAlSiO4 was chosen (see Chap-
ter 2). Known crystalline phases with this composition include a zeolite Li-
ABW, as well as the “dense” aluminosilicates α and β-eucryptite of which 
the former is considered a low- and the latter a high temperature form. Fig-
ure 5.1 provides an overview of their structures [92-94]. They are all built 
from corner sharing AlO4 and SiO4 tetrahedra and they all observe strict Si-
Al ordering. Also Li+ ions are exclusively in a tetrahedral coordination. 
Hexagonal β-eucryptite corresponds to stuffed β-quartz in which the open 
channels are filled with Li+ ions [93]. β-eucryptite typically forms when 
LiAlSiO4 glass crystallizes in dry conditions at ambient pressure [95,96]. 
The orthorhombic zeolite Li-ABW (LiAlSiO4·H2O) forms in hydrothermal 
environments at near ambient pressure conditions [97-99]. 
Here the hydrothermal crystallization of LiAlSiO4 glass was studied in the 
pressure range 0.25–10 GPa and using dwelling temperatures of 200, 400 or 
600 °C. An equilibrating time of 8 hours was applied at the target p,T condi-
tions for all the experiments discussed in this chapter. For the experiments at 
lower pressures (0.25, 1 or 2 GPa) a piston cylinder was employed, whereas 
the runs targeting 5 and 10 GPa were performed in a MA apparatus. Since 
the products obtained from the two pressure ranges were markedly different, 
the results of the PC and MA experiments will be discussed in separate sec-
tions. All products were examined by PXRD, SEM and FTIR. Selected sam-
ples were additionally subjected to compositional analysis by the EDS 
method. 

5.2 PC experiments: glass → Li-ABW → α-eucryptite 
transformation 

Table 5.1 summarizes the experiments performed in a PC apparatus, corre-
sponding p,T conditions and the phases found in the products. The PXRD 
patterns are compiled in Figure 5.2 and results of their analysis are given in 
Table 5.2. A selection of SEM figures is presented in Figure 5.3. 
At 0.25 GPa and 200 °C LiAlSiO4 glass converted quantitatively into zeolite 
Li-ABW which occurred as elongated prismatic crystals, reaching 10-15 µm 
in lengths (Fig. 5.3 a). At 400 °C a mixture of Li-ABW and α-eucryptite, 
along with a small amount of β-eucryptite was obtained (Figure 5.2 a). Li-
ABW was also produced at 1 GPa, 200 and 400 °C and 2 GPa, 200 °C. 
Sample 1-400 represented a mixture of α-eucryptite and Li-ABW, whereas 
1-600, 2-400 and 2-600 corresponded to roentgenographically pure samples 
of α-eucryptite (Fig. 5.2 b, c; 5.3 b, c).  
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Table 5.1. List of the runs, relevant experimental conditions and identified products 
in the samples obtained from 8 hours of hydrothermal treatment in a PC apparatus. 

Run/ 
Sample ID 

Pressure 
(GPa) 

Temperature 
(°C) 

Products (fractions are estimated from PXRD 
patterns and SEM observations) 

0.25-200 0.25 200 Li-ABW (~100%) 

0.25-400 0.25 400 Li-ABW (major), β-eucryptite (30 %), α-
eucryptite (minor), unknown (minor) 

1-200 1 200 Li-ABW (~100%) 
1-400 1 400 Li-ABW (66%), α-eucryptite (33%) 
1-600 1 600 α-eucryptite (100%) 

2-200 2 200 Li-ABW (100% crystalline phase) + untrans-
formed glas 

2-400 2 400 α-eucryptite (>95%) + cookeite (byproduct) 
2-600 2 600 α-eucryptite (>95%) + cookeite (byproduct) 

 
Figure 5.2. PXRD patterns of products obtained from an 8 hour hydrothermal treat-
ment of LiAlSiO4 glass at 0.25 GPa (a), 1 GPa (b), 2 GPa (c) The minor reflections 
from cookeite are marked by arrows in (c). Figure adapted from Paper IV. 
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Figure 5.3. SEM images of the various phases observed in 0.25 – 2 GPa products. 
(a) Prismatic crystals of Li-ABW produced at 0.25 GPa, 200 °C.(b) cluster of α-
eucryptite crystals in the 1 GPa, 600 °C product. (c) cookeite platelets peeling off 
the surface of α-eucryptite crystal observed in a 2 GPa, 600 °C product. Figure 
adapted from Paper IV. 

 
The samples produced at 400–600 °C illustrate the process of the conversion 
of metastable Li-ABW into thermodynamically stable α-eucryptite. The 
interplay between eucryptite and Li-ABW has been investigated earlier by 
Norby et al. at near ambient pressure conditions [100,101]. It was found that 
in hydrothermal environments Li-ABW transforms at 350 °C to α-eucryptite 
which in turn transforms between 8-900 °C to β-eucryptite. The compara-
tively low thermal stability of Li-ABW is confirmed in the present study, 
which in addition showed that the instability is further enhanced with in-
creasing pressure. At near ambient pressure conditions α-eucryptite is only 
obtained in a hydrothermal environment. The fact that α-eucryptite is fa-
vored over β-eucryptite at high pressures follows from its considerably low-
er molar volume (~79 Å3 vs. ~88.5 Å3 at ambient pressure). Isaacs and Roy 
[102] established that α-eucryptite is the ground state of LiAlSiO4 and β-
eucryptite a high temperature form, stable above 850 °C. Therefore, it is 
surprising that β-eucryptite was obtained as a substantial fraction of the 
product of the 0.25-400 experiment. One explanation could be that the α-β 
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eucryptite conversion temperature given by Issacs and Roy is too high, or 
that β-eucryptite forms as an intermediate in the Li-ABW to α-eucryptite 
conversion and is observed because the sample was not equilibrated after 8 
hours of dwelling. 
Lastly, our experiments indicate an onset of compositional instability of α-
eucrypite at 2 GPa. Although barely noticeable in PXRD (Fig. 5.2 c), SEM 
analysis uncovered the presence of another phase, especially at 400 °C, 
growing on the surface of eucryptite crystals as thin platelets (Fig. 5.3 c). 
The phase was subsequently identified as cookeite by a TEM study (see 
paper IV for details). Cookeite is typically defined as lithium-containing 
layered hydrous aluminosilicate (di,trioctahedral chlorite) with flexible 
compositions and Al:Si ratios larger than 1 [103]. Naturally occurring 
cookeite is often found as a product of hydrothermal surface alteration in 
aluminosilicate minerals (e.g. alpha-spodumene LiAlSi2O6 [104]).   
Whereas the pressure range 0.25 – 2 GPa revealed an interplay between 
known crystalline LiAlSiO4 phases (and, importantly, did not yield the for-
mation of novel zeolitic phases), the situation changed when moving to a 
pressure of 5 GPa.  
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Table 5.2. Lattice constants extracted by Le Bail fit for the crystalline phases produced in PC experiments. 

Run/ 
Sample ID Product Space group a (Å) b (Å) c (Å) V (Å3) Rp (%) Rwp (%) Rexp (%) 

0.25-200 Zeolite Li-ABW Pna21 (33) 10.3102(1) 8.1991(1) 5.0027(1) 422.90(1) 12.4 11.7 6.35 

0.25-400 Zeolite Li-ABW Pna21 (33) 10.3005(7) 8.1988(4) 4.9974(2) 422.04(4) 20.9 23.4 5.33 

0.25-400 β-Eucryptite P6222 5.2475(5) 5.2475(5) 5.5944(8) 133.41(3) 20.9 23.4 5.33 

0.25-400 α-Eucryptite 
(trace amount) R-3 13.4806(16) 13.4806(16) 8.9085(38) 1402.02(65) 20.9 23.4 5.33 

1-200 Zeolite Li-ABW Pna21 (33) 10.3065(2) 8.1975(5) 5.0042(1) 422.79(1) 9.39 10.2 4.24 

1-400 Zeolite Li-ABW Pna21 (33) 10.31067(3) 8.19678(3) 4.99549(2) 422.190(3) 9.12 9.74 3.85 

1-400 α-Eucryptite (34%) R-3 13.4768(2) 13.4768(2) 9.0033(1) 1416.144(12) 9.12 9.74 3.85 

1-600 α-Eucryptite R-3 13.47027(5) 13.47027(5) 8.99943(4) 1414.160(10) 8.14 9.63 2.64 

2-200 Zeolite Li-ABW Pna21 10.3087(1) 8.1952(1) 4.9968(1) 422.135(4) 23.3 16.7 11.29 

2-400 α-Eucryptite R-3 13.47172(9) 13.47172(9) 9.00007(7) 1414.565(18) 10.3 10.2 2.63 

2-600 α-Eucryptite R-3 13.47142(4) 13.47142(4) 9.00012(3) 1414.508(7) 12.8 15.1 3.79 
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5.3 MA experiments: formation of novel hydrous 
LiAlSiO4 phases 

 
Experiments at 5 and 10 GPa were performed using a MA apparatus. A list 
of experiments, corresponding p,T conditions and obtained products can be 
found in Table 5.3. The PXRD patterns are compiled in Figure 5.4. A selec-
tion of SEM figures is presented in Figure 5.5. 

 
Figure 5.4. PXRD patterns of the samples produced by an 8 hour hydrothermal 
treatment of LiAlSiO4 glass at (a) 5 GPa; (b) 10 GPa, plotted along with the “hy-
drous eucryptite” pattern simulated from SXRD data. Figure adapted from Paper 
IV. 
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Table 5.3. List of the runs, relevant experimental conditions and products obtained from 8 hours of hydrothermal treatment in a MA apparatus. 

Run/ 
Sample ID 

Pressure 
(GPa) 

Temperature 
(°C) 

Products (fractions are estimated roughly from 
the intensity ratios in PXRD patterns) 

5-200 5 200 amorphous (LiAlSiO4 glass with modified surface) 

5-400 5 400 LiAlSiO3(OH)2 (~100%) 

5-600 5 600 LiAlSiO3(OH)2 (major), α-spodumene (10-15 % ), 
diaspore (<5 %) 

10-400 10 400 LiAlSiO3(OH)2 (major), unknown phase (10-20 %) 

10-600 10 600 LiAlSiO3(OH)2 (major), unknown phase (20-30%) 

Table 5.4. Lattice constants extracted using Le Bail fit for the crystalline products obtained in MA experiments. The analysis of   
 LiAlSiO3(OH)2 is based on SXRD data (Table 5.5). 

Run/ 
Sample ID Product Space group a (Å) b (Å) c (Å) β (°) V (Å3) Rp (%) Rwp 

(%) 
Rexp 
(%) 

5-400 LiAlSiO3(OH)2 P21/c  (14) 5.0446(4) 14.4501(7) 9.5535(5) 104.597(10) 673.91(7) 12.6 13.7 6.17 

5-600 LiAlSiO3(OH)2 P21/c (14) 5.0590(1) 14.4630(3) 9.5511(1) 104.528(2) 676.49(2) 16.4 15.6 11.39 

5-600 α-spodumene C2/c  (15) 9.4703(2) 8.3943(1) 5.2215(1) 110.182(2) 389.60(1) 16.4 15.6 11.39 

5-600 diaspore Pbnm (62) 4.4024(1) 9.4274(2) 2.7979(4) - 116.12(2) 16.4 15.6 11.39 

10-400* LiAlSiO3(OH)2 P21/c (14) 5.0522(10) 14.4164(18) 9.5469(14) 104.396(21) 673.50(19) 48.4 40.1 7.66 

10-600* LiAlSiO3(OH)2 P21/c (14) 5.0536(12) 14.4767(36) 9.5544(28) 104.654(16) 676.26(31) 65.6 76.2 5.81 

*Le Bail fit is unstable 
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The 5-200 sample remained amorphous (note that water was solid at these 
conditions). The diffraction pattern of 5-400 revealed a new phase which 
was afforded as fine, aggregated needles with lengths up to 15 µm. The 
PXRD patterns could not be matched to any of the known phases in the Li-
Al-Si-O system. The EDS-probed Al:Si ratio was close to 1:1, indicating 
that the original glass composition was retained. This phase was subsequent-
ly characterized as LiAlSiO3(OH)2 and is in the following called “hydrous 
eucryptite”. In the 5-600 sample crystals of hydrous eucryptite appeared 
considerably thicker and having prismatic shape. At 600 °C an onset of 
phase segregation was noticed by identifying the byproducts α-spodumene 
(LiAlSi2O6) and diaspore (α-AlOOH) in the powder pattern of 5-600. At 10 
GPa the situation is changed again. The PXRD pattern of 10-400 shows that 
a crystalline product was obtained even in a solid water environment. At 600 
°C a mixture of hydrous eucryptite and yet another new phase with an Al:Si 
ratio of 1:1 was obtained. 

 
Figure 5.5. SEM images of the samples produced at 5–10 GPa. (a) Needle-like crys-
tals of the hydrous eucryptite phase obtained at 5 GPa, 400 °C. (b), (c) Prismatic 
hydrous eucryptite crystals produced at 600 °C, 5 and 10 GPa, respectively. The 
crystals typically display various types of twinning, and are prone to beam damage 
as appeared during EDS probing, cracking along the longest axis. Figure adapted 
from Paper IV 
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Table 5.5. Selected crystallographic data obtained by SXRD analysis for the hy-
drous eucryptite phase. 

Empirical formula Al2Li2O10Si2 

Formula weight 284.02 

Crystal system monoclinic 

Space group P21/c 

a/Å 9.547(3) 

b/Å 14.461(5) 

c/Å 5.0623(15) 

ß/° 104.360(8) 

Volume/Å3 677.1(4) 

Z 4 

ρcalc g/cm3 2.786 

Crystal size/mm3 0.06 × 0.01 × 0.01 

Radiation AgKa (λ = 0.56087) 

Reflections collected 2522 

Independent reflections 1065 [Rint = 0.520, Rsigma = 0.0611] 

Final R indexes [I>=2σ(I)] R1 = 0.0667, wR2 = 0.1804 

 
From the IR spectra (Fig. 5.6) it is most apparent that the experiments at 10 
GPa yielded yet another product which is characterized by intense T-O 
stretching bands at 857 and 878 cm-1. Furthermore the IR spectra show that 
both products are of hydrous nature. Intense and sharp bands in the 3000 – 
3500 cm-1 spectral region suggest distinct O-H stretches from the presence 
of structural hydroxy groups. Bands at 3373 and 3641 cm-1 are assigned to 
hydrous eucryptite. The main product in 10-600 is a different hydrous phase 
with even sharper bands at 3484, 3508, 3547 and 3600 cm-1.  
The crystal structure of hydrous eucryptite could be established from single 
crystal diffraction data. It crystallizes in the monoclinic space group P21/c 
with the unit cell parameters a = 9.547(3) Å, b = 14.461(1) Å, c = 5.062(2) 
Å, β = 104.36(1)°. The unit cell contains eight formula units. Crystallo-
graphic data are summarized in Tables 5.4, 5.5. The structure of hydrous 
eucryptite is closely related to that of the pyroxene α-spodumene 
(LiAlSi2O6). The ambient structure of α-spodumene (C2/c) undergoes a 
displacive transformation under pressure with a resulting space group P21/c 
[105]. Figure 5.7 compares both structures. The two central building units of 
pyroxene structures correspond to chains of corner sharing SiO4 tetrahedra 
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Figure 5.6. Comparison of the FTIR-ATR spectra for the samples 5-600 and 10-600 
(shown in red and blue, respectively), indicating appearance of the new hydrous 
phase at 10 GPa. Left: Spectra compared in the range of M-O vibrations. The sam-
ple 10-600 shows new vibrational modes at 857 and 878 cm-1. Right: Sharp bands 
appearing in the wavenumber range of O-H stretches. Additional bands at 3484, 
3508 and 3600 cm-1 are seen in 10-600 spectrum. Figure adapted from Paper IV. 

(yellow) and edge-sharing AlO6 octahedra (blue) that run parallel to the c 
direction in the monoclinic unit cell. Tetrahedron chains bridge adjacent 
octahedron chains in three dimensions. Tetrahedra within a chain assume the 
same orientation with one face (the “basal” face) parallel to the monoclinic 
bc plane and one atom (the “apex” O atom) pointing along the a* direction.  
In pyroxenes basal O atoms of tetrahedron chains are condensed with pe-
ripheral O atoms of octahedron chains, and apex O atoms are condensed 
with central O atoms of octahedron chains. In contrast, all O atoms of tetra-
hedron chains in the hydrous eucryptite structure are exclusively condensed 
with peripheral O atoms of octahedron chains. The linking principle of the 
hydrous eucryptite structure supports a framework with half the number of 
SiO4 chains compared to pyroxenes, i.e. an Al:Si ratio of 1:1 (LiAl-
SiO3(OH)2 vs LiAlSi2O6). In this respect the structure may be considered as 
“diluted” α-spodumene. At the same time tetrahedron layers now contain 
channels along the c direction because the central O atoms of octahedral 
chains are not involved in chain linking. Instead they will carry H.  
Compared to ambient pressure α- and β-eucryptite with all metal atoms in 
tetrahedral coordination, hydrous eucryptite represents a high pressure form. 
Li and Al atoms (2/3 of the metal atoms) have an octahedral coordination. 
Nothing is known yet about the materials properties of hydrous eucryptite. It 
is interesting to speculate whether one can access (new) anhydrous phases of 
LiAlSiO4 by thermal treatment. A TGA measurement (Fig. 5.8) shows that 
hydrous eucryptite experiences weight loss in the temperature region 300 – 
450 °C that corresponds to its crystallographic water content (12.5 wt.%). 
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The product(s) of this thermal decomposition could not yet be conclusively 
characterized. 

 
Fig. 5.7. Crystal structure of hydrous eucryptite (left panel) compared to that of the 
high pressure form of α-spodumene (right panel). Both structures are monoclinic, 
space group P21/c. (a) and (b) Connectivity of the building units tetrahedral chain 
and octahedral chain along the a and c direction, respectively. (c) Complete frame-
work built from corner-connected building units viewed along the c directions with 
Li atoms (grey circles) included. The Li atoms within both structures are octahedral-
ly coordinated. Oxygen atoms that are part of hydroxyl groups in hydrous eucryptite 
are shown as enlarged red circles. Figure adapted from Paper IV. 

The linking principle of tetrahedron and octahedron chains leading to the 
hydrous eucryptite structure may be universal for creating hydrous pyrox-
enes which carry crystallographic amounts of hydroxyl. In this respect it 
would be very interesting to also find out the structure of the product ob-
tained at 10 GPa. Furthermore, an Al-bearing hydrous pyroxene 
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Figure 5.8. TGA curve measured at a heating rate of 5 °C/min for the hydrous eu-
cryptite produced at 5 GPa, 400 °C.  

Mg2Al(OH)2AlSiO6 was recently found in the MgO–Al2O3–SiO2–H2O 
(MASH) system [106]. The structure of this compound, referred as phase 
HAPY (which stands for “Hydrous Al-bearing PYroxene”), shares similari-
ties with hydrous eucryptite discovered in this study. Pyroxenes, or pyrox-
ene-like structures, may play a significant role as a potential carrier of H2O 
into the mantle of Earth. This type of structures might have been previously 
overlooked due to their specific high pressure, low temperature stability 
range. One can envision that hydrothermal environments in deep Earth af-
ford hydrous pyroxenes rather generally. Just recently a Cr-bearing HAPY 
phase was reported for a Cr2O3-MASH system. The phase forms during the 
chlorite breakdown and can be important for the transport of water during 
the subduction as well as H2O storage in the mantle [107]. 

Conclusions 
The crystallization of LiAlSiO4 glass in high pressure hydrothermal envi-
ronments was investigated. Originally it was thought that this procedure 
could yield new zeolite-type phases. However, at pressures up to 2 GPa 
phase relations are dominated by the known phases Li-ABW and α- and β-
eucryptite. At pressures 5 to 10 GPa new, hydrous, phases of LiAlSiO4 are 
produced. The occurrence of pyroxene related aluminosilicates with 
crsytallographic amounts of OH at high pressure low temperature conditions 
may have implications to the H2O transfer from subducted slabs to the upper 
mantle in deep Earth. 
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6 Conclusions and future perspectives  

The present study has demonstrated that extreme water environments effi-
ciently catalyze transformations in the SiO2, TiO2 and LiAlSiO4 systems. 
In the case of the SiO2 – H2O system an extreme water environment enabled 
the coesite–stishovite transition at unprecedented low temperatures and sig-
nificantly enhanced the transformation rate. Additionally, extreme water 
acted as a reactant and incorporated in substantial amounts (several wt.%) 
into the stishovite structure. The incorporation occurs via a previously un-
known octahedral hydrogarnet defect. Future investigations of hydrous 
stishovite may include studies of its electrical conductivity and transfor-
mation properties. 
In the TiO2–H2O system extreme water catalyzes the rutile to TiO2-II transi-
tion and enables the efficient production of TiO2-II within 2 hours at indus-
trially feasible p,T conditions. Large scale synthesis of TiO2-II can be im-
portant if this high pressure polymorph of titania displays properties superior 
to the established ambient pressure ones (e.g. as photocatalyst). However, 
further experimental studies of the optical and photocatalytical properties of 
TiO2-II need to be conducted first. 
For LiAlSiO4 extreme water affords novel hydrous forms, e.g. “hydrous 
eucryptite”, at pressures above 5 GPa and temperatures between 400 and 
600 °C. Together with the recent discovery of phase HAPY in the MgO–
Al2O3–SiO2–H2O system [104], this may point to the existence of a whole 
new family of hydrous compounds with pyroxene-like structures. A detailed 
study of hydrous eucryptite is necessary in order to find out its stability 
range, deformation properties and possibility to obtain other new materials 
based on LiAlSiO4.  
It can be assumed that high pressure hydrothermal environments are general-
ly highly significant for catalyzing high pressure phase transitions of alumi-
nosilicates and for the creation of novel hydrous (hydroxy containing) phas-
es. Some preliminary results on the crystallization of NaAlSiO4 glass during 
8 hours heating are shown below (Fig. 6.1). Conclusive results would re-
quire a thorough investigation of the products by various techniques. How-
ever, some products could be identified in the PXRD patterns as known 
phases in the NaAlSiO4–H2O system. The effect of p,T on the glass crystalli-
zation shows similarities to LiAlSiO4. At 1 GPa (Fig. 6.1 (a)) an increase in 
temperature results in the crystallization of nepheline phase at 600 °C, which 
is preceded by a poorly crystalline product at 200 °C and nepheline hydrate 
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(I) at 400 °C. The initial stoichiometry of NaAlSiO4 glass is preserved in 
these products. Experiments at 2 GPa (Fig. 6.1 (b)) yielded a quite interest-
ing result. The pattern of the 200 °C product closely matches that of zeolite 
X, and likely contains other minor zeolitic phases. At 400 °C, nepheline 
hydrate (I) appears as major phase. However, the phases obtained at 600 °C 
could not be identified from the available databases. At 5 GPa and 400–600 
°C (not shown) the glass decomposes into a mixture of jadeite and diaspore 
(NaAlSi2O6 and AlO(OH), respectively), indicating that increased pressure 
stimulates phase segregation. Overall, it appears that a hydrous environment 
at low temperature and gigapascal pressures allows accessing various types 
of zeolites from NaAlSiO4 glass precursor. Further studies are, however, 
necessary to make conclusive statements.  

 
Figure 6.1. PXRD patterns of products obtained in the NaAlSiO4 glass – H2O sys-
tem at 1 GPa (a) and 2 GPa (b). 
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7 Populärvetenskaplig Sammanfattning 

Den dramatiska förändringen i egenskaper hos vatten nära sin kritiska punkt 
(dvs T = 374 °C och p = 22.1 MPa, notera: 100 MPa = 0.1 GPa = 1 kbar ≈ 
1.000 atm) har varit föremål för ett stort antal studier och har även lett till att 
olika applikationer utvecklats (t.ex. för avfalls destruktion, processering av 
biomassa och syntes av avancerade keramiska material). Emellertid är 
jämförelsevis lite känt om beteendet hos vatten vid tryck i 
gigapascalområdet. Den aktuella studien undersöker katalytiska egenskaper 
och reaktivitet hos extremt vatten genom att undersöka flera oxidsystem: 
SiO2, TiO2 och LiAlSiO4. "Extremt vatten" definieras här som existerande 
vid p, T mellan 0.25-10 GPa och 200-1000 °C, därmed tas både superkritisk 
vätska och het komprimerad is i beaktan. Studien visar att extremt vatten kan 
göra högtrycksmineralfaser tillgängliga vid relativt milda T förhållanden. 
Samtidigt som högtrycksvattenmiljöer visar sig vara effektiva för 
stabilisering av nya metastabila strukturer och kan övervägas som en 
generell väg för syntetisering av nya material. 
Den hydrotermala behandlingen av SiO2 glas vid 10 GPa och 300-550 °C 
resulterade i en ovanlig mycket vattenrik form av stishovit med upp till 3% 
strukturellt vatten. Samtidigt förbättrade den extrema vattenmiljön i 
synnerhet kinetiken vid stishovit bildning, vilket gör den tillgänglig vid 
exempellöst låga temperaturer. Således för SiO2–H2O systemet fungerar 
vatten som både katalysator och reaktant. För TiO2 visade sig hydrotermisk 
högtrycksbehandling vara av stor betydelse för att övervinna kinetiska 
hinder för bildning av rutil–TiO2-II fasen. 6 GPa och 650 °C fastställdes som 
de mildaste villkoren för syntes av ren TiO2-II fas på mindre än två timmar. 
Kristallisation av LiAlSiO4 glas i extrem vattenmiljö gav ett antal olika 
faser. I lågtrycksområdet (0.25–2GPa) erhölls främst en zeolit (Li-ABW) 
och en tät vattenfri aluminatsilikat (α-eukryptit). Vid tryck över 5 GPa 
observerades bildandet av nya pyroxen-liknande strukturer med 
kristallografiska mängder strukturellt vatten. 
 
Den övergripande slutsatsen av denna studie är att extrema vattenmiljöer 
visar en stor potential för att katalysera fasövergångar i oxidsystem och för 
att stabilisera nya strukturer via inkorporering av vatten. 
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