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ABSTRACT ARTICLE HISTORY

A multianvil cell assembly with octahedral edge length 25 mm has Received 11 March 2023
been adapted for high pressure investigations involving water-rich Accepted 22 June 2023
environments up to 6.5 GPa and 400°C. Water-rich samples are

confined in Teflon containers with a volume up to 300 mm?>. Multianvil; large sample
Appllc.abllllty tests were perfqrmed between 250 .anc! 400°(; by volumes; hydrothermal
investigating the transformation of amorphous titania particles conditions; Teflon capsules;
close to the rutile-TiO2-ll (~5 GPa) phase boundary, and the coesite; TiO,- Il
transformation of amorphous silica particles close to the quartz—

coesite (~2.5GPa) and coesite-stishovite (~7 GPa) phase

boundaries. The performed experiments employed 25.4 mm

tungsten carbide anvils with a truncation edge length of 15 mm.

The sample pressure at loads approaching 820 t was estimated to

be around 6.5 GPa. The large volume multianvil cell is expected to

have broad and varied application areas, ranging from the

simulation of geofluids to hydrothermal synthesis and conversion/

crystal growth in aqueous environments at gigapascal pressures.

KEYWORDS

1. Introduction

Hydrothermal processes refer to heterogeneous reactions in aqueous media at elevated
pressures and temperatures, i.e. above 1 bar and 100°C [1]. Such reactions play an impor-
tant role in geochemistry [2] and for the manufacture of advanced ceramic materials
where the hugely modified chemical reactivity of usually insoluble reagents is exploited
[3]. Products are crystallized directly from aqueous solution under the prevailing con-
ditions and — depending on conditions - can be obtained as bulk single crystals, fine par-
ticles, or nanoparticles. Hydrothermal synthesis has been targeting a wide range of
materials, including piezoelectric crystals (like a-quartz and lead zirconate titanate),
wide band gap semiconductors (like ZnO), numerous nanocrystalline transition metal
oxides with catalytic and magnetic properties (e.g. TiO,, Co0304 NiO, Fe,05, Fes0y,
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Cr0O5) [1,3,4], and, importantly, also microporous MOFs and zeolites for which hydrother-
mal synthesis often provides good control of particle morphologies [5].

In laboratory settings hydrothermal synthesis typically takes place in sealed stainless
steel vessels (autoclaves) whereby temperatures above the boiling point will generate auto-
genous pressure [6]. Samples are encapsulated in a PTFE (Teflon) environment, which can
withstand the acidic or alkaline conditions that are frequently required. Convenient temp-
erature and pressure ranges are from 110 to ~350°C and from a couple of bar up to several
hundred bar, respectively [4,6]. However, water can exist at very high pressures and temp-
eratures, and it is interesting to imagine the extension of hydrothermal synthesis to extreme
conditions involving gigapascal pressures (Figure 1). Water's physicochemical properties
such as autoionization constant, dielectric constant, and viscosity are changed drastically
[7]1 and significant reactivity of water has been predicted for the dense hot state [8].
Because of water’s altered properties one can expect large changes in thermodynamic
relations that are key for hydrothermal synthesis (e.g. solubilities, mixing behaviors,
surface-fluid interactions) as well as for rates of reactions and phase transitions (e.g.
through modified surfaces). The properties of extreme water (> 1 GPa) have been mainly
estimated from computational studies and thus remain largely uncharted territory [9]. So
are the prospects for exploiting this medium for materials synthesis.

The extension of hydrothermal synthesis to gigapascal conditions requires piston cylin-
der (PC) or anvil devices driven by large volume presses (cf. Figure 1). PC devices connect

vessel piston cylinder :111133_
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Figure 1. p,T phase diagram of water according to [17]. Phase boundaries are indicated by solid lines.
The critical point (p =221 bar (22.1 MPa), T=374°C) is marked with a ‘c’. The pressure range for

various devices for hydrothermal investigations is indicated at the top.
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to the pressure range of sealed vessels and may be operated up to 3 GPa with cells man-
ufactured from chemically inert Teflon. Sample volumes (around 2.5 cm?) are large
enough to allow the addition of a magnetic stirring function [10]. Using anvil devices,
pressures up to 10 GPa have been previously applied in conjunction with a water-rich
environment [11-16]. These experiments concerned single phase transitions/recrystalliza-
tions where samples were enclosed in welded noble metal capsules with volumes below
100 mm?>. Such small volumes create difficulties in setting up more advanced reaction
schemes (involving e.g. multiple components, mineralizers, buffered pH) and in obtaining
sufficient amounts of sample for comprehensive ex-situ characterization of chemical and
physical properties of reaction products.

Here we describe a 6-8 type multianvil (MA) cell assembly dedicated to hydrothermal
synthesis and conversions up to 6.5 GPa. We show that inexpensive and inert Teflon con-
tainers familiar from vessel and PC experiments can be employed at temperatures up to
400°C and provide sample volumes up to 300 mm>.

2. Description of the cell assembly

The cell assembly is based on octahedra with edge length of 25 mm and is intended to be
used with WC anvils that have a truncation edge length of 15 mm. The overall design, as
shown in Figure 2, follows the earlier described 25/15 large volume cell assembly by
Stoyanov et al. [18]. The major difference is that the MgO octahedron/pressure
medium is replaced by mullite, which simplifies the cell design and also makes the cell
more cost-effective. In addition, the dimensions of some parts of the Stoyanov et al.
cell were reconsidered and adjusted after extensive testing.

Mullite (3Al,05 « 2Si0,) has favorable mechanical and thermal properties, in particular a
low thermal expansion and conductivity from room temperature up to at least 1200°C
[19], and its bulk modulus is comparable to that of MgO [20]. Mullite has been employed
earlier as pressure medium in MA assembilies for in situ synchrotron studies in order to
replace highly X-ray absorbing zirconia as thermal insulator [21,22]. Similarly, for the

\_ Mullite Tubing

M Thermocouple Wire

B mgo M Awumina
] zirconia Capsule
Graphite Sample
B voybdenum

Mullite Octahedron

Figure 2. Cross section showing design of the 25 mm high-pressure cell.
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proposed cell a bulky ZrO, insulating sleeve is abandoned and the heater directly inserted
into the central hole of the mullite octahedron. The heater sleeve hosts the sample
capsule, which is sandwiched between two MgO discs.

At room temperature mullite can be compressed to about 20 GPa above which amor-
phization is observed [23]. However, at simultaneous high pressure (>6 GPa) and high
temperature (>1000°C) conditions mullite breaks down to form silica (coesite) and
alumina [21]. When used as a pressure medium in MA assemblies this will cause a loss
of thermal insulation and a drop in pressure. While the limited p,T stability of mullite
may be concerning, we believe that the application range of the proposed assembly
will fall well within its stability field. Firstly, the 25/15 cell presented here is dedicated
for hydrothermal studies involving comparably low temperatures (up to 400°C using
Teflon sample capsules and perhaps 800°C using Ag capsules). Secondly, when operating
the cell with laboratory presses with 1000 t load capacity, maximum pressures with a 25/
15 assembly are typically around 7 GPa.

2.1. Gasketing and octahedra

The gaskets, milled from pyrophyllite blocks by Bar-lo, Inc., were designed so that the
carbide truncations would just touch the octahedron when assembled with the
gaskets. Two gasket types, a long and a short, have dimensions given in Table 1. When
using 25.4 mm WC cubes, the shape of long gaskets has to be slightly modified in
order to fit the cube dimension, see inset in Table 1.

Mullite octahedra with a porosity near 30% were injection-molded with the central
hole and thermocouple grooves already in them (Ceramco, Center Conway, NH; material
MULS, first molded and then sintered at 1500°C). Specifications are given in Table 2. Since
the porosity is higher than that of MgO octahedra used in other cell assembly types in our
lab (20%), a somewhat reduced pressure efficiency when compared to prior trials can be
expected.

2.2. Inner parts of the assemblies

The inner parts of the assembly are shown in Figure 3 and their dimensions are summar-
ized in Table 3. The maximum length of the sample capsule is 10 mm. The bottom and the
top of the capsule are surrounded by MgO discs of which the top one is recessed. The
recess hosts a thin alumina disc, which protects the thermocouple junction and sample
capsule from mutual damage. The bottom and the top of the cell are concluded with zir-
conia end-sleeves, which host molybdenum electrical wire leads. Samples are heated by

Table 1. Gasket dimensions.

Short base length, mm Long base length, mm Height, mm Thickness, mm
Short gasket 19.00 30.33 6.00 472
Long gasket 25.50 37.00 6.00 4.72

25.5mm

Modified long gasket 4.00mm 6.00 4.72
4,5mm<

30mm
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Table 2. Dimensions and weights of the molded octahedra. The standard deviations are based on
measurements of 40 randomly selected pieces.

Octahedron Measured h (height in h Measured hole Nominal hole
size’ mm) along hole (theoretical) diameter (mm) diameter (mm) Weight (g)
25 mm 20.40 +0.06 20.41 9.62 +0.02 9.62 12.07 £ 0.07

passing a current through the cylindrical graphite furnace via the molybdenum leads in
the end sleeves while in contact with the upper and lower tungsten carbide anvils.
Due to the location of the thermocouple, the molybdenum electrical lead is placed off-
centered in the top-end sleeve, see Figure 3.

2.3. Thermocouple

The temperature of the sample is measured by a thermocouple located on the top of
the sample capsule. The thermocouple was prepared by crossing 0.2 mm in diameter
W59%Re — W26%Re wires (thermocouple type C; manufacturer Concept Alloys, calibrated).
The thermocouple is axially inserted into the cell to the top of the sample capsule by
means of 4-hole alumina tubing. The tubing is precisely cut at 3 mm to ensure reprodu-
cible thermocouple placement. Once the thermocouple is placed on top of the capsule,

Figure 3. Photograph of cell assembly parts and Teflon sample capsules. (a). (1) Mullite octahedron.
(2)Thermocouple made from W5%Re and W26%Re wires, 4-hole alumina tube, two mullite tubing per
wire, and Teflon tubing. (3) From top to bottom, graphite furnace sleeve, furnace top with hole, and
furnace bottom. (4) From top to bottom, alumina capsule-TC spacer, MgO bottom disc, MgO top disc
with hole. (5) From top to bottom, bottom end sleeve, top end sleeve with grooves. (6) Two Mo elec-
trical leads. Dimensions of cell assembly parts are given in Tables 2 and 3. Dimensions of sample cap-
sules (b) and (c) are given in Figure 4 (a) and (b) respectively.
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Table 3. Dimensions of the inner parts of the 25/15 cell.

Outside
Length diameter Inside diameter
Part (mm) (mm) (mm) Material Supplier
Top end sleeve with 2.92 9.60 See both Figure 3 Zirconia Mino Ceramics Co.
grooves and Table 4 from (materials)
[18]. Machined Ceramics
(machining)
Bottom end sleeve 2.92 9.60 2.29 Zirconia Mino Ceramics Co.
(materials)
Machined ceramics
(machining)
Electrical leads 2.92 2.27 N/A Molybdenum  Re Alloys, Inc.
Furnace sleeve 12.83 9.60 9.09 Graphite Mersen
Furnace bottom disc 0.56 9.60 N/A Graphite Mersen
Furnace top disc with 0.56 9.60 1.59 Graphite Mersen
thermocouple hole
4-hole thermocouple 3.00 1.57 N/A Alumina CoorsTek (materials)
tubing Machined
Ceramics (machining)
Capsule — TC spacer 0.22 1.57 N/A Alumina CoorsTek (materials)
Machined
Ceramics (machining)
Thermocouple sleeves 17.00 + 9 0.80 0.40 Mullite CoorsTek (materials)
Machined
Ceramics (machining)
MgO bottom disc 1.50 9.07 N/A Magnesia Saint Gobain (materials)
Machined ceramics
(machining)
MgO top disc with 1.50 9.07 1.59 Magnesia Saint Gobain (materials)
thermocouple hole Machined ceramics
(machining)

the wires are bent apart and placed in mullite insulation, which is passed through straight
grooves in the top end sleeve and the octahedron (cf. Figure 3). Then, the wires are bent
once again and pass out along the (111) axis through a groove in the side of one of the
short gaskets. Inside the pyrophyllite gasket, wires are surrounded by a second piece of

6.75 (ID)

7.35 (0D)

80-8.25

V =~310 mm* V = ~200 mm’ V = ~250 mm’

Figure 4. Diagram of three proposed sample capsules. Units are given in mm. (a) Thin-walled Teflon
capsule (cf. Figure 3b). (b) Reinforced Teflon capsule (cf. Figure 3c). (c) Suggested capsule for high
temperature applications: an inner capsule made of silver (dark gray) is placed inside an outer
capsule made of boron nitride (light gray) in order to prevent the silver from touching the graphite
furnace. The silver capsule consists of a cylinder and two lids, which have been welded shut in order to
ensure an airtight seal.
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Table 4. List of experiments as discussed in this work.

Run
Run Load Temperature  duration Starting Capsule
number  (tonnes) (°Q) (h) material Product type Capsule condition
4 219 350 4 a-Sio, quartz Thin-walled  Undamaged
2 225 350 5 a-Sio, Major coesite  Thin-walled  Undamaged
+ minor
quartz
6 457 350 35 a-Tio, Major rutile +  Thin-walled  undamaged
minor TiO,-
Il
8 480 350 35 a-Tio, Major rutile+  Thin-walled  Cracks
minor TiO,-
Il
18 565 350 45 a-Tio, Major TiO-Il  Thick- Cracks
+ minor walled w/
rutile (o]
threated
lid
25 607 400 6 a-Tio, Major TiOx-Il  Thick- Surface graphitization
+ minor walled
rutile
23 659 350 8 a-Tio, Major TiO-Il  Thick- undamaged
+ minor walled
rutile
9 750 350 3 a-Sio, coesite Thick- Undamaged
walled
1 793 350 4 a-Sio, Major coesite  Thick- Undamaged
+ minor walled
wadeite
24 824 300 6 a-Sio, Major coesite  Thick- Cracks
+ minor walled
wadeite
and cubic
phase

mullite tubing. The mullite tubing was pre-cut with a length of 17 (inside octahedron) and
9 mm (inside gasket) and at a 45-degree angle in order to protect the wire at the two
ends. Red and white Teflon tubing are placed around the wires to help differentiate posi-
tive and negative wires, and to protect the wires.

2.4. Sample capsules

Teflon is the material of choice for sample capsules in hydrothermal applications using
vessel (Teflon liners) and PC devices because of a range of unique properties, such as
chemical inertness even in corrosive environments, a high dielectric strength and a
high mechanical stability/low coefficient of friction at temperatures up to 270-300°C.
Therefore it was deemed important to also employ Teflon capsules when going to
higher pressures with a 6-8 MA device. Both the material properties of Teflon and the cor-
rosive behavior of extreme water at multiple gigapascal pressures are poorly known. The
capsule has to safely confine the water-rich sample and keep it without significant loss at
elevated temperature (several hundred®C) over prolonged periods of time (hours). At the
same time sample volumes should be as large as possible.

Likhacheva et al. investigated Teflon at high pressure, high temperature conditions by
Raman spectroscopy and found it stable with respect to graphitization within the range of
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2-6 GPa at 500°C and up to 12 GPa at 400°C [24]. Yet, when considering Teflon as capsule
material for water-rich samples at gigapascal pressures these conditions appear too harsh.
Rather than graphitization the integrity of Teflon’s mechanical/structural properties are
important. Depending on the solubility of reactants and applied p,T conditions the
sequence of compression - heating - cooling — decompression may involve two freez-
ing-unfreezing cycles with sudden sample volume changes. These sudden volume
changes require the sample capsule to maintain its structural integrity in order to
contain the sample.

We present two versions for Teflon capsules, cf. Figure 3, (b) and (c), and Figure 4,
(@) and (b): (1) a thin-walled capsule with a tight-fit slip lid for use at low pressures, up
to 3.5 GPa, which has an effective volume of about 300 mm? and (2) a reinforced
capsule with a threaded lid for pressures up to 6.5 GPa with an effective volume of
240 mm>. Both capsules will work at temperatures up to 400°C, provided that
heating times do not exceed 8 h. Capsules were manufactured from 13 mm diameter
Teflon rod (Goodfellow). Prior use, machined capsules were annealed for 24 h at 125°C.
Teflon sample capsules are directly inserted into the graphite heater sleeve of the 25/
15 assembly.

For high temperature hydrothermal applications (i.e. above 400°C) we suggest using
inert metal capsules. Silver is preferred from a cost perspective — and may be applied
at temperatures up to 800°C - but its inertness is limited [25]. A slight modification of
the assembly, shown in Figure 4(c), will allow accommodation of welded metal (silver)
capsules.

3. Operation of the cell assembly

The cell assembly was tested in a Walker-style multianvil system [26] installed at Arizona
State University with tungsten carbide anvils with edge length of 25.4 mm (WC cubes
sourced from Fansteel Carbide Company). 25 experiments were performed with two
sets of cubes, using compression loads between 200 and 825 t, temperatures between
250 and 400°C and heating times up to 8 h. During these experiments not a single
cube was lost or even damaged which may be attributed to the comparatively low oper-
ation temperatures.

For our test experiments samples were compressed (at room temperature) with an
approximate rate of 0.3-0.4 GPa/h, which was deemed necessary in order to not jeopar-
dize the mechanical stability of the Teflon capsules. Then samples were heated to target
temperature over periods between 60 to 90 min with a heating rate of 4-5°C/min and
heated for durations between 2 and 8 h. Typically, target temperatures could be stably
maintained to within a few degrees of the set-point with a Eurotherm 2404 programma-
ble controller connected to the thermocouple. The power consumption of the furnace is
rather low (150-250 W in the employed p,T range), in agreement with the description of
the original assembly [18]. The axial thermal gradient for the 25/15 assembly was specified
as 6°C/mm at 500°C and referring to sintered MgO filling the sample space [18]. For water-
rich samples and at temperatures typically below 400°C we expect an even smaller, prob-
ably negligible gradient. Samples were cooled to room temperature over periods
between 15-30 mins.
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During decompression we frequently noticed a pressure drop toward the end, below
1 GPa, (cf. supporting information) which was attributed to a ‘soft blowout’ caused by
the melting of ice. At these low pressures the assembly may not be tightly confined
anymore by the surrounding gaskets/cubes and the sudden volume expansion upon
melting can rupture the Teflon sample capsule leading to a partial loss of sample.
Soft blowouts can be largely prevented by using very slow decompression rates
and/or performing decompression at elevated temperature (100°C). Here the solid -
liquid transition occurs at higher pressures (2.5 GPa) where the assembly still is tightly
enclosed by the gaskets/cubes.

4, Results and discussion

Our test experiments targeted (1) the conversion of amorphous silica to quartz and
coesite at around 2.5 GPa. (2) the conversion of amorphous titania to rutile and TiOy-ll
at 5-5.5 GPa, and (3) the conversion of amorphous silica to coesite and stishovite at
around 7 GPa. These conversions are known to be strongly promoted in a hydrothermal
environment and the phase boundaries of quartz/coesite, rutile/TiO,-ll, and coesite/
stishovite stretch across the expected pressure application range of the proposed 25/
15 assembly. Figure 5 shows the calibration curves of the original 25/15 assembly
(based on MgO pressure medium/octahedron) in relation with the considered systems/
transformations. Note, that the test experiments do not correspond to a calibration of
the 25/15 ‘hydrothermal’ assembly.

Starting materials were amorphous silica and titania particles, which were prepared
according to [27] and [28], respectively. Details on the synthesis and characterization of
these materials are given as supporting information. Teflon sample capsules were typi-
cally prepared by first loading 100-120 mg water (milli-Q, typel, Merck) and then
adding portion wise the amorphous particles (about 100 mg SiO, and about 130 mg
TiO,) while stirring with a stainless steel needle until a thick slurry was obtained. Consid-
ering the water content of the oxide precursor (~30% for TiO, and ~10% for SiO, (cf.
Figure S1)), the molar ratios were approximately SiO,:H,0 = 1:5 and TiO,:H,0 = 1:6. The
solubility of SiO, and TiO, is very small. Thus we expected that the p,T behavior of the
water component follows largely that of ‘pure’ water [29]. Table 4 lists the experiments
which are discussed in more detail in the following. A complete run table is given as sup-
porting information (Table S1).

4.1. Quartz and coesite at 2.4-2.5 GPa and 350°C

The quartz - coesite transition and phase line appears to be well investigated. Bohlen
et al. and Bose et al. performed equilibration experiments between 350 and 1000°C [30]
and between 500 and 1200°C [31], respectively, using polycrystalline polymorph mix-
tures. The obtained p,T transition boundaries from the two investigations were very
similar, essentially running parallel, with the Bose et al. one shifted by about
0.15 GPa to higher pressures. It is well known that the presence of water promotes
quartz/coesite equilibration at low temperatures (below 600°C) [32,33], yet polycrystal-
line samples would still require durations on the order of days [29]. In contrast, in a
high pressure hydrothermal environment amorphous SiO, converts into quartz
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Figure 5. Room and high temperature (1200°C) calibration curves (upper and lower curves, respect-
ively) for the original 25/15 assembly (taken from [18]). The estimated pressure-load relation for the
hydrothermal assembly runs in between. The experiments listed in Table 4 are indicated as vertical
arrows. Horizontal arrows indicated transition pressures at 350°C for the systems quartz-coesite
[30], rutile-TiO,- [a] = Akaogi et al. [36], [b] = Withers et al. [37], and coesite-stishovite [40].

and coesite (via intermediate quartz) within hours and at temperatures as low as 190°C
[34,35].

We report amorphous silica crystallization experiments targeting the quartz/coesite
boundary at 350°C and using an annealing time of 3.5 h. At this temperature the
quartz/coesite boundary is at 2.46 GPa according to Bohlen et al. and at 2.62 GPa
according to Bose et al. We also note that the ice-VIl melting point at this pressure
is around 100°C [29]. We observed a sharp transition between the loads 219 and
225 t, the former producing a single-phase quartz (Figure 6(a)) and the latter a near
single-phase coesite sample (Figure 6(b)). This fits the room-temperature calibration
curve of the original assembly at around 2.5 GPa (cf. Figure 5). The quartz sample
appears segregated into small, 0.2-0.3 um sized, crystallites and bulkier crystals
which are significantly larger than 1 um having well-defined euhedral shape with dis-
tinguished faces, which is typical of Ostwald ripening. Following the Ostwald rule, the
conversion of amorphous SiO, in the coesite stability field would initially produce
(nanocrystalline) quartz, from which coesite evolves. The near single-phase coesite
sample shows crystals with two different morphologies, needle shaped and bulky
with sizes up to 10 um. It can be expected that at pressures around 2.5 GPa well crys-
tallized coesite can be produced at temperatures below 200°C (and rather close to
water solidification).
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Figure 6. Observed (circles) and calculated (line) powder X-ray diffraction (PXRD) patterns of the SiO,
219 1/350°C sample (a) and the 225 t/350°C sample (b) after Rietveld refinement. The insets show SEM
images of these samples. The sample in (a) is single-phase quartz, the sample in (b) is 96.9(4) wt.%
coesite and 3.1(1) wt.% quartz. The PXRD patterns were collected with Cu-Ka radiation.
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4.2. Rutile and TiO-ll at 5-6 GPa and 250-400°C

The rutile-TiO,-1l phase boundary has been investigated by Akaogi et al. and Withers et al.
between 500 and 900°C [36] and between 500 and 1200°C [37], respectively, using poly-
crystalline polymorph mixtures. The proposed phase lines deviate significantly which has
been attributed to extreme sluggishness of the rutile-TiO,-Il transition below 700°C. To
improve kinetics, Withers et al performed their equilibration experiments in the presence
of water (5 wt.%). Yet equilibration times were on the order of a day. Spektor et al.
reported appreciable transformation rates (2 h) for the rutile-TiO,-Il conversion at 6 GPa
and 650°C [38]. The phase boundary between rutile and TiO,-Il has also been determined
from thermodynamic calculations [39,40]. The results by Yong et al. [39] align rather well
with the Akaogi boundary [36], whereas the results by Kojitani et al. [40] are more in
agreement with the Withers et al. boundary [37].

We report amorphous titania crystallization experiments targeting the rutile-TiO,-ll
boundary at 250-400°C and using annealing times between 6 and 7 h. When extrapo-
lating the phase lines by Akaogi et al. and Withers et al., the rutile/TiO,-ll boundary at
350°C is at about 5.0 and 3.2 GPa, respectively, see Figure 5. Ice-VIl melting is near
250°C at 5 GPa [29]. We observed small amounts of TiO,-ll (ca. 10 wt.% phase fraction
next to rutile) in initial experiments where we applied loads 445-480 t (which according
to the room temperature calibration of the original assembly would translate to a
pressure range 4.5-5 GPa), temperatures in a range 250-350°C, and annealing times
around 3 h. The TiO,-ll phase fraction appeared remarkably similar despite the
varying p and T conditions.

Significantly increased TiO,-ll phase fractions were then observed at loads >550 t
(experiments were performed at 565, 607, and 660 t, cf. Figure 5). The product obtained
at 660 t, 350°C and 6 h corresponded to near single-phase TiO,-Il (96.6(9) wt.%,
Figure 7). SEM shows segregation into larger 0.5-1 micron-sized well faceted crystals
and smaller-sized (0.2-0.3 pm sized) pebble-shaped crystallites, typical of Ostwald ripen-
ing. The TiO,-Il phase fraction of the product obtained at 565 t, 350°C and 6 h is con-
siderably lower, 64.1(9) wt.%, whereas the one at 607 t and 400°C and 6 h again
appeared almost completely converted (91.0(9) wt.% TiO,-ll), see supporting infor-
mation for details.

We suspect that the amorphous TiO, precursor initially transforms into rutile upon
compression (according to the Ostwald rule) and if rutile crystals are sufficiently
small (i.e. nano-sized) TiO,-ll conversion may proceed without significant kinetic hin-
drance in the TiO,-ll phase field. However, if rutile crystals grow too large the transition
will become sluggish and higher pressures and/or temperatures are needed for appreci-
able kinetics. Given the uncertainty of the rutile-TiO,-Il phase boundary below 600°C we
estimate that the loads of 565 and 659 t correspond to around 5.3 and 6 GPa, respect-
ively. We believe that with longer duration times the runs at 565, 607, and 660 t should
have resulted in single-phase TiO,-ll samples, which would represent the mildest con-
ditions reported for manufacturing single-phase TiO,-Il. In the end, the extrapolated
phase lines by Akaogi et al. and Withers et al. do not allow a good assessment of
the pressure efficiency of the hydrothermal cell in the pressure range 4-5 GPa and,
vice versa, our experiments do not give more insight into the rutile-TiO,-Il phase
boundary.
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Figure 7. Observed (circles) and calculated (line) PXRD patterns of the TiO, 659 t/350°C sample after
Rietveld refinement. The difference is the line at the bottom (R=5.71, Ry=7.52, Chi® = 0.949). The
weight fraction ratio TiOy-Il/rutile is 96.6(9)/3.4(5). The inset shows a SEM image of this sample.
The PXRD pattern was collected with Cu-Ka radiation.

4.3. Coesite at around 6.5 GPa and 300-350°C

Similar to the rutile-TiO,-ll transition, the SiO, coesite-stishovite transition is not
observed below a certain threshold temperature at dry conditions. In a recent work,
Ono et al. could bracket the boundary between 927-1327°C [41]. In contrast, it has
been shown that the hydrothermal treatment of silica glass near 10 GPa produces
hydrous stishovite (h-stishovite) at remarkably low temperatures (350-550°C), which
stretch into the solid ice-VIl region [14]. In h-stishovite up to 5 at.% of Si are replaced
by 4 protons, Si;_H4,O5 (x up to 0.05) [15]. The mechanism behind the formation of h-
stishovite is not clear, but it appears that water is incorporated at the same time coesite
with tetrahedrally coordinated Si transforms to denser stishovite. Thus, extreme water
acts simultaneously as a catalyst in the coesite-stishovite transition and reactant by
being incorporated in stishovite.

We report amorphous silica crystallization experiments targeting the coesite-stishovite
boundary at 300-350°C. When extrapolating the phase line of Ono et al. to lower temp-
eratures, the coesite-stishovite boundary is at 6.8 GPa at 350°C (and at 6.5 GPa at 300°C),
see Figure 5. Note that it is not clear whether and how h-stishovite changes the coesite-
stishovite phase line. We also note that ice-VIl melting is at around 300°C at 6.5 GPa [29].
Specifically, experiments were performed at 750 t/350°C, 793 t/350°C, and 824 t/300°C
with annealing times of 3, 6, and 6 h, respectively.
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The evolution of products with increasing load is shown in Figure 8(a). The sample
produced at 750 t corresponded to single-phase coesite. Interestingly, the PXRD pattern
of products obtained at higher loads/pressure contained extra reflections at low 26
angles. For the 793 t product these extra reflections could be indexed with a hexagonal
cell with a=6.7213(1) A and ¢=9.4853(3) A. Reflections from this hexagonal phase are
then also present in the pattern of the 824 t product and with increased relative inten-
sities. In addition, the 824 t pattern contains another set of reflections that can be
indexed with a primitive cubic cell (a=7.3182(2) A). Figure 8(b) shows the result of
the Rietveld analysis of the 824 t pattern where the hexagonal pattern was refined
with a wadeite model structure (space group P6s/m). Actual wadeite K,SizOq
has been reported with somewhat different lattice parameters, a=6.6124 A and c=
9.5102 A [42]. Also, in the refined structure the electron density of the K position (1/
3, 2/3,2) is significantly reduced, see supporting information for details. At this
point it is not clear whether the hexagonal and cubic phases correspond to pure
silica (or hydrous forms of silica) or may have formed due to the presence of an
impurity.

Figure 9 presents SEM images for these three samples, which look very similar. Again,
samples appear segregated into two fractions, small-sized (0.2-0.3 um) crystallites and
bulky (>1 um) facetted crystals which we consider typical of Ostwald ripening. The pres-
ence of several phases in the 824 t sample cannot be deduced from the crystals’ mor-
phology. It is interesting to note that the morphology of coesite crystals produced at
high pressure (>750 t load) is radically different from that of crystals obtained from con-
versions close to the quartz boundary (cf. inset Figure 6(b)). Since (hydrous) stishovite has
not been obtained at highest load (824 t), we are not able to tell what maximum pressures
may be reached with the proposed hydrothermal assembly. As indicated in Figure 5 we
estimate it to 6.5 GPa. However, earlier work at 10 GPa has shown that temperatures of
350°C are needed to overcome kinetic barriers in the coesite — h-stishovite transition
[14,15]. Therefore our 824 t run might have been performed at too low temperature for
seeing this transition. Also there could be the presence of hitherto unknown (hydrous)
silica between the coesite and hydrous stishovite phase fields, thus shifting the latter
to higher pressures.

4.4. Performance assessment of assembly and Teflon capsules

Considering the rather low temperatures employed for hydrothermal test experiments
it was expected that the pressure-load efficiency of the ‘hydrothermal’ assembly would
be similar to that of the original 25/15 assembly at room temperature. Yet, the test
experiments suggest that the pressure-load performance of the hydrothermal assembly
is somewhat lower (cf. Figure 5), just reaching 6.5 GPa at highest loads (~820 t). This is
most likely due to a combination of the mullite pressure medium having a higher
porosity than the usually employed MgO octahedra, and that the water-rich sample
and Teflon capsule have a considerably higher compressibility than ‘regular’ solid
samples.

The Teflon capsules performed surprisingly well up to highest pressures, provided
that temperatures did not exceed 350°C. Figure 10 shows a collection of recovered cap-
sules that were at conditions close or beyond their failure. Figure 10(a) displays a failed
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Figure 8. (a) Compilation of PXRD patterns (Cu Ka;, low angles 26 range) of SiO, products obtained at
750 t/350°C after 3 h, 793 t/350°C after 6 h, and 824 t/300°C after 6 h. The 750 t patterns correspond to
single-phase coesite. The 793 t pattern contains reflections from a hexagonal (wadeite-like) phase. The
824 t pattern contains in addition reflections from a cubic phase. (b) Observed (circles) and calculated
(line) powder patterns of the SiO, 824 t/300°C sample after simultaneous Rietveld refinement of
monoclinic coesite and hexagonal wadeite-like phase, and LeBail fitting of cubic phase. The difference
is the line at the bottom (R=7.02, R,=9.42, Chi? = 10.3). The inset shows an enlarged section of the
higher 26 angle range. The ratio coesite: wadeite is 8.99(3): 1.01(1) (wt.% fraction).
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Figure 9. SEM images of products obtained at 750 t/350°C after 3 h, 793 t/350°C after 6 h and 824 t/
300°C after 6 h.

thin-walled capsule after application at 480 t (~4.5 GPa) and we recommend using this
capsule only for pressures below 3.5 GPa. Reinforced capsules can also develop cracks
when employed at higher pressures (Figure 10(b)). Higher temperatures than 350°C
lead to degradation/graphitization (Figure 10(c)). It must be also noted that samples
typically suffered water losses of up to 10%, irrespective of applied temperature,
which is attributed to the formation of microcracks in the Teflon material. From inspec-
tion with an optical microscope it is difficult to determine whether a crack is located on
the surface or runs through the entire wall. Finally, it is worth noting that all soft blow-
outs took place using the tight-fit slip lids. No soft blowouts occurred during runs using
the threaded-lid Teflon capsules although water loss was still observed. Completely
tight capsules would require fabrication from noble metals, in particular silver [25]
which at the same time would allow for high temperature hydrothermal applications
(up to 800°C), cf. suggested design shown in Figure 4(c).
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Figure 10. Photographs of Teflon capsules after runs at conditions close or beyond their failure. (a)
thin-walled capsule with a pronounced crack at the wall/bottom boundary after 480 t (~4.5 GPa), 350°
C, 6 h; (b) reinforced capsule with crack (marked with arrows) after 824 t (~6.5 GPa), 290° C, 7 h. (c)
reinforced capsule partially carbonized (but staying tight) after 607 t (~5.4 GPa), 400°C, 7 h.

5. Conclusions

We described a simple and robust 25/15 multianvil high pressure cell that is dedicated to
the study of processes in water-rich environments up to at least 6.5 GPa. Teflon sample
containers may be used for temperatures up to 400°C and duration periods of 7 -8 h.
For higher operation temperatures (up to 800°C) and longer duration periods it is
suggested to use Ag capsules. The proposed assembly will prove useful for the simulation
of geofluids, the study of hydrothermally promoted conversions and/or crystal growth,
and for performing hydrothermal synthesis in extreme water environments.
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