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ARTICLE INFO ABSTRACT
Editorial handling by: Dr Mavrik Zavarin The impact of temperature on the transformation of ZrOy(am, hyd) in aqueous systems was systematically
investigated using a multi-method approach for solid phase characterization. Ageing at T = 80 °C in NaOH and
Keywords: alkaline CaClpy-Ca(OH); solutions triggered the conversion of ZrOy(am, hyd) to more crystalline, thermody-
Zirconium namically stable anhydrous oxides. Compared to the fresh amorphous solid and solids aged at T = 22 °C, an
i‘;gjr hous increase in crystallinity and particle size accompanied by a significant decrease in the amount of hydration water
crystaI;line or hydroxide was observed. After equilibration for 4 or 10 months at T = 80 °C, XRD measurements confirmed
Transformation the predominance of monoclinic ZrO, with a particle size of 23-27 nm in NaOH systems, whereas tetragonal/
CaCl, cubic ZrO, with a particle size of 11-14 nm formed in CaCl,-Ca(OH); solutions. All solids aged at T = 22 °C
Multimethod approach remained X-ray amorphous within the timeframe of this study. Rietveld refinement of the XRD patterns, EDX and
EXAFS supported that the stabilization of a different crystal structure in CaCl,-Ca(OH), systems is caused by the
incorporation of Ca?* in the ZrO, structure. The weight loss observed with TG-DTA was attributed to a
decreasing amount of hydration water during the ageing at T = 80 °C. Assuming a stoichiometry of ZrO,-nH0,
the fresh solid showed a weight loss corresponding to n = 2.1, which remained constant during the ageing at T =
22 °C. The solids aged at T = 80 °C showed a smaller weight loss corresponding to n = 0.2-0.6. This behavior was
qualitatively confirmed by IR-ATR. XPS analysis of the Ols line also showed a decrease of HoO/OH™ contri-
butions and an increase of 02~ contributions in the solid phases aged at T = 80 °C.

This study provides new insights for the understanding of the transformation of M(IV) amorphous, hydrous
oxides into the thermodynamically stable anhydrous crystalline oxide phases. The process involves particle
growth, increased ordering and loss of HoO/OH™ groups. In aqueous systems, the presence of other metal ions
like Ca®>" may promote the stabilization of different crystal structures, even if they are found at low
concentrations.

1. Introduction fission of 235U as well as by neutron activation of stable Zr in the clad-
ding (Metz et al, 2012). In the case of early canister failure,

Zirconium alloys are used as cladding material for nuclear fuel, Zr-containing waste could come into contact with water (Metz et al.,
especially in water cooled reactors (Kobayashi et al., 2013; Northwood, 2012). This scenario would lead to the formation of hydrous zirconium

1985). 37r (t12 = 1.53.10° a (Macklin, 1985)) is produced by nuclear oxides, which are expected to be the Zr(IV) solubility controlling solid
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phases (Brown et al., 2005; Kobayashi et al., 2013). Depending on
several factors like temperature, pH or present background ions, these
solid phases are expected to undergo crystallization processes towards
thermodynamic more stable modifications by dissolution/precipitation
mechanisms (Stefani¢ et al., 1997, 2005). Since the properties (e.g.,
crystallinity, particle size, hydration degree) of these solid phases
significantly affect solubility and thus mobility of the radionuclides
(Kobayashi et al., 2013), it is of greatest importance to investigate these
processes.

Temperature is one of the parameters that will vary during the
different phases of operation of a repository for high-level radioactive
waste (HLW). Elevated temperatures (depending upon waste type, re-
pository concept and host-rock system) will affect the chemistry in the
near-field in the case of early canister failure (Metz et al., 2012).

The use of cementitious materials in several repository concepts can
lead to a significant increase in Ca concentrations (0.02 M Ca) and
buffering the pH of the system in alkaline regions (up to pH = 12.5), in
equilibrium with calcium silicate hydrate (C-S-H) phases and por-
tlandite (Ca(OH)z(cr)). Moreover, in brine solutions containing high
concentrations of MgCl,, cement has been shown to leach large fractions
of Ca, resulting in pore water solutions with high Ca content (i.e., up to
2.0 M) at pH =~ 12 (Bube et al., 2013).

Tetravalent metals M(IV) have a strong tendency to hydrolyse in
aqueous solutions. Cationic hydrolysis species, MX(OH);X’Y (with y <
4x), are expected to control the aqueous speciation of M(IV) under
highly acidic conditions, whereas the neutral species M(OH)4(aq) (or
analogous neutral polynuclear moieties) predominates from acidic to
alkaline pH conditions (Altmaier et al., 2013). For some tetravalent
transition metals (e.g. Zr, Tc) the predominance of anionic hydrolysis
species M(OH);’)' or MO(OH)2* (with y > 4 and z > 2) is reported in
hyperalkaline pH systems (Brown et al., 2005; Grenthe et al., 2020).
Besides their strong hydrolysis, M(IV) metal ions are also characterized
by the formation of sparingly soluble amorphous hydrous oxides,
MOy(am, hyd), which control M(IV) solubility over a broad range of pH
from acidic to hyperalkaline conditions. The transition of these amor-
phous solids, MOy(am, hyd), into the thermodynamically more stable
crystalline phases MOy(cr) is kinetically hindered and is generally not
observed in short-term laboratory experiments involving aqueous sys-
tems. The ageing or exposure of these solid phases to elevated temper-
atures expectedly results in increased crystallinity (i.e. particle size), and
thus in a decreased solubility in aqueous systems (Kobayashi et al.,
2013, 2016a; Nishikawa et al., 2018; Rai et al., 2000).

Crystalline ZrO, is known to form three different polymorphs. The
naturally occurring solid phase stable at low temperature shows a
monoclinic structure, whereas tetragonal and cubic crystal structures
are observed above T = 1447 K and 2566 K, respectively (Brown et al.,
2005). The addition of a few percent of lanthanide oxides promotes the
stabilization of the high-temperature polymorphs at lower temperatures
(Brown et al., 2005). This effect is caused by the distortion of the Zr-O
polyhedra by creation of vacancies or the inclusion of over or undersized
cations (Li et al., 1993a, 1993b, 1994a, 1994b). A similar behavior is
also known for Ca, which can stabilize both the tetragonal (1-5 mol%
CaO) and the cubic (7+ mol% CaO) crystal structures (Dell’Agli and
Mascolo, 2000). The low temperature formation of calcium zirconate
(CaZrO3) and other sub-stoichiometric ternary oxides was also previ-
ously shown (Li et al., 2007; Stubican and Ray, 1977). While CaZrOs is
conventionally synthesized by a solid-solid reaction of ZrO and CaCO3
at temperatures higher than 1300 °C, Li and co-workers were able to
synthesize CaZrO3 from molten salts out of CaCly, NayCO3 and ZrO, at
700 °C (Li et al., 2007). Sub-stoichiometric compounds as CaZr4Og can
be found at lower temperatures and with lower CaO mol% (Stubican and
Ray, 1977). Even if such high temperatures and Ca concentrations are
not expected in nuclear waste repositories, the long storage time, the
possible presence of Ca and the expectedly higher reactivity of amor-
phous hydrous zirconium oxides compared to crystalline ZrO, opens the
possibility of ternary Ca—Zr-oxides formation under repository-relevant
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conditions.

On the other hand, the poorly crystalline solid phases expected to
control the solubility of Zr(IV) in aqueous systems remain ill-defined, as
well as the mechanism and kinetics for the transformation into ZrOs(cr).
Pitcher et al. investigated nanocrystalline tetragonal, monoclinic and
amorphous ZrO, solids with different specific surface areas by high-
temperature oxide melt solution calorimetry in order to measure sur-
face enthalpies of the solids (Pitcher et al., 2005). This resulted in phase
transition enthalpies and a stability map for ZrO,, showing stability
crossovers from monoclinic (thermodynamically most stable phase for
solids with a surface area <2500 m?/mol or > 48 nm particle size,
respectively), to tetragonal (2500-15000 m?/mol, 9-48 nm), and
eventually to amorphous (>15000 m?/mol, <9 nm) solid phases with
increasing surface area, and thus decreasing particle size. More recently,
Sharma and co-workers proposed a new stability map for ZrO, calcu-
lated on the basis of enthalpy data from previous experiments (Sharma
et al., 2018). These calculations show amorphous (<3 nm), cubic (3-6
nm), tetragonal (6-48 nm) and monoclinic (>48 nm) ZrO, as thermo-
dynamically most stable phases for each particle size regime.

Kobayashi and co-workers (Kobayashi et al., 2013, 2016b, 2019)
investigated the effect of temperature (T = 323-363 K) on the solubility
and structure of Zr(IV) amorphous hydrous oxide, ZrOs(am, hyd). X-ray
diffraction (XRD) and transmission electron microscopy (TEM) mea-
surements showed the agglomeration and crystallization with increasing
temperature towards thermodynamic more stable solid phases, accom-
panied by a clear decrease of the solubility after ageing at 363 K
(Kobayashi et al., 2013). Recently, Kobayashi et al. investigated the
effect of temperature on the solubility and structure of ZrOy(am, hyd) by
means of wide-angle X-ray scattering (WAXS), small-angle X-ray scat-
tering (SAXS), extended X-ray absorption fine structure (EXAFS) and
TEM techniques. The authors demonstrated that solid phases aged at T
= 298 K contain hierarchical structures of aggregates of primary parti-
cles built of zirconium hydroxide tetramers and dimers. Investigations
with solid phases aged at T = 298, 313, 333 and 363 K at different pH
values show that these hierarchical structures are stable up to 333 K
under acidic and neutral conditions and up to 313 K under alkaline
conditions. By ageing at T = 363 K in acidic media and at 333 and 363 K
under alkaline conditions, the formation of crystalline solids with lower
solubility was described (Kobayashi et al., 2019). Although less inves-
tigated for the Zr(IV) system, the transformation of M(IV) hydrous ox-
ides into the crystalline counterparts expectedly involves the release of
water, either as a result of the condensation of OH-groups, or through
the desorption of chemisorbed and physisorbed water molecules
(Cevirim-Papaioannou, 2018; Grenthe et al., 2020; Kiefer et al., 2022;
Rothe et al., 2002, 2004).

The hydrothermal ageing of amorphous zirconium oxide solid phases
was previously investigated by Stefani¢ and co-workers (Stefanic et al.,
1997, 2005), who performed kinetic calorimetric and XRD studies of
zirconia and hafnia samples. Their experiments cover various condi-
tions, e.g. acidic (2/ 3), neutral (7), alkaline (9.5) and hyperalkaline (13)
pH conditions, different ageing temperatures (90, 95, and 120 °C) and
ageing times from only a few hours up to 2 months. The authors show by
XRD and Raman analysis a transformation from amorphous to crystal-
line ZrO5 solid phases within a few days for samples in acidic and
hyperalkaline conditions, while the alkaline and neutral samples stay
amorphous or need longer hydrothermal ageing times to transform
(Stefanic et al., 1997). Their more systematic study on hafnia (Stefani¢
et al., 2005) shows the transformation to monoclinic hafnia under all
conditions, also with faster transformation Kkinetic for acidic and
hyperalkaline conditions and at 120 °C compared to 90 °C. However,
most of their aged samples contain mixtures of crystalline and amor-
phous solid phases, from which the latter ones even with low percent-
ages could be solubility controlling with regard to nuclear waste
repositories. Opitz and co-workers (Opitz et al., 2023) investigated the
incorporation of Eu®" and Cm®" into zirconia by co-precipitation and
subsequent hydrothermal ageing at pH 12 and T = 80 °C. The authors
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showed that the crystallization of amorphous zirconia already starts
after 10 days and results in mainly monoclinic with smaller contribu-
tions of tetragonal and cubic ZrO,.

The present study systematically investigates the impact of temper-
ature on the particle size, crystallinity and water content of ZrOs(am,
hyd) solid phases. Ageing in aqueous media is performed in NaOH and
CaCl,-Ca(OH), systems in order to assess the impact of different coun-
terions in the crystallization process. The range of pH and Ca concen-
trations considered in this study embraces those developing in
cementitious systems, as usually considered in repository concepts for
low and intermediate level waste (L/ILW) or (in specific cases, e.g., the
supercontainer concept in Belgium (Craeye et al., 2009)) high level
waste. A multi-method approach covering a broad range of analytical
techniques is used for solid phase characterization, including XRD, TEM,
scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDS), Raman spectroscopy, SAXS, EXAFS, thermogravimetric
analysis with differential thermal analysis (TG-DTA), Fourier-transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
{-potential measurements and Brunauer-Emmett-Teller (BET) surface
area analysis. As overarching objective, this work intends to shed light
on the mechanisms for the potential transformation of X-ray amorphous
hydrous oxides into thermodynamically more stable crystalline phases
of Zr(IV) relevant in the context of nuclear waste disposal.

2. Experimental
2.1. Chemicals

Zirconium dichloride oxide hydrate (ZrOCly-xH20, 99.99%) was
purchased from AlfaAesar. Commercial ZrOo(cr) was obtained from
Sigma Aldrich. Sodium chloride (NaCl), calcium chloride (CaCly), nitric
acid (ultrapure), HCI Titrisol© and NaOH Titrisol© were purchased from
Merck. Ethanol (99.9%) was obtained from VWR Chemicals.

All solutions were prepared with Milli-Q water (Milli-Q academic,
Millipore, 18.2 MQ cm). Before use, Milli-Q water was purged with Ar
for >1 h to remove traces of dissolved CO4(g). All samples were pre-
pared and stored in an Ar-glove box (<1 ppm Oy), either at T = 22 or
80 °C.

2.2. Solid phase preparation and ageing

The starting solid phase, ZrOy(am, hyd, fresh) (sample name: fresh),
was prepared by slow titration of 0.02 M ZrOCl; solution with 0.1 M
NaOH. Different aliquots of the freshly precipitated solid phase were
aged at T = 80 °C in 0.2 M CaCly,-Ca(OH)3, 0.02 M CaCl,-Ca(OH); or
0.001 M NaOH solutions at pHp, = 11.0 (with pHy, = -log [HT]), after
washing 3-4 times with the corresponding solution (samples: m4Ca80,
m4_002Ca80, m10Ca80, m4Na80, m10Na80). The amount of ZrO,(am,
hyd, fresh) used for each sample corresponds to ~ 1.2 g of pure anhy-
drous ZrO,. With 200 ml of background electrolyte this resulted in solid
to liquid ratios of ~ 6 g/1, assuming pure ZrO, instead of a wet amor-
phous precipitate. The Ca concentrations of 0.2 and 0.02 M lead to Ca:Zr
ratios of ~ 4:1 (0.2 M Ca) and ~ 1:2.5 (0.02 M Ca) in the complete
system. Ageing experiments were conducted for contact times of 4 and
10 months. Additional samples were aged for t = 10 months at T = 22 °C
(in 0.2 M CaCly-Ca(OH); and 0.001 M NaOH) (samples: m10Ca22,
m10Na22). Another aliquot of the freshly precipitated solid phase was
washed with water and aged at T = 80 °C without addition of a back-
ground electrolyte (m10noH,080). The authors note that this solid
phase, due to its initial state as amorphous hydrous solid, potentially
released small quantities of water during the ageing process, which
could eventually contribute to the recrystallization process. After the
corresponding contact time, samples aged at T = 80 °C were cooled
down to T = 22 °C under Ar atmosphere. The solid phases were sepa-
rated from the supernatant solution by centrifugation and were washed
2-3 times with water. Untreated commercial ZrOz(cr) powder (sample
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name: crystalline) was used for comparison with the fresh and aged
samples. This solid was not exposed to elevated temperatures and only
washed/contacted with aqueous solutions or ethanol when necessary for
the characterization methods. An overview of the investigated solids and
the characterization techniques is shown in Table 1.

2.3. pH measurements

pH measurements were conducted with a ROSS pH combination
electrode (Thermo Scientific, OrionTM). The electrode was calibrated
with standard buffer solutions (pH = 2, 6, 8, 12). In aqueous solutions
with ionic strength >0.1 mol kg !, pH measurements are affected by the
changes in the activity coefficient of hydrogen ions (due to ion in-
teractions) and also by the liquid junction potential of the electrode, E;.
For this reason, the hydrogen ion concentration was instead calculated
as pHy, (molal scale) with pHy = pHexp + Am, Where pHeyp is the
experimentally measured pH, Ay, is a correction factor entailing both the
activity coefficient of H* and the liquid junction potential of the elec-
trode (E;) in a given background electrolyte and background electrolyte
concentration. Values of A, in NaCl and CaClj solutions were taken from
Altmaier et al. (Altmaier et al., 2003, 2008).

2.4. Solid characterization

As summarized in Table 1, the fresh, the aged and the commercial
solid phases were characterized using a multi-method approach. Powder
XRD and Rietveld analysis of the obtained diffractograms were per-
formed with the aim of determining and quantifying the crystal modi-
fications present in the solid phases. TEM and SEM-EDS analysis were
used to investigate the particle size and shape. Additionally, the EDS
provides information about the elemental composition of the samples.
For a more detailed characterization of the structure of the solids,
Raman spectroscopy, SAXS and EXAFS measurements were conducted.
TG-DTA, FTIR and XPS analysis were performed in order to investigate
the HyO/OH content in the solid phases and {-potential and BET mea-
surements to asses surface properties of the solid phases. The devices,
measurement conditions and sample preparations for these methods are
described in the following chapters 2.4.1 to 2.4.5.

2.4.1. XRD and rietveld analysis

The crystallinity and phase composition of the aged ZrOs solid
phases were evaluated by XRD with a Bruker AXS D8 Advance X-ray
powder diffractometer (Cu-Ka radiation, LynxEye XE-T detector) for all
solids. Diffraction patterns were collected for 2° < 20 < 70°, with in-
cremental steps of 0.015° and a measurement time of 0.4 s/step. Ali-
quots with approximately 1-2 mg of each solid phase were washed 3
times with 0.5 ml of ethanol to remove the matrix solutions. After the
last washing step, the solid phase was re-suspended in ethanol, depos-
ited on a sample holder and dried under Ar atmosphere. Diffractograms
collected were compared with reference data reported in the Crystal-
lography Open Database (COD) (Downs and Hall-Wallace, 2003; Gra-
zulis et al., 2009, 2012, 2015; Merkys et al., 2016, 2023; Quirds et al.,
2018; Vaitkus et al., 2021). Based on the full width at half maximum
(FWHM) of the diffraction peaks, the crystallite size for a given solid was
calculated using the Scherrer equation (Scherrer, 1918). For selected
solid phases, Rietveld refinements were performed with TOPAS v. 7
(Bruker-AXS, Karlsruhe, Germany) using fundamental parameters
approach. ICSD Nr. 47803 was used as initial structure data for mono-
clinic ZrO5 (Sirotinkin et al., 2022b). The data from Fabregas et al.
(2008) (Fabregas et al., 2008) which are similar to that of Rabenau
(1956) and Morinaga and co-workers (Morinaga et al., 1979) for Ca
substituted ZrO, and those of Bouvier et al. (2001) (Bouvier et al., 2001)
were used as starting models for the cubic and tetragonal structures,
respectively. The occupancy of the 4a Wyckoff position in the Fm-3m
structure (0.0.0) was refined for Ca substitution of Zr with a constraint S
= Zroce + Cagee = 1.00. Correspondingly, the occupancy of the oxygen
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Table 1
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Overview of the investigated solid phases, experimental conditions and characterization methods considered in this study.

Sample Ageing time Ageing T Background XRD TEM SEM- Raman SAXS EXAFS TG- FTIR  XPS {-potential BET
name” (days) Q) electrolyte (pH = 11) EDS DTA

fresh - - - X X X X X X X X X

m10Ca22 279 22 0.2 M CaCl, X X X X X X X X X
m10Na22 279 22 0.001 M NaOH X X X X X X X X X
m4Ca80 125 80 0.2 M CaCl, X X X X X X X X X X
m4_002Ca80 116 80 0.02 M CaCl, X X X X X X X X X

m10Ca80 279 80 0.2 M CaCl, X X X X X X X X X X

m4Na80 125 80 0.001 M NaOH X X X X X X X X X

m10Na80 279 80 0.001 M NaOH X X X X X X X X X
m10noH,080 273 80 No liquid phase X X X X X X X X X X
crystalline - - - X X X X X X X X X X

 For each sample, “mX” indicates X months of ageing, “Ca, Na, 002Ca, noH,0” shows the ageing conditions, 22 or 80 shows the ageing temperature in °C.

position (8c) (1/4, 1/4, 1/4) was constrained to Ogce = 1-(Cagee/2) in
order to maintain the charge balance. In all cases, preferred orientation
along 111 and 200 directions in the cubic structure were considered.
Independent refinement of the thermal parameters (Bjs,) was performed
considering fixed occupancy, due to possible structure disorder. The size
of coherent scattering domains was determined by the double Voigt
approach.

2.4.2. TEM, SEM-EDS and Raman

TEM measurements were performed with a FEI Tecnai G2 operated
at 200 kV available at the Fusion Laboratory of the Institute for Applied
Materials at KIT. The microscope is equipped with an in-situ Gatan
Tridiem Camera that provides high quality imaging and an Energy
Dispersive X-ray Spectroscopy detector (EDS). Electron diffractions ob-
tained from the sample were analyzed and compared making use of the
Process Diffraction software (Labar, 2008). A few pL of the solids sus-
pended in ethanol were deposited on a TEM grid and dried under Ar
atmosphere.

A FEI Quanta 650 FEG environmental scanning electron microscope
was used to image the carbon coated sample surfaces. Scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDX) was done with a Thermo Fisher Scientific UltraDry, i.e. Peltier
cooled, silicon drift X-ray detector. The primary electron beam energy
was 15 keV.

For XPS, SEM-EDX and Raman, solid phases were re-suspended in
ethanol and deposited on a piece of indium foil and dried under Ar at-
mosphere before transferring the sample to the corresponding
equipment.

Raman spectroscopy measurements were done with a Bruker Sen-
terra II Raman microscope with 532 and 785 nm lasers and a spectral
resolution of 1.5 cm ™.

2.4.3. SAXS and EXAFS

SAXS measurement were conducted at the Aichi Synchrotron Radi-
ation Center, Japan, using an X-ray wavelength (1) of 0.092 nm with a
wavelength distribution of A/A) > 2000. The scattering vector q (q =
47sinb/\) was 0.06 < q [nm '] < 12.0, where 20 is the scattering angle.
This corresponds to a size range of 105 > D [nm] > 0.52, where D = 2n/
q. Small portions of the dried solids were loaded either in a glass
capillary or in a sample cell covered by quartz glass (20 pm thickness).

EXAFS measurements were performed at the INE beamline at the KIT
Light Source (Karlsruhe, Germany) (Rothe et al., 2012, 2019; Zimina
et al., 2017). About 10-15 mg of each washed solid phase were
re-suspended in a small volume of water, dried under Ar atmosphere to a
wet paste and placed into a gas-tight plastic cell. The plastic cells were
mounted in an air-tight sample holder and transported to the synchro-
tron source, where they were stored and measured under Ar atmosphere.
The resulting EXAFS spectra were processed using Athena and Artemis
software from the Demeter software package (Ravel and Newville,
2005).

2.4.4. TG-DTA, FTIR and XPS

TG-DTA was performed under Ar atmosphere using a Netzsch STA
449C equipment. Measurements were performed with 10-20 mg of solid
material, washed with ethanol and dried under Ar atmosphere at room
temperature for several days. Samples were heated up to 1200 °C with a
heating rate of 10 K min~1.

FTIR measurements were performed with a Bruker Optics Invenio R
FTIR spectrometer equipped with a Platinum ATR accessory A225/QI-I
single reflection diamond crystal and a DLaTGS detector with a spectral
resolution of 4 cm™!. A few mg of each solid were dried under Ar at-
mosphere and placed on the ATR diamond crystal. The measurements
took place under air conditions. OPUS software (Bruker Optics) was
used to operate the device and evaluate the data.

XPS measurements were performed with a PHI 5000 VersaProbe II
(ULVAC-PHI Inc.) XPS system equipped with a scanning microprobe X-
ray source (monochromatic Al Ka, hv = 1486.7 eV). For charge
compensation at isolating samples, low energy argon ions (8 eV)
generated by a floating ion gun and low energy electrons (1.1 eV)
generated by an electron flood gun were applied (dual beam technique).
The angle between analyzer and sample surface was 45°. Survey scans
were recorded with a pass energy of the analyzer of 187.85 eV. Narrow
scans of the elemental lines were recorded with 23.5 eV pass energy.
After taking into account sensitivity factors, the transmission function of
the analyzer, asymmetry parameters of elemental lines and removal of a
local Shirley background, atomic concentrations can be calculated with
a relative error of + (10-20) % using the areas of elemental lines of the
survey spectra. Gaussian curve fits to narrow scans of O 1s elemental
lines were performed after Shirley background subtraction in order to
determine the speciation of the oxygen atoms (0>, OH™ or H,0). Data
analysis was performed using ULVAC-PHI MultiPak program, version
9.9.

2.4.5. {-potential and BET

Electrophoretic mobility measurements were performed with a
Brookhaven Instruments NanoBrook 90Plus PALS device. The measured
mobilities were converted to {-potentials by the internal software of the
device using the Smoluchovsky equation. Suspensions with 0.1 g/L of
the solids were prepared in 1 mM HCI-NaCl-NaOH and 1 mM
HCl-CaCl,-Ca(OH), under Ar atmosphere. The pH was adjusted to
approximately 3.0, 4.5, 6.0, 8.0, 9.5 and 11.0 for each system. Each
C-potential measurement consists of 10 averaged runs, in each of the
runs 30 mobility/¢-potential values were determined.

BET measurements were done with a 3P Instruments Sync440A de-
vice with nitrogen as adsorbate. 300, 500 or 1000 mg of selected solids
(depending on the expected surface area and the available amount of
substance) were dried under Ar atmosphere first and afterwards out-
gassed for 10 h at 80 °C to avoid residues of water or gases.
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3. Results and discussion
3.1. Structure and particle size

3.1.1. XRD and rietveld analysis

Fig. 1 shows the XRD patterns of ZrO(s) solid phases aged for 4 and
10 months in 0.001 M NaOH, as well as in 0.02 and 0.2 M CaCl; solu-
tions adjusted to pHy, = 11. The figure includes also the patterns
collected for the freshly precipitated and crystalline solid phases, i.e,
ZrOy(am, hyd, fresh) and ZrO,(cr).

The diffractogram of the freshly precipitated ZrOy(am, hyd, fresh) is
characterized by the lack of any reflections, which confirms the X-ray
amorphous character of the material. Similarly, solids aged for 10
months at T = 22 °C (m10Na22, m10Ca22) do not present any diffrac-
tion patterns. However, after 4 and 10 months of equilibration time at T
= 80 °C, the aged solid phases show broad but well-defined patterns in
agreement with references for monoclinic, tetragonal or cubic ZrOs(cr)
available in the COD database (Downs and Hall-Wallace, 2003; Grazulis
et al., 2009, 2012, 2015; Merkys et al., 2016, 2023; Quirds et al., 2018;
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Fig. 1. XRD patterns collected in this work or reported in the literature for the
ZrO,(s) samples: red: solid phases aged in NaOH solutions at T = 22 and 80 °C;
blue: solid phases aged in CaCl,-Ca(OH), solutions; black: freshly precipitated
ZrOo(am, hyd, fresh) and crystalline ZrO,(cr) phases; green: diffractograms
reported by Kobayashi and co-workers for solid phases aged at T = 25-90 °C
(Kobayashi et al., 2019). Vertical lines indicate reference data reported for
ZrO,(cr) in the COD database (Downs and Hall-Wallace, 2003; Grazulis et al.,
2009, 2012, 2015; Merkys et al., 2016, 2023; Quirds et al., 2018; Vaitkus et al.,
2021): ZrO, monoclinic (COD ID: 1528984), ZrO, tetragonal (COD ID:
1539831), ZrO, cubic (COD ID: 5000038). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Vaitkus et al., 2021). The solid phases aged in NaOH (Fig. 1, red dif-
fractograms) solutions, aged without liquid phase and the commercial
crystalline solid phase (Fig. 1, black) show main reflections at 20 = 24.2,
28.1, 31.5, 34.2, 35.3 and 50.1° agreeing well with reference patterns of
monoclinic ZrO, (Fig. 1, orange) (Downs and Hall-Wallace, 2003; Gra-
zulis et al., 2009, 2012, 2015; Merkys et al., 2016, 2023; Quirds et al.,
2018; Vaitkus et al., 2021). A reflection at 20 = 30.2°, also present in
some of these diffractograms indicates a small contribution of the
cubic/tetragonal structure (Downs and Hall-Wallace, 2003; Grazulis
et al., 2009, 2012, 2015; Merkys et al., 2016, 2023; Quiros et al., 2018;
Vaitkus et al., 2021). The results are in good agreement with previous
observations by Kobayashi and co-workers, who reported the predomi-
nance of amorphous solids for samples aged at up to T = 40 °C (Fig. 1,
green) and crystalline samples with broad reflections after ageing under
at least T = 60 °C (Fig. 1, green) (Kobayashi et al., 2019).

The XRD powder pattern of crystalline commercial ZrO, was refined
in the monoclinic P12;/c1 space group using the data of Sirotinkin et al.
(2022b). The poor fit at the beginning led to closer check of the model
structure in terms of bond distances. An unusual great variation of the
Zr-0 distances from 1.8 to 2.57 A was noticed in order to achieve the
7-fold coordination. Therefore, the structure was refined in terms of
atomic positions and isotropic thermal parameters (Bis,). The data ob-
tained are listed in SI file. The variation of the Zr-O bond lengths is
between 2.06 and 2.28 A with a mean of 2.151 A (Tables SI-2). The size
of the coherent scattering domains is 38(1) nm (Tables SI-1). The
resulted structure was further used for consequent Rietveld refinements
of our samples.

The refinement of sample m10noH»080 showed that the major phase
is further monoclinic ZrO, (92.2(4) wt%), but also tetragonal polymorph
with low crystallinity is present (7.8(4)wt%). The crystallite size of the
monoclinic phase is also lower (26 nm) than that of the starting material
(38 nm). The results are shown in Figs. SI-3 and Tables SI-3.

To distinguish between the cubic and the tetragonal structure,
Rietveld refinements of samples aged in NaOH (m4Na80, m10Na80)
were also performed. The main difference between the cubic and
tetragonal modifications is the enlargement of one of the crystallo-
graphic axes due to distortion of oxygen from the 8c Wyckoff position (Y4
Y %) in the structure of fluorite type. The main difficulties for dis-
tinguishing between cubic and tetragonal polymorphs arise from the
small atomic scattering factor of oxygen and the great extent of intrinsic
disorder (vacancies defects). Due to the broadness caused by apparent
very small size of the coherent scattering domains of the cubic phase, a
splitting to tetragonal peaks could be fitted in there (110t and 002t
under 002c and 200t and 112t under 220c etc.). Although the peak
typical for the tetragonal polymorph 102 at 43.3° 2theta is missing,
based on the Raman data (see discussion below) we assume presence of
tetragonal rather than cubic modification. Therefore, at the beginning of
the refinement only monoclinic, P12;/cl, and tetragonal, P4;/nmc
(Sirotinkin et al., 2022a), polymorphs were considered. Quantitative
Rietveld analyses of the powder data of samples m4Na80 and m10Na80
resulted in clear presence of monoclinic and tetragonal polymorphs in
different proportions. In Table 2 the results of the refinements are listed

Table 2

Results of the Rietveld refinement of samples m4Na80 and m10Na80.
Samples m4Na80 m10Na80
phase monoclinic  tetragonal monoclinic  tetragonal

P12;/c P4,/nmc P123/c P45/nmc

wt% 82.8(6) 17.2(6) 72.0(7) 28.0(7)
a([e\) 5.159(4) 3.625(4) 5.155(3) 3.628(3)
b(A) 5.214(4) 5.214(3)
c(A) 5.329(4) 5.100(7) 5.325(3) 5.100(4)
BC) 99.615(4) 99.555(5)
LVol-IB(nm) 29(2) 6.1(4) 28(2) 6.8(3)

Criteria of fit Rwp = 6.84 Rexp = 5.41 GOF =

1.27 DWS =1.23

Rwp = 7.47 Rexp = 5.23 GOF =
1.43 DWS = 1.01
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including quantitative phase information, lattice parameters, size of the
coherent scattering domains and criteria of fit. Fig. 2 shows the resulting
Rietveld plots for both samples. Sample m10Na80 contains 72.0(7) wt%
monoclinic and 28.0(7) wt% tetragonal polymorphs, respectively. In
addition, the size of the coherent scattering domains (apparent “crystal
size”) is 28(2) nm and 6.8(3) nm for the monoclinic and tetragonal
polymorph, respectively. In contrast, the sample m4Na80 consists of
82.8(6) wt% monoclinic and 17.2(6) wt% tetragonal polymorphs. The
“crystal size” of the tetragonal polymorph is slightly smaller (6.1(4) nm)
compared to the m10Na80 sample but the difference is very close to the
standard deviation. The monoclinic modification shows no size differ-
ence within the estimated standard deviation. The refinement of the unit
cell parameters of the tetragonal polymorph results in both cases in a =
3.63 A and ¢ = 5.100 A. The unit cell parameters of monoclinic modi-
fication are for sample m10Na80 a = 5.155(3) 1°\, b = 5.214(3) 10\, c=
5.325(3) A, beta = 99.555(5)° and a = 5.159(4) A, b = 5.214(4) A, ¢ =
5.329(4) ;\, beta = 99.615(4)° for m4Na80, respectively.

In contrast to the crystal structures identified in systems aged in
NaOH solutions, the samples aged in presence of Ca (Fig. 1, blue dif-
fractograms) show XRD patterns with main reflections at 26 = 30.1,
34.9, 50.2 and 59.7°, in agreement with reference patterns reported for
cubic (Fig. 1, cyan) and tetragonal (Fig. 1, magenta) ZrO,(cr) structures.
However, a closer look in the 2theta range 20-36° of the m10Ca80
sample reveals not only a large broadening of the flanks of the 111 cubic
reflections, but also an increased intensity at about 24° 2theta (Fig. 3).
Therefore, not only the cubic structure, but also the monoclinic one was
included in the Rietveld refinement. Implementing the pure ZrO, cubic
structure resulted in some intensity discrepancies between 111 and 200
reflections (lower calculated than observed) on the one side and 220,
311 and 222 reflections on the other. The R-values showed quite high
GOF (goodness of fit) (3.49) and DWS (Durbin-Watson statistics) (0.17)
values. Including preferred orientation in 111 direction considerably
improved the fit. Constrained variation in the occupancy of the Zr po-
sition (4a) allowing incorporation of Ca further led to better R-values
and plot appearance (see Fig. 4).

The occupancy remained static around values of 30% Ca and 70% Zr
+ 3% in the following refinements. Up to this point the isotropic thermal
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parameters, Biso, were assumed to be 1.0 for all atoms and correspond-
ingly fixed to this value. After fixing the occupancy of Zr and Ca to the
values of 0.70 and 0.30, respectively, the B;s, were allowed to refine. The
best fit (Table 3) was achieved with Bjs, for Zr and Ca = 2.0, which
implies relatively high degree of disorder.

According to Ploc (1981), the observed unit cell parameter a = 5.137
A would be an indication for incorporation of Ca, but it is not unam-
biguous. It is difficult to relate the size of a and the degree of substitution
of Zr due to mostly two reasons. On the one side, the substitution of Zr is
coupled with O vacancies. On the other side, ZrO- is prone to defects
showing great variation of a between 5.135 A (ICSD 72955) and 5.1523
A (ICSD 72956) for non-defect and defect structures, respectively.

Recalling the findings of stoichiometric structures with composition
CaZr4Og (Rabenau, 1956) and observed presence of monoclinic domains
in Ca and Hf stabilized zirconia (Allpress and Rossell, 1975), we intro-
duced the structure described by Marxreiter et al. (1990). The C2/c
structure of CaZr4Og considers ordering of the calcium ions and O-va-
cancies along the (110) and (111) directions of the ideal fluorite
structure. Refinement resulted in minor quantity of ordered C2/c phase
compared to the cubic structure and the result was not improved sub-
stantially. Also, the model of defect CaF; structure of Cag 134 Zro 866 O1.7
proposed by Morinaga and Cohen (Morinaga et al., 1979) which con-
siders defect O positions (additional O position at 0.3, ', " was tried,
but with moderate success. Refinement of the x position of the defect
oxygen returned to % as in the non-defect structure. Therefore, the best
result remained the one shown in Table 3. The resulting Rietveld plot is
shown in Fig. 2. The stabilization of the cubic polymorph via incorpo-
ration of slightly larger ions is widely discussed in the literature avail-
able (Pramanik et al., 2018). Also presence of Frenkel defects is
considered as possible reason (Tolborg and Walsh, 2023).

Both samples m4Ca80 and m4_002Ca80 show enhanced scattering in
their XRD patterns. This suggests presence of the monoclinic modifica-
tion of CaZr409. Therefore, this phase was included in the refinements.
In addition, enhanced presence of amorphous content (about 30 wt%) is
observed compared to sample m10Ca80. The results of the Rietveld
refinements confirmed prevalence of monoclinic phases (70 wt%) over
cubic ZrO, (30 wt%) in sample m4_002Ca80. The share of CaZr4Oq
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Fig. 2. Rietveld plots of the refinements of samples m4Na80 (top) and m10Na80 (bottom).



C. Kiefer et al.

Applied Geochemistry 182 (2025) 106302

3000
m4Ca80 HKLs Fm-3m 61.95%
HKLs P12,/c  25.49%
HKLs CaZr,04 12.56%
i e N
| Il . (TR IR TR O YT
|| 0 OO0 000 AU 00 W00 00 0000 00 00 00O AR O 1 A A
_—
10 15 20 25 30 45 50 55 60 65 70
2theta
3000
m4_002Ca80
- HKLs Fm-3m 29.86%
HKLs P12,/c1 51.63%
N e = — o — . -
: R v e — e ,{h o ‘%ﬂ
| | R R e (1 i W I 1 o T
———————
10 15 20 25 30 35 40 45 50 55 60 65 70
2theta
" 0,
2006 m10Ca80 HKLs Fm-3m 92.66%
HKLs P12,/c  7.34%
6000
5000
£ 4000
c
3 200
3 30007
2000
1000
0 _T\, ") N —
~1000-~ | I T N TRTTRNTT e e
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70
2theta

Fig. 3. Rietveld plots of the refinements of samples m4Ca80 (top), m4_002Ca80 (middle) and m10Ca80 (bottom).

m10Ca80

Fm-3m 9266 %
P12,/c 734 %

Table 3

Results of the Rietveld refinement of samples m4Ca80, m4_002Ca80 and
m10Ca80. Besides a unit cell parameter, occupancies on the Wyckoff positions
4a for Zr and Ca and 8c for O and corresponding temperature factors (Bjy,) are
given for the cubic modification.

2theta

Fig. 4. Rietveld plot of the refinements of sample m10Ca80. 2theta range
around reflections 111 and 200 of the cubic modification. Presence of the
monoclinic ZrO, with corresponding HKL's.

Sample m4Ca80 m4_002Ca80 m10Ca80

space group Fm-3m Fm-3m Fm-3m

wt% 62(4) 30(5) 92.7(6)

a(A) 5.143(19) 5.144(14) 5.138(5)

cell volume (A%) 136.0(15) 136.1(11) 135.7(4)

LVol-IB(nm) 8.2(2) 9.7(2) 10.2(1)

occ Zr (4a 0.0.0) 0.81(1) 0.76(2) 0.70(2)

occ Ca (4a 0.0.0) 0.19(1) 0.24(2) 0.30(2)

occ O (8c V4.Ys.V4) 0.91(1) 0.88(1) 0.85(1)

Biso 4a 2.0 2.0 2.0(2)

Biso 82 1.5 1.5 1.2(2)

RBragg 0.245 0.162 0.221

Criteria of fit Rwp = 5.69 Rwp = 7.48 Rwp = 5.86
Rexp = 5.09 Rexp = 6.03 Rexp = 4.71
GOF =1.12 GOF = 1.24 GOF = 1.25
DWS = 1.54 DWS = 1.34 DWS = 1.35

comprises 18.5 wt%. The cubic polymorph shows incorporation of 0.24
(2) % Ca on Zr position (Table 3). Sample m4Ca80 is dominated by the
cubic polymorph (62 wt%) once again stabilized by Ca. In this case Ca
occupies around % of the Zr position.
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The size of the crystal domains, determined by Scherrer analysis
(Scherrer, 1918), resulted in 23-27 nm for all monoclinic solids and
11-14 nm for all cubic/tetragonal solids. These results are very close to
those obtained from the double Voigt approach. Slight tendency for
increasing of the domain size from 4 to 10 months ageing time, was
observed (Table 3). The size of the crystal domains determined for the
commercial ZrO,(cr) (monoclinic) was as well 27 nm. It is important to
note that the crystallization in the cubic/tetragonal structures takes
place both in solutions containing 0.2 M Ca as well as in those with 0.02
M Ca. This indicates that even lower Ca concentrations, as expected in
cementitious systems (0.02 M as defined by equilibrium with portlandite
at pH = 12.5) prevent (i) the crystallization in the form of the mono-
clinic ZrOs structure and (ii) the growth of the ZrO, particles to the size
achieved in Ca-free systems. Gazzoli and co-workers investigated the
incorporation of Ca and Cd in the ZrO; structure by means of XRD and
Raman spectroscopy (Gazzoli et al., 2007). The Ca-bearing solid phases
were prepared by contacting a freshly precipitated ZrO,(s) with 1 M Ca
(NOs3)- in the pH range 6-12. After shaking the suspensions for 72 h at
room temperature, the solid phases were separated from the liquid
fraction. After drying at 383 K for 24 h, the samples were subsequently
heated in air at 1073 K for 5 h. This synthesis route resulted in tetra-
gonal/cubic ZrOs(cr), with an excess of CaZrO3 and CaO. In contrast to
Gazzoli and co-workers, our results confirm that the equilibration with
lower Ca concentrations in the aqueous phase (e.g., 0.02 or 0.2 M) re-
sults in the only formation of tetragonal/cubic ZrO»(cr).

3.1.2. TEM and SEM

TEM images and electron diffraction in Fig. 5 show the presence of
different families of particles in the aged solids. For the fresh ZrOy, TEM
shows particles with homogenous shape and size (Fig. 5a). Electron
diffraction indicates a rather amorphous character with weak signals
fitting to the cubic/tetragonal structure (Figs. SI-4, top). The solid
phases aged at T = 22 °Cin 0.2 M CaCl, and 0.001 M NaOH show also a
dominantly amorphous character, with traces of the cubic/tetragonal
structure in the case of ageing in presence of Ca. The solid phases aged at
T =80 °C in 0.001 M NaOH (4 and 10 months) show 3 different mor-
phologies, primary particles with a size ~ 3 nm, particles with a size of ~
10 nm and large rods with a length up to 300 nm (Fig. 5b-d). Their
electron diffraction shows monoclinic structure with smaller contribu-
tions of cubic/tetragonal ZrO, (Figs. SI-4, bottom). The solid phases
aged at T = 80 °C in presence of Ca (4 months, 10 months, 0.2 M CaCly,

Applied Geochemistry 182 (2025) 106302

0.02 M CaCly) show primary particles with a size of 1-3 nm and larger
particles with a size of 10-20 nm (Fig. 5f-h). Electron diffraction con-
firms the cubic/tetragonal structure observed by XRD (see Figs. SI-4,
middle). The TEM images of the solid phase aged without liquid phase
show aggregates with a size up to 200 nm consisting of smaller particles.
The electron diffraction indicates the presence of monoclinic particles
and a smaller contribution of a cubic/tetragonal phase. TEM shows also
that the commercially obtained crystalline solid consists of homogenous
spherical monoclinic particles (Fig. 5e).

SEM images show also different morphologies of the particles, but
contain no further information compared to TEM. SEM-EDX measure-
ments summarized in Table 4 confirm the systematic presence of Ca in
all solids aged in CaCly, both at T = 22 and 80 °C. This observation, in
connection with the lower presence/absence of chloride, supports that
Ca is incorporated into the structure of ZrO,(s) with Zr:Ca atomic ratios
of 3.2-10.3. Table 4 reflects also greater [O]/[Zr] ratios for ZrOs(am,
hyd, fresh), as well as for solid phases aged at T = 22 °C. This obser-
vation supports the greater content of OH™ /H50 in more amorphous
samples, as opposed to the lower [O]/[Zr] ratios observed for the more
crystalline samples, approaching a ratio of 2. In qualitative terms, solid
phases aged at T = 80 °C in NaOH solutions show smaller [0]/[Zr] ratios
than those aged at the same temperature in CaClo—Ca(OH); solutions.
This correlates well with the larger crystal domains quantified for the
former.

3.1.3. Raman spectroscopy

Raman spectroscopy, being sensitive to the polarizability of the ions
(inclusive those with small X-ray scattering factors), is often used to
overcome the difficulties in distinguishing cubic and tetragonal ZrO,
polymorphs by XRD. Raman spectra reported for the monoclinic modi-
fication of ZrO, show presence of many bands including strong lines at
180, 190, 380 and 476 cm ', bands with moderate intensity at 102, 330
and 345 cm~! as well as low intensity peaks at 220, 305, 500, 537, 555,
614 and 635 cm™! (Bouvier et al., 2001; Garg et al., 2012; Keramidas
and White, 1974). The number of the observed bands is close to the
expected 18 Raman active vibrational modes of 9A; and 9B, symmetry
by factor group analysis (Sekulic¢ et al., 1997). For tetragonal ZrO,, 6
Raman active bands are predicted, Ajg, 2B and 3Eq. The spectra pub-
lished suggest presence of bands at 148 cm ! (Eg) (Bouvier et al., 2001;
Keramidas and White, 1974; Stefani¢ et al., 1998), 263 cm ! (Keramidas
and White, 1974), 267 em™! (Stefanic¢ et al., 1998) - 269 em ™! (Garg

Fig. 5. TEM images and electron diffraction of: (a) fresh, (b, ¢) m4Na80 (aged for 4 months at T = 80 °C in 0.001 M NaOH), (d) m10Na80 (aged for 10 months at T =
80 °C in 0.001 M NaOH), (e) commercial crystalline, (f, g) m4Ca80 (aged for 4 months at T = 80 °C in 0.2 M CaCl,) and (h) m4_0.02Ca80 (aged for 4 months at T =

80 °C in 0.02 M CaCl,) solid phases.
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Table 4

Weight (w%) and atomic (a%) percentages of Zr, O, Ca and Cl for the different solid phases determined by SEM-EDX.
Solid phase Zr o Ca Cl [0]1/[Zr] [Zr]/[Ca]

w% a% w% a% w% a% w% a%

fresh 53.0 + 2.9 16.5 + 2.7 31.0 £ 0.9 55.0 + 4.8 3.3+0.8
m10Ca22 52.5+ 1.0 16.8 + 0.3 29.7 £ 0.9 542+ 1.7 5.0+ 0.3 3.6 + 0.2 1.4+ 0.2 1.1 +0.2 3.2+ 0.2 4.7 £ 0.4
ml0Na22 585+ 1.2 19.5+ 0.4 27.6 £ 1.0 524 +1.8 2.7 +0.1
m4Ca80 49.6 +£ 2.4 15.7 + 2.3 32.8+0.9 59.3 £ 4.8 6.5+ 0.2 4.7 £ 0.4 1.8+ 0.2 1.4+04 3.8+ 09 3.3+09
m4_002Ca80 66.1 + 1.2 25.4 £ 0.5 225+ 1.0 49.3 £ 2.1 29+0.3 25+ 0.3 1.9+0.1 10.2 £ 1.6
m10Ca80 62.5+ 1.4 225+ 0.5 242 +1.3 49.7 + 2.6 3.5+04 28+ 04 2.2 +0.2 80+1.6
m4Na80 62.4 + 2.0 22.7 £ 2.2 28.6 + 0.6 59.4 + 3.6 2.6 £ 0.4
m10Na80 69.7 + 1.0 27.3 +£0.4 22.3 +£0.7 49.8 + 1.6 1.8 £0.1
m10noH2080 71.3 £ 1.2 29.2 + 0.5 23.3+1.0 54.3 £ 2.3 1.9+0.1
crystalline 72.6 £ 1.4 30.2 £ 0.6 21.2+1.1 50.2 +£ 2.6 1.7 £ 0.1

The total a% and m% are different from each other and different from 100% because carbon from carbon coating of the samples is not shown.

et al., 2012) (A1g), 323 cm™! (Byy), 476 cm™' (Keramidas and White,
1974) - 462 em™! (Garg et al., 2012; Stefanié et al., 1998) (Eg), 607 em™!
(B1g) and 646 cm ! (Eg) (Garg et al., 2012). The presence of 2 types of
tetragonal structures t’ and t’ (Yashima et al., 1994) (sometimes
referred to as t and t’, respectively) makes the interpretation of the
Raman spectra more difficult, but there is some dependency of the fre-
quencies of the vibrational modes which allow differentiation between t’
and t”. For example, the E; mode in the range 460-480 em ™! of the t
shows higher frequency as the t” mode (Sobol and Voronko, 2004;
Yashima et al., 1994). Cubic ZrO, should give rise to only one Raman
active mode due to its fluorite-type structure. However, the single mode
(F2¢) assigned at 600 em ! is never observed alone in the spectra of
cubic ZrO, due to disorder induced contributions from all points of the
Brillouin zone to the spectrum (Cai et al., 1995).

Raman spectra of the solid phases under investigation reflect the
polymorphism of the ZrO in the samples (Fig. 6) thus being consistent
with the XRD results to a large extent. The solids with monoclinic
structure, according to XRD and TEM (samples aged in NaOH at 80 °C as
well as crystalline ZrO, and m10noH>080), show well defined Raman
bands. Sharp bands at 102-106 cm ™}, an intense duplet around 178 and
188 cm ™}, as well as several peaks between 300 and 380 cm ™! including
306, 329, 343 and 380 cm ' are observed. Further, these spectra are
characterized by a strong band at 476 cm™! and accompanied by bands
with lower intensity at 537, 555, 614 and 636 cm~ L. The spectra are in
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Fig. 6. Raman spectra of the samples in the range 80-1000 cm ™!, m - mono-
clinic, t’ - tetragonal, t’’ - intermediate tetragonal, c - cubic. The assignments of
the modes of the sample m10Ca80 Eg, A4, Tog stem from the polarization works
in (Feinberg and Perry, 1981; Ishigame and Yoshida, 1987).

good agreement with the monoclinic modification. In addition, the
spectra of the samples aged in NaOH at 80 °C show bands at 142 and
270 cm ™!, which could be assigned to Eg and A;g mode of a tetragonal
ZrO,, respectively. Additionally, these spectra show quite broadened
bands in the range 600-650 cm ! with extended shoulders on the high
frequency side. These features suggest also presence of cubic ZrOs. The
tetragonal/cubic (XRD, TEM) solids m4_002Ca80 and especially
m10Ca80 as well as the X-ray amorphous solids aged at T = 22 °C
(m10Ca22 and m10Na22) show generally less defined spectra, which is
a hint for disorder mostly due to presence of oxygen vacancies (Oy) in
Zr1.xRx02.x(0y) (Yashima et al., 1994). The four samples share some
similar features as the broad bands at 155 cm ™! and 190 ecm ™, intense
band at 487 cm™!, relatively sharp band at 709 cm ™' as well as
ill-resolved humps at about 660, 685 and 785-800 cm~ L. The less
defined but observable signals of the X-ray amorphous samples aged at
T = 22 °C at the same wavenumbers as for tetragonal/cubic solids
supports the observation of weak tetragonal/cubic electron diffraction
signals by TEM, indicating a possible pre-ordering in these amorphous
solids. The main band observed at 487 cm™! could be assigned to Egina
tetragonal symmetry, though its Raman shift is higher than the reported
462-476 cm™, pointing to t* polymorph which is known as an inter-
mediate in the tetragonal-cubic transition (Yashima et al., 1994). The
bands observed in the range 650-710 cm ™! (also seen as abroad hump in
the spectrum of the monoclinic ZrO3) as well as those at 750-800 em !
are seldom explained in literature (mostly regarded as defect bands), but
are clearly seen in tetragonal and cubic ZrO. [(Sekuli¢ et al., 1997),
Fig. 2]. All samples aged in CaCl; at T = 80 °C show in addition a quite
broad feature between 500 and 640 cm ™. The increased scattering in
this range for the samples m10Na22, m10Ca22, m4_002Ca80 and
m10Ca80 suggests an increased “cubicity”. The typical bands for the
tetragonal polymorph should include strong A;; modes in the range
240-265 cm ! as shown by Sobol and Voronko (2004) which are not
seen in the present spectra except some low intensity bands at 270 cm ™
in m10Na80. Barberis et al. showed clearly that the most intense band of
the tetragonal phase at 267 em! (A1) shifts to lower frequency with
increasing cubicity (Barberis et al., 1997) reaching 150 cm_l, which is a
typical band for stabilized cubic phase as shown by polarization spectra
(Phillippi and Mazdiyasni, 1971). Keramidis and White (Keramidas and
White, 1973) studied the Raman scattering of cubic ZrO, stabilized with
15% Ca and provide, similarly to Hirata et al. and Sekulic et al. for Y
doped cubic samples (Hirata et al., 1994; Sekuli¢ et al., 1997), slightly
different Raman spectra as observed for the present samples. On the
other hand, the observed spectra agree with the polarized spectra of
cubic ZrO, provided by (Feinberg and Perry, 1981; Ishigame and
Yoshida, 1987).

However, the Raman spectra are greatly influenced by the defect-
induced Raman modes (due to oxygen vacancies and displaced O
ions), probably manifested by increased intensity of the broad band at
550 cm™! assigned sometimes as Ajg of the t” structure. The band at
600 cm™! observed for m4_002Ca80 can be clearly assigned to Tag
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modes in cubic zirconia. Nevertheless, the spectrum of this sample
shows also strong bands in the 170-190 cm™! range and 300-400 cm ™!
range, which are characteristic for the monoclinic phase. Indeed, the
XRD data show enhanced quantity of monoclinic P2;/c phase (51.5 wt
%) and CaZr4Og monoclinic phase (18.5 wt%).

The investigated solid phases could be summarized and subdivided
in 3 groups according to their Raman spectra: 1) purely monoclinic ZrO,
solid phases (crystalline, m10noH»080); 2) mainly monoclinic ZrO,
containing smaller contributions of tetragonal (t’) ZrO, (solids aged in
NaOH at T = 80 °C) and 3) tetragonal (t’*) ZrO- (solids aged at 22 °C and
in CaCl, at T = 80 °C) with increased cubic character in the row
m10Na22 — m10Ca22 — m10Ca80. Some exception represents the
sample m4_002Ca80, which shows characteristics of mixed cubic and
monoclinic ZrO; and monoclinic CaZr4Og phases. It is shown that with
increased ageing temperature the mainly monoclinic Na samples addi-
tionally stabilize the tetragonal polymorphs (t’), whereas the samples
with increased ageing temperature in presence of Ca stabilize the cubic
polymorphic modification (t"> — c). Thus, Raman spectroscopy provides
a valuable information about the influence of Na and Ca as well as the
ageing temperature and duration on the stabilization of the different
ZrO; polymorphs.

3.1.4. SAXS and EXAFS

SAXS measurements performed with a synchrotron radiation source
provide information on particle size distribution, but additionally about
some surface properties. The observed inflection points (Fig. 7) in the
intensity of the scattering vector q suggest the presence of small primary
particles with a size of a few nm and larger aggregates of secondary
particles. In the case of solids aged at T = 80 °C in NaOH (m10Na80),
three inflection points corresponding to 3 families of particles with
different particle sizes were observed, as also shown by TEM. In contrast,
the solids aged in CaCl, (m10Ca80), the solid aged without liquid phase
(m10noH2080), the crystalline solid (crystalline) and the amorphous
solids (fresh) show only two inflection points corresponding to 2 families
of particles as also observed by TEM. The inflection point at ¢ = 0.15
nm~! was not observed in the SAXS profile of the solids aged in
CaCly—Ca(OH), (m10Ca80), while it was observed for other solid phases.
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Fig. 7. SAXS measurement of selected ZrO, solid phases: fresh, aged at T =
80 °C in NaOH and CaCl,-Ca(OH), solutions and commercial crystalline.
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Considering that the monoclinic phase is not observed by XRD (Fig. 1) in
the solids aged in CaCl, (m10Ca80), the largest particles corresponding
to the inflection at ¢ = 0.15 nm™! observed for the samples m10Na80,
m10noH2080 and “crystalline” are likely to exhibit monoclinic struc-
ture. Then, the particle with the size of 10 nm corresponding to q = 0.4
nm ! observed in m10Na80 and m10Ca80 would exhibit tetragonal
and/or cubic phase. This behavior is in agreement with previous studies
of Pitcher et al. (2005) and Sharma et al. (2018) showing stability
crossovers for the different crystal structures depending on particle
size/surface area. The slope of the intensity of the scattering vector q in
the Porod region (q > 1 nm™1) gives information about the surface
roughness of the solids. The slope of 4 after the inflection points at q =
0.15 nm ! observed in the case of the samples aged at T = 80 °C in NaOH
and the solid aged without liquid phase and at q = 0.4 nm !atT=280°C
in CaCly—Ca(OH), would indicate a smooth surface of monoclinic and
tetragonal and/or cubic crystalline particles. In the case of the fresh
solid, a slope close to 3 likely corresponds to a rough surface of the
aggregates of primary particles observed by TEM. Correlations between
crystallinity and surface roughness were previously reported for ceramic
thin films and glazes (Hausmann and Gordon, 2003; Mechiakh et al.,
2010; Sheikhattar et al., 2016; Triigler et al., 2011). In contrast to the
increasing surface smoothness by ageing in the present study, in those
studies, crystallization in amorphous thin layers by annealing generally
lead to increasing roughness. This behavior, which at first glance ap-
pears to be contradictory may be explained by the different crystalli-
zation mechanisms. On the one hand, the annealing of amorphous thin
layers in these studies leads to rapid and thus to inhomogeneous crys-
tallization, resulting in inhomogeneous and thus rough surfaces. On the
other hand, the hydrothermal long-term approach in the present study
causes continuous condensation and crystallization processes leading to
homogeneous bulk solid phases and with homogeneous and thus smooth
surfaces.

The evaluation of the EXAFS spectra with Athena and Artemis soft-
ware is shown in Fig. 8 and Table 5. Consistent with other techniques,
EXAFS analysis of the solids also reflects a different degree of ordering in
the investigated ZrO, samples. While all samples show a large Zr-O
backscattering signal, important differences in the intensity of the Zr-Zr
backscattering signals were observed. A weak Zr-Zr backscattering
signal is observed for the amorphous samples. Greater amplitudes are
observed for the Zr-Zr backscattering of samples aged at T = 80 °C, with
the largest Zr-Zr backscattering signal being observed for the ZrO; aged
without liquid phase and the commercial crystalline solid, thus under-
pinning the most crystalline character of these samples. These qualita-
tive observations are in line with the fitting approach and the resulting
structural parameters. While it was possible to obtain fits of sufficient
quality with only one oxygen and one zirconium shell in the case of the
amorphous/low crystallinity solid phases (fresh, m10Ca22, m10Na22,
m4Ca80), more shells were required to obtain satisfactory fits of the data
of the more crystalline samples. For the samples showing a cubic/
tetragonal character (m4_.002Ca80 and m10Ca80) by XRD/TEM, the
addition of a calcium shell improved the fit quality significantly, which
is in agreement with the previously shown results suggesting an incor-
poration of calcium in these samples during the ageing. In this context,
several fixed coordination numbers for the calcium shell were evaluated,
showing best results for Zr coordinated by 2-3 Ca atoms. In terms of the
Zr-0O coordination numbers (7.54-8.92) and the distances of the Zr-O
shells (2.14-2.16 f\), no significant differences were observed. However,
the Zr-Zr coordination numbers (8.88-14.53) and the Zr-Zr distances
(3.50-3.55 A) are higher for the cubic/tetragonal solids compared to the
(rather) amorphous samples (4.35-11.74, 3.44-3.47 A). The higher
coordination numbers reflect the higher crystallinity of these samples
and the larger distances may be explained by the previously reported
increase of the volume of the unit cell (Gazzoli et al., 2007) due to
incorporation of Ca in the structure of ZrO,. This is caused by the dif-
ferences between the ionic radii of Ca®* and Zr*" (rge: = 1.12 A and
rzr4r = 0.84 ;\; in both cases with coordination numbers (CN) of 8)
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(Shannon, 1976), and because the incorporation of cations with charge
lower than +4 results in anionic vacancies for charge compensation
(Gazzoli et al., 2007). For the monoclinic solid phases (m4Na80,
m10Na80, m10noH;080, crystalline) two or three oxygen and two or
three zirconium shells had to be used, partially with coordination
numbers fixed to the expected values, to obtain satisfactory fits. This can
be explained by the less symmetric monoclinic structure, in which all
Zr-O and Zr—Zr distances are different, what is reflected in the fitted
Zr-0 (2.06-3.69 ;\) and Zr-Zr (3.45-4.02 A) distances. The in total (sum
of the shells) higher coordination numbers for Zr-O (10.75-12.85) and
Zr-Zr (9.14-13.95) indicate as previously observed the higher crystal-
linity of these samples.

3.2. Water content and solid composition: TG-DTA, FTIR and XPS

The main quantitative outcome evaluated from the TG-DTA data is
the total weight loss measured up to 1200 °C, which is assigned to the
number of hydration waters in the investigated hydrous oxides with the
assumed stoichiometry ZrO.-nHo0 (Fig. 9). The weight loss and the
correlated amount of hydration water of the different solid phases is
shown in Table 6. The results in the table clearly show a significantly
larger amount of hydration waters in the freshly precipitated solid and
the solids aged at T = 22 °C (n = 2.0-2.1) compared to the solid phases
aged at T = 80 °C (n = 0.4 + 0.2). The sample m4Ca80 represents an
exception in the hydration behavior, since this solid phase contains a
significant higher amount of water (n = 1.2) compared to other samples
aged at T = 80 °C and a significant lower amount than the amorphous
solids (fresh and aged at T = 22 °C). A possible explanation for this
difference could be the presence of an amorphous and a crystalline solid
phase in this sample. The hydration behavior of the solid phases is
qualitatively confirmed with IR-ATR by comparing the IR intensity in
the water region (ca. 2400 em~! - 3700 cm™ ) (see Figs. SI-5 in the
Supporting Information). The ratio of H,O, OH™ and 02~ (Table 6) in the
ZrOy(s) solid was determined by fitting the O1s elemental line in the XPS
spectra (Fig. 10). As expected, a significantly higher contribution of 02~
was observed in the crystalline samples, although no clear differences
were observed between solid phases aged in NaOH or CaCl,—Ca(OH),
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systems.

Solid phase characterization by TG-DTA, XPS and IR-ATR evidences
that ageing at elevated temperatures strongly impacts the degree of
hydration of the solid phases. The transformation from amorphous to
crystalline solids occurring at T = 80 °C is connected with a reduction of
water content and a decreasing [O]/[Zr] ratio. XPS analysis shows that
the solids’ stoichiometry is described more accurately as ZrOx(OH)s.
2x'NH20 and that the transformation process leads to an increase of 0%
contribution and a decrease of HoO and OH™ contributions. This can be
attributed to condensation reactions at the surface of the solids, where
two Zr-OH groups release one water molecule to form a Zr-O-Zr bond.
This behavior is also in agreement with the increasing crystallinity and
particle size observed with XRD and TEM.

3.3. Surface properties: BET and {-potential

Due to limited amount of material, not all solid phases could be
characterized by BET. X-ray amorphous solid phases showed high spe-
cific surface areas of 257 ng’l (m10Ca22) and 390 ng’l (m10Na22),
which are in agreement with the small particle size observed with TEM.
The value of 199.5 m?g™! determined for the m4Ca80 solid phase (aged
in 0.2 M CaCl, at 80 °C for 4 months) does not correlate well with the
particle size determined by Scherrer analysis of the XRD result of this
sample, which suggests a value of 100 + 20 m?g~! (uncertainty based on
uncertainty of particle size) based on geometric calculations (assump-
tion of spherical particles of homogeneous size) and densities. Such
discrepancy could be explained by surface properties, e.g. surface
roughness or by the presence of smaller amorphous particles that are not
observable with XRD. The latter hypothesis is supported by the identi-
fication of smaller particles with TEM and SAXS and would also agree
with the higher water content determined for this sample with TG-DTA.
Summarizing these observations, the sample m4Ca80 represents an
exception since this solid phase shows properties, which indicate the
presence of an amorphous and a crystalline phase and thus an incom-
plete transformation process. This slower kinetics compared to the other
4 months samples could potentially be explained by a slight decrease of
the pH of this sample during the ageing, since the transformation
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Table 5
Structural data for ZrO,(s) solid phases obtained by EXAFS fit.

Solid phase Path N R (A) o2 AE, Rf

fresh Zr-0 7.54 2.16 0.009 -3.70 0.009
Zr-Zr 435 3.44 0.013

m10Ca22 Zr-0 8.74 2.16 0.011 -3.25 0.019
Zr-Zr 10.60 3.45 0.020

m10Na22 Zr-0 8.92 2.16 0.010 —-2.02 0.018
Zr-Zr 11.74 3.47 0.022

m4Ca80 Zr-0 7.20 2.15 0.009 -3.68 0.026
Zr-Zr 4.64 3.47 0.011

m4_0.02Ca80 Zr-0 7.73 2.14 0.010 —5.28 0.021
Zr-Zr 14.53 3.52 0.016
Zr-Ca 3.00° 3.56 0.013

m10Ca80 Zr-0 7.72 2.15 0.009 -3.11 0.015
Zr-Zr 9.67 3.55 0.011
Zr-Ca 2.50° 3.62 0.002

m4Na80 Zr-01 8.85 2.15 0.012 —4.88 0.010
Zr-02 4.00" 3.64 0.013
Zr-7rl 6.33 3.45 0.010
Zr-7r2 4.00" 4.02 0.012

m10Na80 Zr-01 2.25 2.07 0.000 —-2.94 0.010
Zr-02 4.50 2.21 0.005
Zr-03 4.00° 3.69 0.016
Zr-Zrl 8.03 3.48 0.009
Zr-7r2 4.90 3.63 0.007

m10noH,080 Zr-01 3.90° 2.09 0.002 -1.42 0.007
Zr-02 3.90° 2.23 0.002
Zr-03 4,00° 3.63 0.026
Zr-7rl 9.62 3.47 0.008
Zr-Zr2 433 3.66 0.007

crystalline Zr-01 2.00" 2.06 0.002 -3.22 0.012
Zr-02 5.89 2.21 0.008
Zr-03 4.00° 3.61 0.005
Zr-7rl 4.14 3.46 0.005
Zr-7r2 1.00" 3.65 0.001
Zr-7r3 4.00" 4.00 0.015

Coordination numbers (N), bond distances (R (10\)), Debye-Waller factors (C)
shift in energy from calculated Fermi level (AE() and ‘goodness of fit” factor (R).

2 Fixed N with best results selected.

b N fixed to expected value.

¢ N(Zr-01) forced to be equal to N(Zr-O2) as expected for tetragonal
structure.

25
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Fig. 9. Number of hydration waters quantified by TG-DTA, calculated based on
the weight loss and assuming a stoichiometry of ZrO,-nH>0.

kinetics becomes slower the closer to neutral conditions the pH becomes
(Stefani¢ et al., 1997). The lower values of 36.5 ng’l for the
m10noH,080 solid phase (aged dry at 80 °C for 10 months) and 24
m?g™! for the commercial crystalline solid are also reflected by their
larger particle size. BET measurements accordingly support a decrease
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Table 6
TG-DTA and XPS results of the Zr(IV) hydrous oxides. Uncertainty of the XPS
data £10%.

Solid Weight Hydration [01/ o* OH~ H,0
loss (%) water TG- [Zr] (mol (mol (mol
TG-DTA DTA XPS %) %) %)
XPS XPS XPS
fresh 23.6 + 21+0.1 3.2 58 42
0.5
ml0Ca22 23.7 + 21+0.1 3.3 52 41 7
0.5
m10Na22 229 + 2.0+0.1 3.1 56 37 7
0.5
m4Ca80 15.2 £ 1.24+0.1 2.9 67 33
0.5
m4_0.02Ca80 49+ 0.5 0.3+0.1 2.6 79 19 3
m10Ca80 2.7 +£0.5 0.2+0.1 2.7 78 19 3
m4Na80 47 £ 0.5 0.3+0.1 2.5 73 27
m10Na80 43 +0.5 0.3+0.1 2.5 75 20 5
m10noH2080 43 +0.5 0.3+0.1 2.5 71 21 8
crystalline 1.3+ 05 0.1+0.1 2.5 83 13 4

of the surface with ageing, which is in line with the expected Ostwald
ripening of amorphous phases and further confirms the observations
achieved in this work with a variety of characterization methods.

Zeta potential measurements in 1 mM HCI-NaCl-NaOH systems
confirm that the point of zero charge of most investigated solids lays in
slightly acidic conditions (pH 5-6), in agreement with the majority of
literature data (Figs. SI-6 in the Supporting Information) (Kosmulski,
2009). The samples aged in CaCl, show less negative zeta potential
values in the alkaline region compared to the other solids (Figs. SI-7 in
the Supporting Information), whereas measurements conducted in 20
mM CaCl, show no negative zeta potentials and no points of zero charge.

Considering the pH of the corresponding ageing solutions, mea-
surements of the zeta potential support that the surface of the ZrO5 solids
is negatively charged during the ageing in NaOH but positively charged
or near-neutral in CaCl,—Ca(OH); solutions due to the presence of sur-
ficial Ca%* ions. Even though the incorporation of Ca has been shown to
trigger the stabilization of a different crystal structure in ZrOj (see
Section 3.1), differences in the surface charge can affect the stability and
growth of the ZrO particles, e.g., due to charge repulsion of particles
aged in a given background electrolyte.

4. Summary and conclusions

The transformation of amorphous ZrOs(am, hyd) to crystalline
phases in aqueous systems was investigated at different temperatures (T
= 22 and 80 °C), background electrolytes (NaOH, CaCl,-Ca(OH)») and
contact times (t = 4 and 10 months) using a multi-method approach for
the characterization of the solid phases.

XRD, TEM, electron diffraction, SAXS, EXAFS and SEM-EDX confirm
that ageing at T = 80 °C induces a transformation from a freshly
precipitated amorphous solid towards nano-crystalline solids, with the
consequent increase in the particle size. As mechanism for these trans-
formations, the already from literature (Stefani¢ et al., 1997, 2005)
known hydrothermal crystallization by dissolution/precipitation
mechanisms is proposed. In agreement with these observations, the solid
phase characterization by TG-DTA, XPS and IR-ATR evidences that
ageing at elevated temperatures also strongly impacts the degree of
hydration of the solid phases. The transformation from amorphous to
crystalline solids occurring at T = 80 °C is connected with a reduction of
water content and a decreasing [O]/[Zr] ratio. XPS analysis shows that
the solids are described more accurately as ZrO,(OH)4.2-nH20 and that
the transformation process leads to an increase of 0%~ contribution and a
decrease of H,O and OH™ contributions. In contrast to ageing at T =
80 °C, no changes in the solid properties were observed for solid phases
equilibrated at T = 22 °C. For the solid phases aged at T = 80 °C, the
ageing time (4 or 10 months) triggers no further evident changes on the
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Fig. 10. (a) XPS narrow scans of the Ols elemental line of ZrO, solids: (1) fresh, (2) m10Ca22, (3) m10Na22, (4) m4Ca80, (5) m4_002Ca80, (6) m10Ca80, (7)
m4Na80, (8) m10Na80, (9) m10noH2080, (10) commercial crystalline; (b) Example of the fitting of the Ols elemental line.

structure of the solids, indicating that a stabilization takes place already
at 4 months (except the sample m4Ca80 as explained in Chapter 3.3).

In contrast to the ageing time, changes in the background electrolyte
promote significant alterations in the solid structure. The thermody-
namically most stable monoclinic structure is favored in NaOH systems,
whereas cubic/tetragonal ZrO, is stabilized in Ca systems, even at
relatively low background electrolyte concentrations (0.02 M CaCl,), as
those expected in cementitious systems. Rietveld analysis of the XRD
data, EXAFS and SEM-EDX measurements support that the stabilization
of the cubic/tetragonal structure in CaCl,-Ca(OH), solutions is caused
by the incorporation of Ca in the ZrO, matrix, as extensively reported in
the literature for Y-doped ZrO,. The XRD and Raman analysis are also
consistent with those reported for CaZr4Og solid phases (Pathak et al.,
20165 Yeryukov et al., 2014), thus hinting towards the possible forma-
tion of mixed Ca—Zr-oxides.

Measurements of the zeta potential of selected solid phases in NaOH
and CaCly-Ca(OH), systems show clear differences in the alkaline con-
ditions investigated in this work, with the predominance of negatively
charged surfaces in Na-systems and positively-charged surfaces in Ca-
systems containing 20 mM CaCl,. Such differences expectedly impact
the growth process, and thus may partially explain the different particles
sizes observed in both background electrolytes.

This study provides new insights for the understanding of the hy-
drothermal transformation of ZrOy(am, hyd) into the thermodynami-
cally stable anhydrous crystalline oxide, ZrOs(cr). It is shown that
transformation processes leading to more crystalline phases into crystal
lattices, are complex and the result of reaction time, an interplay of
temperature and the incorporation of foreign cations into crystal
lattices.

The importance of these transformations lays within the expected
difference in solubility of the different solid phases. While crystalline

ZrOy solid phases are characterized by very low solubilities, the presence
of an amorphous phase is expected to enhance the solubility and thus
mobility of Zr by several orders of magnitude (Brown et al., 2005).

Furthermore, the study shows that even the low Ca concentrations,
which are expected for some repository concepts including cementitious
systems, enable the stabilization of a different crystal structure or even
the formation of mixed oxides during the hydrothermal crystallization
process. The impact of the incorporated Ca ions on the overall solubility
of ZrO, remains unclear and deserves attention in future experimental
studies.

Similar processes may also be of relevance for other M(IV) solid
phases of relevance in the context of nuclear waste disposal, e.g.,
UOy(am, hyd), PuOy(am, hyd) or TcOz(am, hyd).
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