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ABSTRACT: Two synthesis routes of the zircon—hafnon solid solution .. \ S G
series were carried out. The high-temperature route uses the growth of _-=

5970

single crystals via a flux mixture that has been cooled down slowly from §.,
1400 °C over 4 weeks. The reaction products were colorless and ™
idiomorphic without byproducts. The hydrothermal tetraethoxysilane ... \\\
(TEOS)-based route represents the low-temperature method at 200 °C ~ ** :
for approximately 7 days. The hydrothermal route yielded a white
powder and scanning electron microscopy analysis thereof did not reveal
any specific idiomorphic properties. However, the synthesis also featured
some byproducts besides the zircon—hafnon solid solutions. Thermog-
ravimetric analysis coupled with differential scanning calorimetry, and
mass spectroscopy indicated, that hydrothermal reaction products I IR A I A
feature the presence of organic residues originating from the starting " "

materials. However, a specific dependency on the hafnium content could not be observed due to the data scatter. Infrared (IR)
analysis revealed the presence of Zr/Hf-oxides. The structural characterization demonstrated that properties change constantly with
the hafnium amount, however, gradual variations of some properties related to the composition of the solid solution series depend in
part on the synthesis route, considering the c¢/a ratio and IR modes. Furthermore, analyses of the single crystals by Raman
spectroscopy and pXRF suggested a nonequilibrated crystal growth based on the starting composition.

Parameter (A)

1. INTRODUCTION when hafnium is added as a component of the system to form
ZHSS (zircon-hafnon solid solutions). Due to the nearly
identical ionic radii (r(Zr*) = 0.84 A, r(Hf*) = 0.83 A"/
hafnium could easily replace zirconium and hence forms a full
solid solution series with zircon. Therefore, according to a
previous study,'® the hafnium-rich end member is called hafnon,
also observed naturally, however, the abundance is rather scarce.
Nevertheless, due to this complete miscibility, desired properties
can be designed and engineered very specifically, considering the
thermal expansion—which is even lower for hafnon—or specific
electric properties for high-x (high dielectric constant kappa)
applications."” The special benefit to SNF is that hafnium is a
neutron absorbing agent (cf. refs 5,20) and hence accounts for
criticality issues e.g. in a final repository, which has to be
concerned about nuclear safety regulations. However, research
with respect to the structure is mainly focused on zircon likely
due to the higher abundance of zircon. The ICSD database

Zircon occurs naturally as a mineral. Due to its resistance toward
degradation and its ability to host uranium, this material is very
important in geological dating [cf. e.g, refs 1,2]. This stability,
which preserves the mineral for billions of years is of interest for
technical applications as well. Low thermal expansion and
thermal stability (cf. ref 3) are often a desired property in the
ceramic industry. Furthermore, due to its resistance against
irradiation synthetic zircon may offer a potential to host
radionuclides, which originate from spent nuclear fuel (abbrev.
SNF) or from the dismantling of nuclear weapons (cf. refs 4—6)
and hence being an alternative for direct disposal. Such concepts
are based on the specific feature of zircon to be isostructural with
thorite (ThSiO,) and coffinite (USiO,). These minerals belong
to the space group I4;amd (No. 141), hence the incorporation of
uranium, thorium, and other specific actinides to form solid
solutions is likely. In addition, there are also implications for the
safety assessment of nuclear issues (e.g., corium) when research
focuses on radiologically very challenging environments, which
feature very high radiation doses (cf. refs 7,8). Respective
spectroscopic research on zircon with radiation damage was
carried out e.g. by Nasdala et al,” Titorenkova et al,'
Woodhead et al,'" and Zhang."*~'® The outstanding properties
of zircon for waste management applications could be extended
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2018.2°" currently lists 33 crystallographic data sets for
zircon.”” >’ However, only two entries exist for hafnon:.***’
Hence, the same pattern seems to be valid for synthesis methods
at low temperatures since hafnium behaves chemically in a
similar manner to zirconium. Most of these protocols describe
the use of Zr-oxychloride, ZIP (Zr(OC3H;),), and tetraethoxy-
silane (TEOS) as starting materials (cf. refs 40—49,34,50), to
which NaF as a mineralizer has been added in some cases. The
reported reaction products were calcined and regularly showed
the formation of distinct zircon reflections in powder X-ray
diffraction (PXRD). In addition to zircon, the temperature-
dependent formation of both tetragonal and monoclinic ZrO,
(Baddeleyite) and Cristobalite was also observed. However,
with a further increase in temperature, these compounds were
consumed by solid reactions to form zircon. With respect to a
low-temperature synthesis of hafnon, Kanno®"' described a sol—
gel route of reaction products, which were afterward calcined,
and the XRD analysis showed the reflections of HfSiO,, HfO,,
and SiO,. Research by Estevenon et al.*” used Na,SiO;-5H,0
and HfCl, as aqueous silicate and hafnium precursors for a low-
temperature hydrothermal synthesis of HfSiO,. Temperatures
were 250 °C or less and different pH were applied to produce
successfully pure hafnon. The XRD analysis showed that
samples with very anisotropic peak broadening featured the
largest values for the a- (6.6447(3) A) and c-parameters
(5.9801(9) A). Crystallite sizes (CS) were very small (16(14)
nm). Thermal analysis showed a weight loss between ~6 and
12.5 wt % depending on the synthesis temperature.

The vibrational spectrum characterization of zircon was
carried out by Dawson et al.>® Further studies comparing zircon
and hafnon or on solid solutions thereof are not very widespread.
The study of Ramakrishnan et al.”* prepared and investigated
the lattice parameters of the ZHSS and observed complete
solubility. Nicola and Rutt>” analyzed the Raman spectra of end-
members of this solid solution series and found that rotational
and translational modes of the same symmetry can be identified
by comparing the spectra. Syme et al’® investigated the
spectroscopic properties of zircon and thorite. A comparison
between the zircon and thorite results enables an assignment to
be made of the Raman spectrum of Hafnon. Hoskin and
Rodgers”” investigated the full solid solution with Raman
spectroscopy and observed a distinct linearity of shifts in the
ZHSS. Experimental and computational work by Griineberger et
al.>® focused on the Raman spectra of the synthesized full
zircon—hafnon solid solution series and lattice parameters of the
end-members were reported as well. They observed the zoning
and coexistence of Zr—Zr and Hf—Hf external modes of the
intermediates. Cota et al.”” published a combined experimental
and theoretical study of the solid solution series. The
experimental part comprised also the synthesis of crystals of
the solid solution series, which they analyzed by PXRD, NMR,
and first principle calculations. The data exhibited a pronounced
negative deviation from Vegard’s law.

This study presents a direct comparison of the zircon—hafnon
solid solutions, which were obtained by two different
experimental approaches. The authors used a commonly applied
flux method (cf. ref 60) for the synthesis of single crystals and
described a simple method for the hydrothermal synthesis. The
reaction products from both approaches were mainly charac-
terized by optical and electron microscopy, XRD, Raman, and IR
spectroscopy. uXRF was also applied and complemented the
Raman spectroscopy of the single crystals. Further character-
ization of the hydrothermally produced solid solution series was

carried out by a combined simultaneous TG, DSC, IR, and MS
analysis. Associated Content and data labeled as Figure/Table
SXX are in the Supporting Information document.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. The major compounds
ZrOCl,-8H,0 (99.9%), HfOCl,-8H,0 (98%), and tetraethox-
ysilane (TEOS, 99.9) were supplied by Alfa Aesar. Molybde-
num-VI-oxide 99.9% and lithium carbonate 99.9% were
supplied by Merck. For the SiO, component, fluffy Aerosil
powder was used. Additional chemicals were used from
common suppliers.

A nonstoichiometric ratio (Zr,_ Hf,/Si < 1) of the Zr,_ Hf,
(with x = 0—1) and Si starting compounds were used, i.e., TEOS
was supplied in excess in order to account for the hygroscopic
behavior of ZrOClL,-(8 + y)H,O (with y ~ 5). The
determination of the loss on ignition (LOI) for HfOCl,-8H,0
revealed no excess water. These two compounds and TEOS
were mixed with ethanol (approximately 7.8 mL) for the
hydrothermal synthesis. Before the autoclave vessel with a
Teflon liner (35 mL) was closed approximately 0.27 mL of 65%
nitric acid and approximately 1 mL of 10% KOH base were
added as well. The base was prepared by dissolution of KOH
pellets (p.a.) supplied by Merck. The tightly closed steel
autoclaves were put in a programmable Memmert drying oven at
200 °C. After approximately 7 days of heat treatment a cooling
ramp was initiated and cooled the autoclaves down to 50 °C
within an additional 7 days. The white reaction products were
retrieved, washed, dried (at ~100 °C), and prepared for
characterization.

For the synthesis of the single crystals of the zircon—hafnon
solid solution series (ZHSS), the preparation followed basically
the protocol described by Cherniak et al.”’ A Li,0-3MoO; flux
was prepared and mixed with defined ratios of ZrO,, HfO,, and
SiO,. Zirconium and hafnium oxide were prepared by thermal
decomposition of ZrOCl,-8H,0 and HfOCl,-8H,0 at 1000 °C.
To obtain an accurate 1:1 Zr;_ Hf,/Si ratio the LOI at 1000 °C
of the zirconium/hafnium and silicon precursors were
determined. To obtain 0.5 g of Zr,  Hf,SiO, about 15 g Li,O-
3MoO; were added. The zircon flux mixture was thoroughly
homogenized in an agate mortar and transferred to a platinum
crucible that was additionally covered for heat treatment. The
crucible with the mixture was put into a chamber furnace from
Therm-Aix at 1000 °C. Within a few minutes, the system was
fired up to 1400 °C to initiate a cooling ramp of 1 K/h for crystal
growth. At approximately 900 °C the crystals were extracted
from the flux residues, washed with deionized water, and
prepared for further analysis.

2.2. XRD and XRF Characterization. The single crystal
measurements for evaluation of the structure were carried out on
a four-circle diffractometer ‘Xcalibur, Ruby, Gemini ultra with an
CCD plate detector using a MoKa, , (4 =0.71073 A) tube. Data
collection, cell refinement, and data reduction were carried out
with CrysAlisPro Version 1.171.40.84a. Further data treatment,
i.e. structure solution and refinement were carried out with
SHELXS and SHELXL,®" using the WinGX suite.”” The
compositions of the flux-grown single crystals were checked
with a micro X-ray fluorescence system (uXRF) M4 Tornado
from Bruker featuring a 20 ym X-ray spot for analysis. Samples
(cf. Figure S13 in Supporting Information Document) were
measured with an Ag tube and two simultaneously recording X-
Flash detectors in vacuum mode (i.e., 20 mbar) at 50 kV and 300
HA.

https://doi.org/10.1021/acsomega.3c06960
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Figure 1. SE micrographs of the hydrothermal synthesized ZHSS. (a) Zr/Hf = 1:0, (b) Zr/Hf = 3:1, (c) Zr/Hf = 1:1, (d) Zr/Hf = 1:3, and (e) Zr/Hf =
0:1. Specific Zr and Hf lines in the EDS spectra are shown in (f) with highlighted ROI (pale orange and green).

PXRD diffractograms were recorded with two diffractometers 20. Diffractograms were recorded from 10 to 125° 20 with
from Panalytical: a step size of 0.033° and 100.33 s per step.

, ) ) . 2. X’Pert Powder diffractometer with 0.25° divergence slit
1. XPert Pro APovx.rder diffractometer using a 0.125 with CuKa, , (4 = 1.54059 A) radiation, operated at 45
dn{ergence slit with a CuKay, (4 = 1.54059 A) tube, kV and 40 mA featuring a Ni filter, 0.04 rad primary soller
being op .er:.ited at 40 _kV and 40 mA.. Further dev¥ce slits with position sensitive detector Pixcel 1D covering
chara'ct.erlstlcs were a Ni filter, 0.08 rad prlmary‘soller shtsé 3.347° 20. Diffractograms were recorded from 10 to 125°

a position sensitive detector XCelerator covering 2.118 20 with a step size of 0.026° and 96.36 s per step.
15783 https://doi.org/10.1021/acsomega.3c06960
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Table 1. Results of the Single Crystal Analysis of the Zircon—Hafnon Solid Solution Series

Hf:Zrigea 1:0 3:1
HEZryey 0.000 0250
Hf:Zr: measured”/weighed 0.008 0.247
Hf:Zr: refined Occ” 0.000 0.2018"
a-parameter/A 6.5929(6) 6.5828(5)
c-parameter/A 5.9709(8) 5.9642(7)
Zr/Hf—0O (11 to h00) 2.1250(13) 2.1219(15)
Zr/Hf—O (11 to 0k0) 2.2657(14) 2.2633(17)
Zr/Hf-O (average) 2.1954(14) 2.1926(16)
c/a 0.90566(15) 0.90603(13)
unit cell volume/A3 259.53(5) 258.45(4)
y(0)-position 0.06594(20) 0.06595(23)

z(O)-position 0.19543(20)

Ry 0.0432 0.0447
R, 0.0144 0.0128
wR, 0.0389 0.0338
GOF 1.392 1.151

“Determined by uXRF. bSite occupancy calculated by Shelxl refinement.

0.19554(29)

1:1 1:3 0:1

0.500 0.750 1.000

0.502 0.759 0.994°
0.4543" 0. 74819 1.000

6. 5816(5) 6.5719 (4) 6.5688 (5)
5.9665(7) 5.9633 (6) 5.9608 (8)
2.1185(18) 2.1140(20) 2.1120(30)
2.2636(19) 2.2640(20) 2.2630(30)
2.1911(19) 2.1890(20) 2.1875(30)
0.90654(13) 0.90739(11) 0.90744(70)
258.45(4) 257.55(3) 257.20(4)
0.06553(27) 0.06528(32) 0.06508(49)
0.19520(32) 0.19539(41) 0.19541(53)
0.0501 0.0659 0.0466
0.0128 0.0124 0.0137
0.0301 0.0227 0.0339
1.295 1.264 1.542

Powder diffractograms were evaluated with the DiffracPlus
EVA-Software by Bruker-AXS and with the Highscore X'Pert
Suite by Panalytical. PDF-2 and PDF-4 databases from ICDD
were used for the analysis. For anisotropic refinements and
quantitative analysis Topas Academic TA6 (cf. refs 63,64) was
employed for the Rietveld method.*>*

2.3. Spectroscopy Characterization. Infrared (IR)
measurements were carried out with Bruker IR systems. For
the spectroscopic analysis of solid samples, a Bruker AXS
EQUINOX S5 FT-IR spectrometer was used. Spectra were
recorded in the range of 4000 to 400 cm™" with a resolution of 2
cm™ in transmission mode. The samples were mixed with KBr
and pressed into pellets. The spectral range covered wave-
numbers from 7500 to 370 cm ™" with a resolution of 4 cm™". A
Horiba XPloRA PLUS system was used for Raman measure-
ments from 70 to 4000 cm ™" with a spectral resolution of 2 cm ™.
A 532 nm Laser with 100 mW was applied to record the Raman
shift. Slit and hole features had each an aperture of 100 ym. An
acquisition time of S s with 2 repetitions with a 2400 grading was
preselected. Intensity was limited by setting filters appropriately
to 10, 25, and 50%, respectively. The recorded intensity was
detected through a 50X objective lens. The measured samples
are shown in Figure S13.

All measured spectra were analyzed with the OPUS software
7.5 by Bruker. TA6 was used to fit the Raman data.

2.4, Thermal Analysis Characterization. Thermal anal-
ysis and differential scanning calorimetry (TG/DSC) were
carried out with a Netzsch Jupiter F449 system being combined
with MS (mass spectroscopy) for the simultaneous analysis of
gaseous compounds being released during TG/DSC measure-
ments. A heating rate of 10 K/min was preselected for the
heating regime, which was set to a maximum temperature of
1250 °C. The Proteus software 6.1 by Netzsch was used to
evaluate the recorded data.

Parallel to the TG/DSC measurement, mass spectra of the
gaseous emissions were also simultaneously recorded during
heating with a quadrupole mass spectrometer QMS 403 D
Aéolos from Netzsch. The maximum atom mass units (amu) of
the ion key fragments were set to 100 in the MS operating
Quadstar software, i.e. a range from 1 to 100 amu was covered
with 0.5 s as detection time for each mass. Hence, 145 cycles
were recorded during the 2 h heating regime with a channeltron-

15784

type detector featuring a SEM (second electron multiplier)
voltage of 1.2 kV.

2.5. Microscopy and Imaging. High-magnification images
of zircon single crystals, used for Raman spectroscopy, were
taken with a 3D digital microscope VHX 5000 system from
Keyence. High-resolution scanning electron microscopy
(HRSEM) coupled with energy dispersive X-ray spectroscopy
(EDS) was carried out with a LEO 1530 VP Gemini system
equipped with a field emission cathode and high-efficiency in-
lens detector. The secondary electrons (SE) were detected at 15
kV with a working distance of 9 mm. Diagrams were drawn by
use of Origin ver. 9.6.

3. RESULTS

3.1. Microscopy and SEM/EDS. The morphology of the
hydrothermally synthesized solid solutions series was charac-
terized with SEM. Micrographs of selected compositions are
shown in Figure la—e. Figure 1f shows the respective EDS
spectra. These samples did not feature or reveal any crystallo-
graphic faces, although high-resolution SEM was applied. EDS
analysis of specific Zr and Hf energies was done semi-
quantitatively. However, by visual inspection of light, red and
green regions of interest ((ROI) in Figure 1f Hf lines gained
intensity, whereas Zr lines decreased systematically. Hence, the
spectra at the bottom of the stack represent the zirconium-rich
end-member and those at the top of the stack represent the
hafnium-rich end-member.

3.2. X-ray Diffraction. For the crystallographic character-
ization of the zircon—hafnon solid solution, series single crystal
analysis and powder X-ray diffraction (PXRD) were applied.
Figure S11a—e shows the crystals which were used for the single
crystal analysis. For each Zr/Hf composition, 1:0, 3:1, 1:1, 1:3,
and 0:1, a small crystal was chosen and mounted on a glass
capillary with a diameter of 0.1 mm. All selected crystals of the
solid solution series were transparent and colorless. The results
of this analysis are given in Table 1 and Figure 5.

The zircon—hafnon solid solution series had been charac-
terized by single crystal analysis and PXRD. In Table 1, the
results of single crystal analyses are listed. In addition to the ideal
composition, this table also features the true composition, which
has been determined with yXRF for the end-members, and the
mixed compositions for the members in between. The latter are

https://doi.org/10.1021/acsomega.3c06960
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based on weighed amounts of the starting materials for the flux
synthesis. For the intermediate solid solutions (3:1, 1:1, 1:3) the
refined Zr/Hf occupancies are listed. The quality marks R;, R},
wR,, and the goodness of fit (GOF) are also listed.

Considering the lattice constants, the a-parameter decreased
with the hafnium content. This tendency is also valid for the c-
parameter, however, for the 1:1 mixture, the c-parameter is
slightly larger compared to the 3:1 mixture. The opposite
behavior is seen for the ¢/a ratio. The unit cell volume decreased
more or less constantly with an increase in the hafnium amount.
Figure S shows a graphical representation of these data and also
features the results of the PXRD investigations of this solid
solution series to be discussed later.

Some flux-grown crystals were selected from each fraction of
the solid solution series and crushed for PXRD analysis because
crystals with mixed Zr/Hf composition could feature zoning (cf.
Figure 8, Tables S$2—S7), which resulted in deviations from the
expected composition for the 3:1 and the 1:1 mixtures (cf. Table
1). However, an excellent compositional match was observed for
the 1:3 solid solutions. This destructive procedure was applied
to homogenize a possible varying composition being present
within single crystals featuring mixed composition—i.e. 3:1, 1:1,
1:3. Furthermore, a better statistical evaluation of the lattice
parameters was possible, because powdered samples provide
more crystallites, which contribute to the recorded intensity of
Bragg reflections, contrary to single crystal measurements in
which only one crystal contributes to Bragg reflections during a
single run for data collection.

Nevertheless, the latter method is used for the determination
of fractional coordinates of atomic positions. With respect to the
zircon/hafnon structure (both isostructural (i.e., I4;amd, SG
141) only the Oxygen y- and z-coordinates (cf. Table 1) needed
to be determined because Zr, Hf, and Si are located on special
positions considering their fractional coordinates. The crushed
samples were prepared on a silicon background free sample
holder, measured, and evaluated by the Rietveld Method (cf. refs
66,65), Figure 2 shows the obtained Rietveld plots of the solid
solution series in a stacked manner, i.e. the color shift from blue
to green the increase of the hafnium content, upward for the
stack of graphs, and downward for the tick mark stack. By visual

] Zr/Hf 1:0
160000 - Zr/Hf 3:1
] ‘ Zr/Hf 1:1
] ‘ Zr/Hf 1:3
120000 N d Zr/Hf 0:1
\ H A S | T S TR W DO TN N S
80000

Intensity (a.u.)

40000 - |

10 20 30 40 50 60 70 80 90 100 110 120
26 (°)

Figure 2. Rietveld plots (I, black, I, colored, difference: gray) of
the crushed single crystals of the zircon-hafnon solid solution series.
The colorization blue to green indicates the increase of the hafnium
content with related (hkl) tick marks.

inspection, the respective diffractograms of each composition
were single-phased. The evaluation of the refined lattice
parameters, which are listed in Table 2, showed a continuous
decrease of the a- and c-parameters of the solid solution series
with an increase in the hafnium content. The same behavior was
also valid for the unit cell volume. A linear but opposite trend
was observed for the ¢/a ratio, which increased with the hafnium
content. This tendency was also observed for the single crystal
data (cf. Figure S, Table 1). The Rwp values given in Table 2,
range from 5.13 to 8.09 and so demonstrate a good quality.

The evident systematic behavior of the lattice parameters, ¢/a
ratio, and the unit cell volume of the crushed single crystals is
also shown in Figure 5, which shows hydrothermal, single crystal
(black lines and symbols), and PXRD data of the solid solution
series (red lines and symbols).

Figure 3 shows the Rietveld plots of the zircon-hafnon solid
solution series, synthesized via a hydrothermal route in 7 days at
200 °C. The stacking order of the tick marks and the displayed
diffractograms follows the scheme of Figure 2 (displaying the
diffractograms of the crushed single crystals). However, the
hydrothermal route features four more compositions for the
zircon-hafnon solid solution series, i.e., 7:1 (x(Hf) = 0.125), 5:3
(x(Hf) = 0.375), 3:5 (x(Hf) = 0.625), and 1.7 (x(HF) = 0.875).
Thus, nine mixtures were in total produced and evaluated by
PXRD analysis. The true composition also features deviations
from the ideal ratios. In this case, these differences are due to the
determined LOI of the starting materials for the hydrothermal
synthesis, indicating deviations of the given composition for the
starting material. The atomic positions of the intermediates 7:1
(0.125), 5:3 (0.375), 3:5 (0.625), and 1:7 (0.875) were the y-
and z- coordinates of the single crystal analysis of the zircon—
hafnon series which have been determined for the mixtures 3:1
(0.25), 1:1 (0.5), and 1:3 (0.75). The Zr/Hf ratio relates to the
true (weighed) composition of the hydrothermal series (cf.
Table 3).

Due to the strong peak broadening, the Rietveld fitting
routine was additionally modified to account for the strong
anisotropy of the observed hki reflections —13 different types of
hkl-dependent crystallite sizes (in nanometres) were refined
individually and independently from each other in order to
account for the anisotropic feature of the hydrothermal reaction
products (cf. Supporting Information: Table S11b). Further-
more, a peak phase was introduced, because the 101 reflection
was not fitted accurately. This additional feature accounts for the
presents of amorphous phases, which could not be observed, yet
produce an amorphous hump. Heat treatments up to 1250 °C of
the zirconium-rich end-member for several hours revealed the
presence of crystalline cristobalite and ZrO, (cf. Supporting
Information: Figure S9). This observation was the reason for the
introduction of a “peaks phase”. The difference curve
representing the I, — I, did not feature strong amplitudes
and the respective RWP values listed in Table 3 were <2.63. The
c/a ratio showed a clear trend and decreased mainly
continuously with the increase of the Hf content. Considering
the a- and c-parameters and the unit cell volume, these
parameters decreased even more clearly with the decrease of
the Zr content (cf. Table 3, Figure 5).

This behavior is displayed graphically in Figure S (blue lines
and symbols), which also features the variation of the lattice
constants of the hydrothermal synthesis reaction products,
which were analyzed by TG (green lines and symbols).

Figure 4 shows the respective Rietveld plots of the
hydrothermal reaction products, which were analyzed addition-

https://doi.org/10.1021/acsomega.3c06960
ACS Omega 2024, 9, 15781-15803


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06960/suppl_file/ao3c06960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06960/suppl_file/ao3c06960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06960/suppl_file/ao3c06960_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Table 2. Results of the Rietveld Analysis Including Refined Lattice Parameters of the Zircon—Hafnon Solid Solution Single
Crystals Crushed for PXRD Investigation, Unit Cell Volume, ¢/a Ration, and R, Values

Hf:Zrey 1:0 3:1 1:1 1:3 0:1
Hf:Zrgou 0.000 0.250 0.500 0.750 1.000
Hf:Zr: measured”/weighed 0.008“ 0.247 0.502 0.759 0.994“
a-parameter/A 6.60402(4) 6.59480(5) 6.58755(5) 6.58078(7) 6.57453(5)
c-parameter/A 5.97928(6) 5.97584(8) 5.97205(7) 5.96957(10) 5.96560(8)
c/a 0.90540(1) 0.90614(1) 0.90657(1) 0.90712(2) 0.90738(1)
unit cell volume/A3 260.775(4) 259.898(5) 259.161(5) 258.522(6) 257.860(5)
R, 7.65 5.13 6.32 8.09 5.11

“Determined by uXRF.

40000 - M0 ZHie3 TR hydrothermal series (T4 = 200 °C) is significantly larger
CZUHETA 0 ZoHE1A . ZHHEA7 compared to the single crystal and TG series (Typpjeq > 1250
30000 \ Zr/Hf 3:1 ZrHE3:5 Zr/Hf 01 °C). For the c-parameter, the situation revealed a different

20000 ~

Intensity (a.u.)

10000

Figure 3. Rietveld plots (I, black, I, colored, difference: gray) of
the hydrothermally synthesized zircon—hafnon solid solution series.
The color shift blue to red indicates the increase of the hafnium content
and their related (hkl) tick marks.

ally with TG. The stacking order of diffractograms and tick
marks follows the identical scheme that had been applied for
Figures 2 and 3. However, these diffractograms were not single-
phased anymore because tetragonal solid solutions of
Zr, Hf.O, crystallized upon the heat treatment and were
hence observed as a second phase (red tick marks in Figure 4).
Structures of tetragonal 7r0,%” and HfO,"® were used for the
QPA.

The applied Rietveld refinement (cf. Table 4) revealed an
alternating pattern for the c-parameter as well as for the ¢/a ratio.
However, the respective overall trends decreased and increased
with the hafnium content, respectively (cf. Figure S). The a-
parameter and the unit cell volume decreased systematically
with increasing hafnium content. The R, featured low values
<4.46.

Additionally, the refinement yielded the phase quantities of
the observed zircon—hafnon and Zr—Hf-oxide solid solution
series (Table S). The determined amounts did not follow a
constant trend; instead, an alternating pattern was observed with
the increase of the hafnium content, and it correlates with the c-
parameter and with the ¢/a ratio listed in Table 4.

From all XRD measurements, Figure 5 summarizes graphi-
cally the behavior of the lattice parameters and derived
parameters like the ¢/a ratio and the unit cell volume in
dependence of the hafnium amount of the synthesized solid
solution series.

The a-parameter decreased, irrespective of the XRD method
and the synthesis route. However, the a-parameter of the

behavior for the hydrothermal samples (blue symbols), which
have been subjected to thermal analysis (green symbols) — for
the latter, a distinct scatter is evident. Linear fitting procedures of
the c-parameter resulted in lower R* values (cf. Supporting
Information: Table S10) for these two series. The slope for the
hydrothermal series (blue line) is distinctly more negative than
the other fitted slopes (Single Crystal—black line, crushed single
crystal—red line, and TG—green line) all exhibiting similar
slopes.

The c/a ratio (Figure Sc) shows the strong scatter for the
hydrothermal (blue triangles) and hydrothermal TG analysis
(green triangles) of the zircon—hafnon solid solution series, yet
the linear fits for the single crystals and for the hydrothermal
series, which has been subjected to TA also featured a positive
slope. A negative slope was observed only for the hydrothermally
synthesized solid solution series. For the (crushed) single
crystals better R* values were obtained in comparison to
hydrothermal and TG data. The fit results for the unit cell
volume (Figure 5d) for four XRD measurement regimes were
quite consistent because each fit revealed a negative slope and
the R? values did not vary to such an extent as for the other
parameters (g, ¢, and ¢/a). Furthermore, the unit cell volume is
significantly larger for the hydrothermal zircon-hafnon series.

Although a linear fit is convenient for comparison of the four
ZHSS, we observed a negative deviation (Figure S12) from
linear behavior considering the crushed series (red symbols in
Figure 5).

3.3. Raman and uXRF. To characterize this solid solution
series with Raman Spectroscopy (cf. Figures 6—8, Table 6) and
UXREF (cf. Supporting Information: Figures S1—S8, Tables S1—
S8), larger individuals of the solid solution series were selected
and glued onto ordinary sample holders used for microscopy.
Pictures of the whole crystals of this selection were taken with a
digital microscope and are shown in Figure S13. For the end
members —1:0 (a)), 0:1 (e)) — only one crystal has been
selected for each composition. With respect to the crystal with
mixed compositions —3:1 (b1/b2)), 1:1 (c1/c2),1:3 (d1/d2) —
two crystals were selected for each composition. These
individuals, which featured larger dimensions than those
selected for the single analysis, were also transparent and
colorless.

Figure 6 shows the Raman spectra, which have been recorded.
Due to the purity of the solid solutions end-members, only one
zircon and one hafnon crystal were chosen and so feature only
one and three recorded spectra, respectively.

With respect to the intermediate compositions 3:1, 1:1, and
1:3, two crystals were chosen for analysis, and each has been
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Table 4. Results of the Rietveld Analysis—Refined Lattice Parameters of the Hydrothermally Synthesized Zircon—Hafnon Solid
Solution Series, Which Were Heated to 1250 °C during TG Analysis

Hf:Zrigea 1:0 3:1 1:1 1:3 0:1
Hf-Zrygy 0.000 0.250 0.500 0.750 1.000
Hf:Zr: measured”/weighed 0.008“ 0.293 0.550 0.778 0.994“
a-parameter/A 6.60248(54) 6.58865(102) 6.58639(62) 6.57577(120) 6.57193(48)
c-parameter/A 5.99133(70) 5.99226(177) 5.97937(80) 5.98782(180) 5.98262(7154)
c/a 0.90744(13) 0.90948(30) 0.90784(15) 0.91059(32) 0.91033(13)
unit cell volume/A3 261.179(4) 260.125(5) 259.388(5) 258.918(6) 258.391(5)
Ry, 2.96 3.26 3.09 4.46 2.83
“Same composition as single crystal synthesis (determined by yXRF) due to the same starting materials.
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Figure 5. Comparison of lattice parameters (a) a-parameter, (b) c-parameter), ¢/a ratio (c)), and unit cell volume (d)) of the zircon-hafnon solid
solution series considering the different XRD analysis: Single crystal analysis—black lines and symbols, crushed-to-powder single crystals—red lines and
symbols, hydrothermal synthesis—blue lines and symbols, and T'G-heated samples of the hydrothermal synthesis—green lines and symbols. Lines are

fitted by linear functions.

Table 5. Quantification of the Reaction Products of the Hydrothermally Synthesized Zircon—Hafnon Solid Solution Series Being

Formed during TG Analysis at 1250 °C

Hf:Zrigea 1:0 3:1

Hf:Zr 400 0.000 0.250
Hf:Zr: measured”/Weighed 0.008“ 0.293
Zr,_Hf.Si0, 84.39(0.84) 63.24(2.55)
Zr,_Hf,0, 15.61 (0.84) 36.77(2.55)

1:1 1:3 0:1

0.500 0.750 1.000
0.550 0.778 0.994°
86.87(2.92) 77.51(3.85) 91.66(1.12)
13.13(2.92) 22.49(3.85) 8.34(1.12)

“Same composition as single crystal synthesis (determined by uXRF) due to the same starting materials.

clear as it was for zircon. This circumstance will be discussed
later.

The second ROI (Figure 7b) shows wavenumbers ranging
from 250 to 550 cm™'. By visual inspection, the modes Eg(I),
By,y(I), and Ay (12) were easy to identify for all investigated
samples and featured clearly a dependence on the hafnium
content. However, the B,,(12) mode was only visible for the 3:1,

15788

1:1, and 0:1 compositions. As shown in Figure 7c, the
wavenumber ROI between 470 and 970 cm™' is strongly
enhanced in intensity because the E,(v4), B (v4), and the
Eg(v3) modes were barely detectable. These modes seemed to
be very weak and were not always observed, e.g., E,(v4) was not

present in the 0:1 sample and, furthermore, its observable shift
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Figure 6. Raman spectra of the single crystal zircon—hafnon solid

solution series. Black and white bars indicate the recorded spectra of
specific compositions of the ZHSS series.

(cf. Table 6) seemed not to vary steadily with respect to the
transition from composition 1:0 to 3:1.

A comparable behavior could be observed for the By (v4)
mode, which was not visible for the 0:1 composition. A distinct
shift jump could be observed for the transition from 3:1 to 1:1
composition. The E,(v3) mode seemed to behave likewise
because its band was not present for the 1:0 composition and a
strong hiatus was observed for the transition from 3:1 to 1:1 and
from 1:3 to 0:1 depending on the hafnium content. In contrast,
in the range from 900 to 1100 cm™', the modes A (v1) and
By,(13) were very strong and seemed to shift constantly and

gradually with the increase of hafnium. Table 6 comprises the
observed and averaged fitted modes used to for a second fitting
procedure, which was carried out, to evaluate the dependencies
of the shifts from the composition (cf. Figure 8), i.e. on the
hafnium amount.

The mean values for the modes with mixed composition (3:1,
1:1, 1:3) in Table 6 were generally obtained from $
measurements of each from two samples (cf. Figure S13,
Table $14—522). However, this procedure could not be applied
in every case, because the modes were sometimes not observed
(e.g., the E,(¥3) mode of sample 1 for the 1:1 composition and
for Eg(u4§ mode sample 2 for the 1:3 composition).
Furthermore, to improve the fit quality for the full spectrum,
despite the unambiguous mode situation for the mixed
composition smaller than approximately 240 cm™, a work-
around was applied by introducing some useful supporting
modes (cf. Table 6). In this context, it remains an open question
whether the mode for the 3:1 composition at 220.47 cm™" is a
true E,(III) or only a supporting mode. The shift of observed
modes depending on the composition (i.e., on the hafnium
content) of the zircon-hafnon solid solution series is shown in
Figure 8a—l. Fitting procedures were based on the methods
applied for the determination of the Zr and Hf compositions.
Two methods were considered: The first was based on averaged
results obtained by yXRF analysis (red dotted line and red
symbols) of the flux-grown crystals of the complete solid
solution series shown in Figure S13 (cf. Tables S1—S8, cf.
Figures S1—S8), the second (solid black line and black symbols)
considered the results of the yXRF analysis for the end-member
zircon and hafnon, however, the mixed compositions 3:1, 1:1,
and 1:3 were based on the mass of the starting materials ZrO,
and HfO, determined by weighing. The graphs shown in Figure
8 feature also blue and green symbols, which refer to sample 1
and sample 2 of the 1:1 composition. These 2 samples were also
plotted (yet not considered for fitting) because the yXRF
analysis of each sample revealed significantly different
compositions based on the hafnium content—sample 1: x(Hf)
= 0.396, sample 2: x(Hf) = 0.565, %can = 0.481. In contrast, the
mixed compositions 3:1 and 1:3 were quite homogeneous for
both samples for each composition. Consequently, for
determination of the mean values the average value of each
crystal was considered (cf. Supporting Information: Tables
$13—S23). The reason to apply two different fitting procedures

Table 6. Averaged Wavenumbers of the Observed Raman Modes of the Single Crystal Zircon—Hafnon Solid Solution Series

Zr/Hf gy 1:0 3:1

Zr/Hf yeighed 0.000 0.247

Zt/Hf i 0.008 0.182

E,(I1) 201.41 SM“

By, (11) 213.98(2) SM“

E,(111) 224.40(4) 220.47(13)
By (12) nd 265.28(3.24)
E, (D) 356.03(3) 354.64(3)

By (D) 392.56(10) 393.91(29)
Ag(v2) 438.60(2) 440.12(2)
Ey(v4) 548.39(1.48) 546.52(1.44)
Byy(v4) 640.45(53) 640.66(11.02)
Ey(13) n.d 925.41(72)
Ayg(v1) 974.08(2) 975.68(2)

By (13) 1007.61(1) 1009.91(1)

“SM, supporting mode.

15789

1:1 1:3 0:1

0.502 0.759 1.000
0.481 0.706 0.994

SM* SM*? 149.99(1.60)
SM* SM* 156.21(4)
SM*? SM*? 213.46(4)
265.54(1.85) nd 268.30(31)
353.45(4) 351.67(6) 350.21(3)
397.11(15) 399.02(11) 401.92(13)
443.37(2) 445.42(2) 448.94(2)
546.04(2.11) 545.40(5.16) nd
644.58(1.36) 645.95(3.14) nd
929.22(14) 929.87(1.06) 934.99(51)
979.20(2) 981.31(2) 984.89(1)
1014.32(1) 1016.94(1) 1020.91(1)
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Figure 7. (a—d) Selected enlarged ROI of the Raman spectra of the single crystal ZHSS.

is that yXRF and the Raman analysis were applied on the surface
of the crystals, which could possibly feature zoning, especially for
the mixed compositions 3:1, 1:1, and 1:3.

UXRF and Raman measurements were carried out on the
same faces. It was not sufficient to rely only on the weighed
amount of the starting materials. To evaluate the quality of these
two methods, the R* was determined. In six out of ten linear fits,
the R” is better for the uXRF measurements (cf. Supporting
Information: Raman—Linear Mode Fit). However, as Figure
8c—I shows, the differences were very small. Consequently, both
methods provide useful information for zoning effects.

3.4. IR Spectroscopy. Besides Raman spectroscopy, IR
spectroscopy was also applied to characterize the zircon-hafnon
solid solution series. These investigations comprised the flux-
grown and hydrothermally produced series as well. First, the
powder of crushed single crystal was used. The five spectra
thereof are shown in Figure 9 on top of the stack. The nine
graphs of the hydrothermal solid solution series are represented
at the bottom of the stack. All spectra are displayed in
transmission mode. To determine the band position, the first
derivatives were applied for the observed minima and the second
derivatives for the shoulders.

The results are listed in Table 7 (flux-grown solid solution
series) and Table 8 (hydrothermally synthesized solid solution
series). Graphical representations, which also feature linear fits,
are shown in Figure 10 (flux grown series: red lines and symbols,
hydrothermal series: blue lines and symbols). Differences
between these two series could be spotted immediately. The
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broad band at approximately 3430 cm™' was present in both
series and could be ascribed to vibrational stretching modes of
water, but it was much more intense for the hydrothermal series.
The same is also valid for the band at approximately 1640 cm™"
belonging to the bending modes of H,O.

The presence of this band for the flux-grown series could be
ascribed to the water content of KBr, which was used as a matrix
for the IR pellets (cf. Supporting Information: Figure S14). The
IR modes of the flux-grown series of the end-members zircon
and hafnon all observation could be related to the composition
determined by yXRF. The mixed compositions 3:1, 1:1, and 1:3
refer to the weighed ZrO,/HfO, ratio of the starting materials
because the single crystals were crushed to powder for the IR
analysis and a possible zoning of these crystals was leveled out by
the crushing procedure. Such an assumption was not necessary
for the end-members.

For the observed wavenumbers, all observations seemed to
correlate with an increase in the hafnium content. The first
observed minimum was at a wavenumber of approximately 1800
cm™. These minima (cf. Table 7) were very weak and could
possibly represent some overtones of the vibrational minima at
approximately 900 cm™", which were very strong, and represent
absolute minima. These bands are the internal asymmetric
stretching modes v3 E,. Their wavenumber increased with the
increase of the hafnium content. The same is also valid for the
shoulders at approximately 977 cm™' ranging approximately
from 971 to 984 cm™". These bands could be assigned as internal
asymmetric stretching modes v3 A,,.
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Figure 8. (a—1) Plots of the observed Raman modes of the single crystal ZHSS with the composition x(Hf). Black symbols and lines represent linear fits
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Figure 9. IR spectra of the crushed single crystals (SC: Top five stack)
and hydrothermal products of the zircon-hafnon solid solution series
(HT: Bottom nine stack).

The ROI at 1009 cm™" exhibits also shoulders with the modes
increased with the hafnium content from approximately 1007 to
1011 cm™". However, a clear mode assigned was not possible.

Two more minima were present at approximately 434 and 613
cm™". These modes could be assigned as internal bending of v/4
E, and A,, Between these minima, additional modes at
approximately 447 cm™" could be observed. For the 1:0 (pure
zircon) and 3:1 composition, these modes are observed as true
minima whereas from 1:1 to 0:1 only shoulders were observed
which weakened with the increase of the hafnium content. In
contrast to the other minima and shoulders, their wavenumber
shifts decreased from approximately 451 to 444 cm™" with the
increase of the hafnium content of the solid solution series.

The evaluation of the hydrothermally synthesized ZHSS
revealed four modes, which feature a dependence on the
hafnium content. The results are summarized in Table 8. All
wavenumbers increase with the content of hafnium. By
comparing these modes with modes of the flux-grown series
two wavenumber regions can be related to the latter series: 900
and 635 cm ™.

The difference of the first ROI is that the flux-grown series
covered a range of approximately 11 cm™" (891.30 to 902.34
cm™") whereas the hydrothermal series ranges from 884.71 to
907.56 cm™" and covered thus a range, which is slightly more
than twice as large (cf. Figure 10a). However, the hydrothermal
internal asymmetric bending modes at 635 cm™" (14 A,,), cover
approximately 8 wavenumber units (from 631.66 to 639.43

cm™") comparable to the flux grown series, which ranges from
610.41 to 616.88 cm™". Furthermore, this interval was shifted by
approximately 20 cm™" to higher wavenumbers compared to the
flux-grown series (Figure 10b).

The other two observed ROIs at 1075 and 743 cm™" did not
have respective analogues in the flux-grown series. The range
between 1072 and 1080 cm™ could be ascribed to Si—O—Si
vibrations, which could belong to an intermediate unstable
siliceous phase consumed by heating to form further solid
solutions. These ROIs showed the same trend with the
wavenumber increasing with hafnium content. Consequently,
the intermediate phases could already contain zircon and
hafnium. At the lower end of the hydrothermal spectra minima
at approximately 448 cm™' were observed and could be assigned
as internal bending v4 E,. However, only the compositions 7:1,
3:5, 1:7, and 0:1 could be evaluated and showed similar
wavenumbers increase with the hafnium content. The
evaluation of the minima at approximately 1400 and 1335
cm™' made the presence of organic matter very likely. These
ROIs are typical for modes of C—H. Furthermore, an evaluation
of the wavenumbers did not exhibit a distinct dependence on the
hafnium content. However, a specific organic compound could
not be identified. The spectra of hydrothermal synthesis feature
broad and intense modes H,O at approximately 1635 and 3435
cm ™" which diminished for the flux grown series. The modes
between 742 and 745 cm™' could be assigned to monoclinic
ZrO, (cf. refs 69,15) and solutions with hafnium, which were
also formed during hydrothermal synthesis.”

The dependencies of mode shifts on the hafnium content in
the hydrothermal series, shown in Figure 10 (blue lines and
symbols), were consistent with results observed for the minima
of the flux-grown series (red lines and symbols). With the
increase of the hafnium content, the wavenumbers visually
increased linearly as well. From the spectroscopic and XRD
findings the hydrothermally synthesized ZHSS constitutes a
complete solid solutions series without miscibility gaps because
the results indicated a constant and gradual change of respective
properties. Therefore, only the compositions 1:0, 3:1, 1:1, 1:3,
and 0:1 were characterized by additional thermal analysis. Figure
11 shows the results of the TG (a) and the DSC measurement
(b) of these samples.

3.5. Simultaneous TG/DSC/MS. The weight loss at 1250
°C of all samples of the solid solutions ranged from
approximately 8 to 12%, but a specific dependence on the
hafnium content was not obvious. Nevertheless, all investigated
samples showed a similar behavior considering the weight loss.
Three steps could be observed: between room temperature to

Table 7. Observed IR Modes of the Crushed Single Crystals of the Zircon—Hafnon Solid Solution Series

ideal 1:0 3:1

0.000 0.250
measured”/weighed 0.008 0.247
overtone 1791.61 1794.92
shoulder” 1006.76 1008.52
int. as. stretch. 13 A,," 970.59 974.91
int. as. stretch. 13 E, 891.28 894.46
int. as. bend. v4 A,, 610.42 611.28
ext. 451.22 447.40
int.as.bend. 14 E, 433.75 434.22

“Determined by yXRF. ®Shoulder.
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1:1 1:3 0:1
0.500 0.750 1.000
0.502 0.759 0.994¢
1798.79 1807.09 1810.46
1009.27 1010.88 1010.83
978.00 981.01 984.38
899.03 898.73 902.36
612.80 614.44 616.88
445.69° 444237 443.58"
434.39 434.48 434.64
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Table 8. Observed IR Modes of the Hydrothermal Reaction Products of the Zircon—Hafnon Solid Solution Series

ideal 0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
measured”/weighed 0.008 0.146 0.293 0.421 0.550 0.670 0.778 0.892 0.994
Si—O—Si: as. stretch. 1071.67 1072.42 1073.33 1074.28 1074.44 1076.67 1077.27 1079.26 1079.61
int. as. stretch. 3 E, 884.70 887.74 892.94 894.80 899.60 899.05 899.05 903.48 907.58
Zr,_Hf.0, mcl. 742.36 742.88 743.19 743.84 743.46 743.70 744.34 744.85 745.08
int. as. bend. 14 A, 631.66 632.77 633.59 634.45 635.54 636.56 637.66 638.40 639.43
int. as. bend. 14 E, nd 446.30 nd nd nd 446.53 nd 448.67 450.37

“Same composition as SC synthesis (determined by uXRF) due to the same starting material.
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Figure 10. Comparison of selected IR modes of the crushed single crystals and hydrothermal synthesis of the zircon—hafnon solid solution series vs
composition x(Hf) (a) Comparison of internal asymmetric stretching modes 3 E, and (b) internal asymmetric bending modes (v4 A,,).
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Figure 11. (a) TG analysis and (b) DSC analysis of the hydrothermal reaction products of the zircon-hafnon solid solution series.

approximately 275 °C, between 275 °C approximately 600 °C,
and between 600 and 1250 °C.

The first two steps could be attributed to the loss of water and
decomposition of organic residues. The last step contributes to
approximately 2 wt % weight loss, which seemed not to be
finished even at 1250 °C. In this interval, ZHSS could lose
structural water during crystallite growth because exothermic
signals were observed beyond 600 °C. The DSC measurement
curves exhibited a wide range of scatter, but the basic course of
the detected heat flow is comparable, i.e. all DSC graphs feature
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more or less an exothermic minimum and exhibited distinct
variations in terms of broadness of the temperature range—
approximately between 700 and 1100 °C: Minima (1:3 brown,
0:1 red) ~ 900 °C; Minima (3:1 green, 1:1 dark yellow ~800
°C); the minimum for 1:0 (blue) is not clearly observed. Beyond
these minima, the DSC curves showed the tendency for further
exothermic reactions, which could be explained by crystallite
growth during the heat treatment, because by comparing the
peak broadening in the recorded diffractograms the reflections
became smaller (cf. Figures 3 and 4).
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Figure 12. Selected normalized mass spectra being recorded simultaneously during the TG analysis of the hydrothermal reaction products of the
zircon-hafnon solid solution series. (a) amu = 15 KF: CH;*; PM: C,H,, (b) amu = 16 KF: O*, CH,"; PM: O,, H,0, CH, (c) amu = 18 KF: H,0"; PM:
H,0 (d) amu = 27 KE: C,H,"; PM: C,H, (e) amu = 28 KE: C,H,", CO"; PM: C,H,, CO, CO,, (£) amu = 44 KE: C;H', CO," and C,H,OH"; PM:

CO,, C,H;OH (alcohol), C;H,.

Parallel to the TG/DSC measurement, mass spectra (Figure
12) of the volatile components also were recorded. In Figure 12,
six different atom mass units (amu) are shown. The respective
graphs for the ion current were normalized for comparison.

Figure 12a shows the amu = 15 which represents the release of
CH,". The parent molecule (PM) has a common composition of
C.H,,
a very sharp signal ranging from approximately 350 to 700 °C
with a maximum at approximately S00 °C. Figure 12b) shows
the amu = 16, which refers to the Key fragments (KF) O* and
CH,". Possible PM could be O,, H,0, and CH, but O, could be
present only in trace amounts because the apparatus was
constantly purged with argon. In the range of room temperature
to approximately 200 °C a maximum could be observed
followed by a minimum at 250 °C. From 250 °C to
approximately 700 °C a maximum at approximately 500 °C
could be observed for all solid solutions. This observation could
be explained by the release of water because amu = 18 (Figure
12c) represents the PM H,O exclusively and exhibited a similar
behavior of the ion currents. The release of water was visually
finished in a range beginning at approximately 750 °C (blue
curve 1:0) to approximately 1000 °C.

Figure 12d represents amu = 27 (KF = C,H;", PM = C,H))
and shows that the release of organic compounds is comparable
for all investigated samples of the solid solution series. The
release exhibited two stages with maxima at approximately 300
and 500 °C. The full range spans from approximately 250 to 650
°C. With further increase of the temperature, the ion current
reached the start level and remained constant until the end of the
measurements.

but it denotes a pure organic compound because it shows
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Figure 12e shows the amu = 28, which represents PM = CO,
CO,, and C,H,. All samples show more or less the same ion
currents. A first maximum could be observed at approximately
375 °C. The decrease to the minimum at approximately 625 °C
featured a shoulder from 500 °C to approximately 625 °C. In the
range from 625 to 1000 °C, a maximum at approximately 850 °C
could be observed for all curves. The first maximum could
possibly to be attributed the evaporation of organic compounds
which decompose into CO and CO,.

The amu 44 (Figure 12f) specifies the gaseous release and
composition of parent molecules like C,H;OH (ethanol), C;H,
and CO,. The detection of the ion current refers to KF = CO,%,
C;H;" and C,H,OH". Based on the starting materials (TEOS
and ethanol) and the IR investigation of the hydrothermal
reaction products of the solid solution series, this interpretation
of amu 44 is reasonable. An explanation for the detection of CO,
is likely due to the decomposition of organic compounds. Such
an interpretation is also valid by considering the amu 28 (Figure
12d), which indicates CO, CO,, and C,H, as parent molecules.

A first peak (Figure 12 f) could be observed at approximately
380 °C. For all samples, a shoulder/minimum and a second peak
could be seen at approximately 400 to 500 °C. With respect to
amu 44, in the range from 630 to 1100 °C further release of
carbon compounds could be observed, i.e. decomposition into
CO,. In the interval from approximately 630 to 1100 °C,
similarities between all samples are more obvious than for
sample 1:1 (orange). With a further increase in the temperature,
compounds were released until 1250 °C.

To summarize the MS analysis, all samples show more or less
the same behavior with the release of H,O and they all indicate
the presence of ethanol and/or alkane compounds, which
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decompose to CO and CO, during heating. A dependence on
the hafnium content is not seen.

4. DISCUSSION
4.1. Optical Microscopy, SEM. The morphologies of the

two synthesized zircon—hafnon solid solution series depend
strongly on the method applied, i.e. whether the reaction
products were produced via a flux- or hydrothermal-based route.
Idiomorphic and transparent crystals could be harvested and
characterized nicely by optical means because this method
resulted in crystals that were large enough (millimeter range) to
observe with well-grown, distinct crystal faces (cf. Figure S13).
However, the flux approach also yielded small crystals suitable
for single crystal analysis without further preparation. In
contrast, the reaction products of the hydrothermal synthesis
did not feature any specific morphology, which is indicative of
zircon crystals by application of high-resolution SEM analysis
(cf. Figure 1).

This finding corresponds well with the XRD analysis of the
hydrothermal reaction products, which feature very broad
reflections in the respective diffractograms and indicate a
crystallite size on the nanometre scale (cf. Supporting
Information: Table S11b). A dependence of the morphology
on the hafnium content seemed not to be obvious neither for the
hydrothermal synthesis nor for the flux-grown samples of the
zircon-hafnon solid solution series. For hydrothermal synthesis,
the semiquantitative EDS analysis (cf. Figure 1f) also featured
carbon and oxygen signals, which do not exhibit a constant ratio.
This observation could be explained by the presence of unevenly
distributed organic matter, which itself could be possibly
ascribed to different residues of the organic starting materials
(TEOS and ethanol) or to reaction products thereof, which have
been formed during the hydrothermal synthesis of the solid
solution series. Their presence is also evident by comparing the
IR spectra of crushed single crystals and hydrothermal reaction
products (cf. Figure 9, Table $28) and by evaluation of the MS
analysis (cf. Figures 11 and 12).

4.2. X-ray Diffraction. In this study, structural gradual and
constant changes could be observed, which depended on the
hafnium content. A detailed view also revealed effects, that could
be attributed to the synthesis route, i.e. whether the reaction
products were obtained via hydrothermal or flux-grown
synthesis. For the latter method, the a/c parameter, the c/a
ratio, and the unit cell volume decreased clearly with the
hafnium content. However, the c-parameter exhibited a stronger
scatter (Figure Sc, Table S10). The single crystal data analysis
shows that the lattice parameter determination exhibits more
scatter than PXRD due to statistical reasons. This circumstance
is clearly visually traceable by the red curves and symbols
representing the PXRD analysis of the crushed single crystals in
Figure 5 — cf. Table 2 as well. All fits have better R* values (cf.
Supporting Information: Table $10) than the respective data for
the single crystal data (black lines and symbols in Figure S). In
addition to the statistical improvement, the crushing procedure
leads to a homogenization of the composition of the
intermediate single crystals (3:1, 1:1, 1:3), which could feature
zoned structures (cf. Figure 8, Tables S2—S7) as observed for
the 3:1 and 1:1 single crystal composition, which exhibit values
with significant deviations from the expected composition (cf.
Table 1). The analysis XRD (for the crushed ZHSS, Figure $12)
revealed a nonlinear behavior and confirmed the findings which
have been described by Cota et al.’® who also observed a
negative deviation from linear behavior for the cell parameters.

IR analysis of internal asymmetric bending modes of 24 A2u for
hydrothermal and crushed single crystals series of ZHSS (Tables
7 and 8) indicated such a correlation likewise and supported
hence that XRD observation.

The lattice parameters of the hydrothermally produced
material, heated in the TG measurement process (green lines
and symbols in Figure 5), behave similarly to the crushed single
crystals, including the a and ¢ parameters, the ¢/a ratio, and the
unit cell volume. However, the deviation from linearity was more
evident (cf. R* values Table S10) possibly due to some
heterogeneities because the quantitative phase analysis
(QPA), given in Table S, showed that the second crystalline
phase, solid solutions of Zr,_ HfO,, exhibited different
amounts, which did not correlate with the increase of the
hafnium content. Such irregularities independent of the Zr/Hf
ratio were also observed in the thermograms and DSC analysis
of these samples (Figure 11).

All investigated samples of the solid solution series featured a
comparable thermal behavior; however, dependence on the
hafnium content could not be observed. With respect to the
hydrothermally synthesized samples, the four parameters g, c, ¢/
a, and unit cell volume showed a clear dependence on the
incorporated hafnium (cf. Figure 5 blue lines and symbols). The
¢ parameter and especially the c/a ratio exhibited exceptional
behavior: The ¢ parameter of the hydrothermal synthesis
featured the steepest decline of the linear fit with the increase of
the hafnium amount compared to the single crystal and
hydrothermally synthesized samples, measured (i.e., heat-
treated) by TG. This result impacts the slope of the fit for the
¢/a ratio, which was exclusively negative whereas all other XRD
analyses featured a positive slope. The c/a ratio became larger
with the hafnium amount and the unit cell elongated relatively in
the ¢ axis direction, also in good accordance with the literature
findings. Ramakrishnan et al.>* and Cota et al.>” observed this
behavior for their investigated zircon-hafnon solid solution
series, which were also synthesized at very high temperatures
(Ramakrishnan: 1450 °C, Cota: 1550 °C (Table S9, Figure Sc)
demonstrating that with an increase of temperature structural
processes occurred that lead to a twist of the slope of the ¢/a
ratio.

In comparison with the previous HfSiO, study,’> many
similarities considering peak broadening, lattice parameters
could be observed, although different precursors were applied
for synthesis. The unusual behavior of the c¢/a ratio, which was
observed for the hydrothermal zircon-hafnon series, could be
anticipated in the study of ref 52 as well (cf. Table S9, Tables
1—4, and Figure S). The c/a ratio of hafnon synthesized at 150
and 200 °C, respectively, equals or was even smaller than 0.9
whereas the TG sample (1000 °C) featured a value of 0.90825—
so within 1%.

Furthermore, the study showed small CS for the low-
temperature hydrothermal synthesis, in part determined by
the dependence of the Miller indices. The derived CS values
were comparable with the results of this study. However, the
CS,,0 was approximately 6 times larger. R-values of the Rietveld
refinement considering diffractograms with anisotropic peak
broadening were not reported. Estevenon et al.”” also observed a
maximum of lattice constants for hafnon with anisotropic peak
broadening. Furthermore, the thermal behavior showed a similar
weight loss of approximately 6 to 12.5 wt % depending on the
synthesis temperature. These values are in good agreement with
the study here, which featured approximately 10.1 wt % weight
loss at 1000 °C for hafnon (cf. Figure 11a). The complete solid
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Figure 13. Dependence of the Si—O distance from the composition of the zircon hafnon solid solution and y/z atomic positions.

solutions weight loss ranged from 8.4 to 11.5 wt %. The 0:1
sample (HfSiO,) which was subjected to TG also had c¢/a ratios
which were typical for hafnon. Furthermore, ¢/a ratios of the
hydrothermal synthesis, i.e. for lower temperatures were also in
good agreement with this study (cf. Supporting Information:
Table S9). However, contrary to our study Estevenon et al.””
focused on the hydrothermal synthesis of pure hafnon and was
successful by applying a multiparametric approach considering
the concentration of precursors, pH, and temperature. Our
study focused on the synthesis of the ZHSS by a TEOS-based
approach, without primarily considering parameters such as pH,
concentration of precursors, and temperature. Hence, IR, XRD
of TG samples, and MS revealed the presence of byproducts.
At present, one could only speculate to which extent these
processes depend on the loss of OH-groups in
Zr,_Hf(Si0,),_,(OH),, and/or on crystal growth, which
could have an impact on the real structure as well. The presence
of such hydroxyl groups could not be ruled out because the unit
cell volume (cf. Figure 5d) for hydrothermal synthesis is larger
than those determined for samples synthesized at high
temperatures or had experienced a massive heat treatment
(e.g, TG analysis). An analogue behavior could be observed for
garnets. The lattice parameters of grossular Ca;AL(SiO,); (a =
11.872(1) A, cf. ref 71) and katoite Ca;AL((OH),); (a =
12.565(3) A, cf. ref 72) are different with the parameter for
katoite greater than that for grossular. Yet, in a study by Caruba
et al.” in which zircon was also hydrothermally synthesized by
additional usage of fluorine, it was pointed out that lattice
parameters became smaller due to the fluorine which will also
replace with OH™ the SiO, tetrahedron in
Zrl_fox(SiO4)1_y(OH/ F) 4 Here, the hydrothermal zircon-
hafnon series was synthesized without fluorine so the structural
situation could be different. According to Julg and Ozias,”* a
replacement of the SiO, entity with 4 OH™ anions in zircon is
also possible due to crystal field stabilization. Lei et al.** used
TEOS and NaF as mineralizers for the hydrothermal synthesis of
zircon. They explained the peak shifts in comparison with
“normal zircon” due to the impact of OH™ and F™ ions. The role
of organic residues of the TEOS precursor was not discussed.
According to TG and XRD analysis of Estevenon et al,>? the

shrinkage of the lattice parameters could be observed due to the
release of water being present in the hafnon lattice.

A further issue of the XRD analysis was the determination of
the atomic position for y and z coordinates for oxygen in the
Zr,_Hf SiO, solid solutions. Kolesov et al.”” also analyzed
synthetic zircon and very good agreement has been achieved - y
=0.06594 and z = 0.19543. To our best knowledge currently no
structural data for the intermediate solid solutions were
investigated and reported to the structural ICSD database.
Consequently, the authors suggest the atomic coordinates which
were determined via single crystal analysis (cf. Table 1). These y-
z atomic positions («x and y axes) are shown in Figure 13 with the
dependence of Si—O distance (z-axis) in the SiO, tetrahedron.

Lattice constants were determined by Rietveld refinements of
the crushed single crystals of the zircon—hafnon solid solution
series because the crushed single crystal analysis overcomes the
inherent problem of zoning effects in the solid solutions. Using
the atomic positions obtained by SHELXL and the lattice
constants obtained by Rietveld refinements for the calculation of
the Si—O distance leads to unique solutions in the 3D
coordinate system for y, z, and Si—O distance, as shown in
Figure 13.

The blue spheres in Figure 13 indicate the measured data of
the ZHSS. With the increase of the hafnium amount, the Si—O
distance decreases; however, the 3:1 composition could be an
outlier.

Due to the observed linear dependences of spectroscopic data
on the increase of the hafnium content (cf. Figures 8/10), a
downward path (interconnected big blue spheres) featuring a
small inclination with respect to the z-axis (decrease of the Si—O
bond length) can be taken.

Figure 13 features also data for zircon (ref 29 — green
symbols) and hafnon (ref 39 — brown symbols, ref 38 — gray
symbols). Each data set was plotted with reference to the lattice
parameters of the single crystal (incl. crushed samples— lower
and upper cube symbols) study and the original study (sphere
symbols). Good accordance was achieved for the data of
Kolesov (zircon), and Speer (hafnon). However, the respective
data of Fuhrmann (hafnon) feature more distant values
considering Si—O-distance and z-coordinate.

https://doi.org/10.1021/acsomega.3c06960
ACS Omega 2024, 9, 15781-15803


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06960/suppl_file/ao3c06960_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06960?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

e (‘ y-z Path Hafnon-Thorite
| (Speer-Ewing)
| @ Hafnon (Speer/Fuhrmann)
| ZHSS (Neumann et al.)
| Zircon (Kolesov)
| —9— Zircon,, (Hazen)
CeSiO, yr, (Strzelecki)
@ CeSiO, () (Strzelecki)
after heat treatment
A USiO, ) (Strzelecki)
before/after heat treatment
@ Coffinite (Fuchs/Bauer/
Guo/Marcial)
B Thorite (Ewing/Mesbah/
25 Guo/Marcial)

Figure 14. Selected reference data of y/z atomic positions of isostructural orthosilicates, hafnon, zircon, stetindite, coffinite, and thorite, dependent on
the ¢/a ratio. Numbers above the zircon series by Hazen® indicate the increase from ambient to high pressures (p,,,.x = 48.1 kbar). Numbers above

orange spheres of the stetindite (CeSiO,) series by Strzelecki”® indicate the increase from ambient to high temperatures (T q

= 865 °C); big red

sphere indicates stetindite after the heat treatment at room temperature. Green tetrahedra indicate coffinite before (1) and after (2) heat treatment by
Strzelecki’; for details in Figure 14 cf. Supporting Information file: S_Fig_14.opju.

Speer and Cooper®® discussed a linear correlation between
the increase of y and z coordinates and lattice parameters of
isostructural orthosilicates like zircon and thorite. Hence, the y
and z values as shown in Figure 14 increase in the following
order: Hafnon—zircon—thorite. For completeness, additional
selected references of stetindite (cf., ref 75 coffinite, and thorite
(cf. refs 76—79) were also plotted and basically follow this
idealized linear trend (gray line as a guide to the eye) and exhibit
deviations from this path from hafnon to thorite (ThSiO,)
synthesized by Taylor and Ewing®’. Consequently, the approach
of Speer and Cooper’® is not suitable to classify these
isostructural orthosilicates. Recent research considers thermo-
dynamics, i.e. AHq, in dependence of ionic radii,*' because
some orthosilicates are metastable and not easy to synthesize in
contrast to hafnon, zircon, and thorite and need for purification a
post treatment.””

Consequently, the preparation and analyses of more
intermediate compositions for single crystals, e.g., 7:1, 5:3, 3:5,
1:7, could help sharpen the resolution of atomic coordinates for
the ZHSS.

4.3. Spectroscopy: Raman, IR, and pXRF. Due to the
good quality of samples, achieved via the flux growth (cf. Figure
S13), single crystals were selected and measured with Raman
spectroscopy. Furthermore, this analysis was complemented by
UXRF because both methods are primarily sensitive surface
probes. Fitting procedures, which consider the surface
composition of these single crystals as well (red lines and
symbols in Figure 8), were compared to the linear fits, which
consider the composition of the solid solutions and reflect the
ZrO,/HfO, ratio based on the weighted amounts (black lines
and symbols). This bivalent method was applied for 10 out of 12
modes, which had been observed. Hence, Eg(H) and Blg(H)
were not considered, because these bands were only observed
for the end-members of the zircon-hafnon series (cf. Figure
8a,b). Furthermore, the number of measurements (one on the
zircon crystal, three on the hafnon crystal) was significantly less
for the end-members than for the mixed compositions 3:1, 1:1,

and 1:3. For these latter compositions two crystals were chosen
and each measured five times. Figure 8 shows also the
differentiation for the two 1:1 crystals (S1: blue symbols, S2:
green symbols), because the yXRF analysis of these two samples
revealed huge differences for the same nominal 1:1 composition
(S1 = 0.396, S2 = 0.565). Similar observations were also
reported in a previous study.”® Furthermore, this #XRF finding
could hence explain the differences in the spectra of the two
analyzed crystals (cf. Figure S13c_1/2) with the same nominal
1:1 ratio; two broad bands at approximately 201 and 216 cm ™
merge into one band at approximately 213 cm™" (cf. Figure 7a)
with the increase of hafnium. Yet, such an evident deviation was
not observed for the pair of crystals of the mixed compositions
3:1 and 1:3 (cf. Supporting Information Tables S2, S3, S6, S7).
The linear fitting procedure showed by evaluation of the R*
values (cf. Supporting Information: Raman — Linear Mode Fit)
that six (By(1), A14(2), Biy(14), E,(13), Aj4(v1), and By, (¢3))
out of ten fits resulted in higher R? values for the #XRF samples.
Four R? values (E(II1), B, (12), Ey(1), and E (14)) favored the
weighted Zr/Hf ratio. However, considering the yXRF findings
of the nominal 1:1 composition (cf. blue and green symbols in
Figure 9), the Zr/Hf ratio determined by uXRF should be
considered as more reliable. Therefore, these results support the
nonequilibrated growth of this solid solution series.

In comparison, the observed modes in this study were in
accordance with experimental Raman data of previous studies.
Nicola and Rutt® investigated the end-members zircon and
hafnon. The zircon data were consistent, however, E,(¢4) and
Blg(l/4) were not observed in a previous study.” Vice versa, the
B,,(12) was not observed in the present study. For hafnon,
B,,(12) was observed in this study but not in the study of Nicola
and Rutt.>> Such was also true for E,(13), E(1v4), and B, (v4)
that were not observed in both studies. The hafnon modes,
which were observed in both studies, showed slightly increased
deviations of approximately 1—2 cm™". In a more recent study by
Griineberger et al.,*® experimental Raman data of the zircon-
hafnon solid solution series were reported. They synthesized and
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analyzed 7 compositions for the ZHSS whereas in this study S
mixtures were probed. Good accordance wit_h the observed
modes in comparison with Griineberger et al.”® was obtained.
B,,(12) was not observed and both studies did not show the
presence of the E,(v3) mode. In this study, three modes
between ~147— 166 cm™' were observed for hafnon. At
approximately 156 cm™!, the observed mode was very strong
and at the left and right peak bases, the presence of further
modes could not be ruled out, With respect to the E,(II), B;4(II),
and E,(IIT) hafnon modes,”® suggested - based on theoretical
calculatlons a rev151on of the E (II) mode for hafnon, re;)orted
by Nicola and Rutt’” and Hoskm and Rodgers.”” The
assignment of these three modes for the end-member hafnon
is ambiguous because Syme et al.’® who investigated the Raman
spectra of zircon and thorite (ThSiO,), argued for a different
assignment of the E,(II), By,(II), and E,(III) modes of the
hafnon end member We followed the a551gnment suggested by
Syme et al.*

With respect to the intermediate compositions of this study
and that of Griineberger et al.”® study, both studies experienced
the same challenges in observing distinct modes, which
exhibited a clear dependence on the hafnium content based
on the Eg(II), Blg(H), and Eg(III) mode shifts from zircon to
hafnon as shown for the two samples, that feature the 1:1
composition (cf. Figures 6 and 7a). Figures 6 and 7a, the
intermediate ROI for the mixed compositions 3:1, 1:1, and 1:3 is
very broad, i.e. “more-hump” like modes could be observed. To
establish a sound fit of the full spectra, additional supporting
modes (SM) were introduced for the fit of these broad bands (cf.
Table 6). However, these broad bands were not assigned to any
of the Eg(H), Blg(II), and Eg(III) modes. At the current state of
knowledge such assignments are still a guess and more
supporting data are lacking to explain the observed phenomena.
Further hafnon modes observed by™® were in excellent
accordance with the observations of this study (cf. Table 6).
However, the E,(v4) and B,(v4) bands were not observed in
their study. The dependences on the hafnium amount in solid
solutions feature the same trends as reported in Griineberger et

al.>® and hence confirm and consolidate the findings.

The IR characterization of the zircon—hafnon solution series
revealed some significant differences between the hydro-
thermally synthesized and flux-grown reaction products. Both
series feature modes, at approximately 3430 and 1640 cm™
which could be ascribed to the presence of water. For the flux-
grown samples, these observed modes could also be ascribed to
water, present in the KBr matrix, used for the IR pellets (cf.
Supporting Information Figure S14). However, these modes
were much larger in terms of transmission for the hydrothermal
series (cf. Figure 9). Several reasons are possible for this
observation. The presence of water, which could be absorbed
and/or incorporated in the structure, and due to the nanosized
dimensions of crystallites, there is a much more specific surface
area on which water molecules could be adsorbed. In addition, it
is likely that the hydrothermal reaction products also feature
organic residues or organic reaction products of the starting
materials, which could exhibit functional OH groups. Modes at
approximately 1395 and 1335 cm™" could be ascribed to organic
molecules, which feature such properties according to the EPA
NIST database. Furthermore, a clear specific hafnium depend-
ence of the wavenumbers of these ROIs was not obvious (cf.
Tables S24—S28). However, at the current state of knowledge,
an exact composition of these assumed organic remnants could
not be given, because the database is also limited and does not

feature metal—organic compounds, which could have been
formed as well. The mode at approximately 1075 cm™" (cf. Table
8) belongs most likely to Si—O—Si vibrations of silicious
precursors, which exhibited an impact on the hafnium content
because these modes were not present in comparison with IR
spectra of the flux-grown series (cf. Figure 9). The same is also
valid for the ROI at approximately 743 cm™' which could be
attributed to vibrations of the monoclinic Zr,_ Hf O, solid
solutions (cf. refs 69,15). Pitcher et al.”’ showed that monoclinic
ZrO, could be stable alongside tetragonal ZrO, at low
temperatures. Consequently, it is highly likely that the SiO,
and Zr,_,/Hf,O, react to Zr,_,/Hf . SiO, upon heating because
these modes were not observed for the flux-grown solid solution
series. However, the modes at approximately 900 cm ™" (internal
stretching mode) and 635 cm™ (internal bending mode) seem
to have analogue modes for the flux-grown samples at
approximately 900 and 615 cm™" (cf. Figure 10a,b). All these
observed modes increase with the increase of the hafnium
content. The differences between these two synthesis routes are
an approximately twice broader range for the shift to higher
wavenumbers for the hydrothermal samples (A ~ 23 cm™)
compared to the crushed single crystals (A ~ 11 cm™).
Furthermore, the lower wavenumber of the hydrothermal
synthesis became even larger than the wavenumbers for the
crushed single crystals of the solid solution series with an
increase in the hafnium content. The linear fits of the
hydrothermal and flux-grown solid solutions visually intersect
at approximately x(Hf) = 0.55 at a wavenumber of
approximately 898 cm™ (cf. Figure 10a). This observation
could not be explained by comparing the Si—O distance of the
SiO, tetrahedron (cf. Figure S10a), because this parameter
always displayed larger values for the hydrothermal solid
solutions. However, the determined interatomic distances
between Zr/Hf—O (edge sharing Oxygen), Zr/Hf-Si (cf.
Figure S10), and the c parameter (cf. Figure Sb, Tables 2/3)
exhibited an analogous, but inverted behavior compared to the
development of wavenumbers of hydrothermal and flux grown
series of this solid solution series, i.e. the slope depending on the
hafnium content inclined steeper for the hydrothermal samples
(cf. Figure S10). Consequently, with increasing hafnium content
the observed behavior of wavenumbers depended on the
different development of Zr/Hf-Si/O bond lengths for the
hydrothermal and the crushed single crystal solid solutions,
respectively. However, this interpretation of the Zr/Hf- and Si—
O bond length is based on the atomic positions of the single
crystal refinements. Attempts to refine these positions for the
hydrothermal syntheses did not exhibit plausible results, i.e. Si—
O distances were too short (~1.55 A) and systematic
dependencies of the hafnium content were barely evident.
One possible explanation is the content of amorphous fractions
which could have an impact on the intensities of broad peaks of
the hydrothermally synthesized solid solutions and so impose
some limitations on the refinement of y and z coordinates of
samples featuring a distinct anisotropic peak broadening.

The internal bending modes, which cover a comparable range
of approximately 6—8 cm™, were shifted by approximately 22
cm™ to higher wavenumbers for the hydrothermal solid
solutions (Hydrothermal range: ~632 to 639 cm™", flux grown
range: ~610to 617 cm™"). Estevenon et al.” synthesized hafnon
at low temperatures and observed a shift to 627 cm™ for this
mode. Caruba et al.”* who investigated synthetic hydrothermal
zircon reported a similar shift from 615 to 635 cm™ and
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explained this shift by the replacement of the SiO, tetrahedron
with (OH/F)~, which has a different atomic weight.

The mode at approximately 433 cm ™' represents the internal
bending mode (¢4 E,) and was slightly shifted toward higher
wavenumbers at approximately 434 cm ™" with an increase in the
hafnium content in the flux-grown series. Woodhead et al.''
assigned this mode as the external rotational vibration of the
SiO,” tetrahedron. For the hydrothermal series, this mode
seemed to shift to higher wavenumbers at approximately 446
cm™ L. However, this ROI could not be evaluated tully for the
hydrothermal series. Only four modes (7:1, 3:5, 1:7, 0:1—
ranging approximately from 446 to 450 cm™') could be
evaluated (cf. Table 8, Figure 9) and showed the same tendency
as the flux-grown series, i.e., the wavenumbers with the
increasing hafnium content. However, the range of the
hydrothermal series seemed to be approximately 4 times larger
for the internal bending mode (v4 E,) irrespective of the
uncertainties.

For the flux-grown series, an analogous behavior was seen for
the internal stretching mode at 970 cm™!, which increased to
approximately 984 cm™' with an increase in the hafnium
content. However, the modes observed at 451 cm™ behaved in
the opposite manner, ie. the wavenumber decreased to
approximately 443 cm™' and was dampened significantly with
the increase of hafnium (178.5 g/mol), which exhibits nearly
twice the atomic mass of zirconium (91.2 g/mol). The Zr/Hf—
O bond length decreases also with Hf content (cf. Table 1,
Figure S15). Consequently, this shift is due to other external
vibrational effects, which have still to be evaluated. For the
zircon end-member, Woodhead assigned this mode also as
internal bending mode (v4 E,). We did not adopt the
assignments for these modes proposed by Woodhead et al.'!
Tartaj et al.*® who investigated ZrSiO, spherical particles,
produced by hydrolysis of aerosols from mixtures of TEOS and
Zr-n-propoxide observed a mode close to our observations at
455 cm™ and attributed it to Zr—O vibrations.

Furthermore, the characteristic of this mode changed from a
minimum to a shoulder with an increase of the hafnium amount.
The IR spectra also featured two further modes, which increased
with the hafnium content. However, the weak minimum at
approximately 1800 cm™ was only observed in this study (cf.
Table 7) and was not reported elsewhere. Modes ranging from
approximately 1790 to 1810 cm™" could represent overtones of
the internal stretching modes observed at approximately 900
cm™! because the range of modes depending on the hafnium
content has also been doubled from 10 cm™ to approximately
20 cm™'. Furthermore, the intensity of this mode's ROI
weakened with an increase in the hafnium content.

4.4. Simultaneous TG/DSC/MS. Thermogravimetric anal-
ysis, combined with simultaneous DSC (cf. Figure 11) and MS
(cf. Figure 12), showed that the selected compositions of
hydrothermally synthesized samples of the zircon—hafnon solid
solutions series exhibited more or less a similar behavior upon
heating to 1250 °C. However, irrespective of the method a
distinct trend depending on the hafnium content was not
observed. Considering the loss of weight, three steps, from
ambient to approximately 275 °C, from approximately 275 to
600 °C, and from 600 to 1250 °C, were observed for all samples.
The first step could be attributed to the loss of water, which
could be adsorbed on the surface. Furthermore, this process
could also be accompanied in part by the loss of organic matter.
However, according to the ion currents, organic compounds
seemed to be released at higher temperatures.

For all samples, the weight loss of this type of water was about
2 to 3%. However, Figure 12c) shows the mass spectra for H,O,
with a second very broad peak from approximately 300 to 700
°C, with a maximum at approximately 500 °C. In this ROI a
further release of water was observed ascribed to the
decomposition of organic compounds. Furthermore, upon
heating and crystallite growth hydroxyl groups began to leave
Zx(Si0,),_,(OH),,, because zircon can contain water (cf. e.g,,
refs 83—85). This process may have not come to an end at 1250
°C, because the weight loss graphs were still slightly declining
(cf. Figure 12a). Hence, higher-end temperatures and reduced
heating and cooling rates for combined TG/DSC/MS analysis
could help explore in-depth the role of structural water in
hydrothermally synthesized zircon. In-situ HT-XRD is also a
useful and promising tool to explore the thermal properties of
such silicates, e.g., stetindite CeSiO, and coffinite USiO, (cf.
Strzelecki et al.””), belonging to the same space group (I4,amd)
as zircon and hafnon.

For the respective IR spectra shown in Figure 9, modes at
approximately 1400 and 1335 cm™" support the assumption for
the presence of organic residues. Tartaj et al,** who also used
TEOS, observed residual organic matter. By comparing the TG
analysis with the DSC (cf. Figure 11) most of the heat flux was
detected in a range from approximately 500 to 1000 °C, i.e. in
this range the loss of weight was nearly complete. Consequently,
exothermic reactions occurred, which could be ascribed to
reactions between unreacted SiO, and Zr,_ Hf,O, compounds
to form Zr,_ HfSiO,. At temperatures beyond 1000 °C a
tendency for more exothermic heat release was observed (cf.
Figure 11b), ascribed to crystal growth, because the peak shapes
in the respective diffractograms featured increased sharpness (cf.
Figures 3 and 4), ie., 001 crystallite sizes increased (cf.
Supporting Information: Table S11).

5. CONCLUSIONS

In this study, the zircon-hafnon solids solution series has been
synthesized via two approaches. The first route was established
successfully via the flux growth of single crystals at high
temperatures starting at 1400 °C, the second route constitutes a
hydrothermal TEOS-based route at 200 °C. Although not
showing visually any byproducts in the diffractograms of the
low-temperature route, the hydrothermal reaction products
exhibited the presence of organic residues and other amorphous
phases. The presence of carbon compounds was clearly
evidenced by the application of a combined TG/DSC/MS
investigation. Amorphous siliceous compounds in addition to
amorphous Zr/Hf oxides were also present, as was shown by
evaluation of the XRD diffractograms and IR spectra.
Consequently, the introduction of peak phases (representing
amorphous phases) was beneficiary for the Rietveld refinements,
which revealed more clearly the dependence of the structural
properties for the hydrothermal synthesis on the hafnium
content. The impact of the organic residues of the observed shift
of the lattice parameters has to be addressed in future studies
because according to Lei et al.** who also used TEOS concluded
that their shifts of the lattice parameters are due OH™ and F~
ions.

Morphological investigations showed that the single crystals
of the flux method were idiomorphic, whereas the hydrothermal
reaction products did not reveal any typical crystallographic
features. Reaction products of both approaches showed a
hundred percent miscibility as was demonstrated by XRD
analysis. However, depending on the synthesis method
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structural differences were apparent by investigating the c/a
ratio, which decreased for the hydrothermal route and increased
for the flux-grown series with an increase of the hafnium amount.
The result is consistent with other studies that investigated the
solid solution series obtained via high-temperature routes. The
synthesis by a TEOS-based hydrothermal route resulted in
ZHSS, however experimental parameters as reported by
Estevenon et al.”” should be optimized to get rid of byproducts
that could have effects of data evaluation.

IR spectroscopy complemented both approaches of synthesis
and revealed differences, which could be related to the chosen
route for synthesis. The internal bending modes were shifted to
higher wavenumbers for the hydrothermal reaction products
and the internal stretching modes covered a broader range of
wavenumbers. For the stretching modes, IR and XRD
evaluations of the hydrothermal and flux-grown series showed
that phenomena of the short-range order were related to the
development of interatomic distances. However, such refers to
the atomic coordinates of oxygen which were determined by
single crystal analysis. Attempts to refine the y and z coordinates
for the hydrothermal series resulted in less consistent data. This
observation could be due to additional amorphous phase
content, which belongs to other phases than to the ZHSS. This
could also have an impact on the intensity of the very broad
reflections for the anisotropic peak broadening.

For the IR spectroscopy of the crushed single crystals,
obtained via flux growth, the results were consistent with
literature findings, yet weak overtones of internal stretching
modes were also observed in this study. Raman spectroscopy,
which was carried out only for single crystals, also confirmed the
results of other studies, that had investigated the solid solution
series including the uncertainties related to the Eg(II) , Blg(H) §
and Eg(III) modes of mixed compositions and the hafnon end-
member. Therefore, additional in-depth studies are still
necessary to investigate the Raman spectra in this ROL
Furthermore, the investigated single crystals could possibly
feature zoning, which has been assumed based on additional
uXRF measurements, that complemented the Raman inves-
tigations. This zoning was also apparent from additional PXRD
analysis of the crushed single crystals because the scatter of the
lattice parameters of the ZHSS of single crystals was significantly
reduced and revealed the dependences on hafnium content
more precisely. For the thermal analysis of the hydrothermally
obtained reaction products of the solid solution series no
dependence on the hafnium content was apparent, however, the
simultaneous recording of mass spectra, complementing the
TG/DSC analysis, confirmed the presence of organic matter.

To sum up, for the development of pure Zr,_ HfSiO,
compounds for specific applications, the TEOS based approach
still has potential for optimization.
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and O (SiO, tetrahedron), Zr,_Hf, and O, connecting
the tetrahedra via common edges in the c-direction, and
Zr,_ Hf, and O, connecting the tetrahedra via bridging O
with Zr,_ Hf, (ab-plane) (d) Interatomic distance
between Zr,_,Hf, and Si; lattice constants—literature
comparison zircon, hafnon listed in the ICSD database
2018/2 (cf. (Zagorac et al,”")) for zircon and hafnon;
images of zircon-hafnon solid solution single crystals
mounted on capillaries used for single crystal analysis—
grid distance equals 100 ym; R? values for g, ¢, ¢/a, and
unit cell volume for Single Crystal XRD, crushed single
PXRD, hydrothermal synthesis, and TG based on the
linear fit in Figure 7; crystallite size of crushed single
crystals of the zircon-hafnon solid solutions dependence
on the Miller indices; crystallite size of hydrothermal
synthesis zircon-hafnon solid solutions (HT) dependence
on the Miller indices — Part 1 (Zr/Hf: 1:0—1:1);
crystallite size of hydrothermal synthesis zircon-hafnon
solid solutions (HT) dependence on the Miller indices —
Part 2 (Zr/Hf: 3:5—0:1); crystallite size of zircon—hafnon
solid solutions of hydrothermal synthesis being subjected
to TG analysis (1250 °C) dependence on the Miller
indices; negative deviation of the lattice constants from
linear behavior of the crushed single crystals, (a) a
parameter, (b) Unit cell volume UC, (c) ¢ parameter with
data points for x(Hf) considered for fitting, (d) ¢
parameter without x(Hf) = 0.75, i.e., 1:3; Raman: images
of zircon-hafnon solid solution single crystals glued on
sample holders used for Raman and yXRF analyses; fitted
results for the observed Raman modes of the single
crystals (cf. Figure 2) of the zircon-hafnon solid solution
series; linear mode fit in dependence on x(Hf); IR/
Raman: comparison of blank KBr matrix (black) and KBr
matrix with zircon (red: crushed single crystal); wave-
number dependencies of IR and Raman modes on Si—O
and ZrHf—-O bond length; and IR modes of H,0 and
organic residues (PDF)

CIF files of the single crystal analyses of the ZHSS (ZIP)
Origin File of Figure 1414 (S_Fig 14.opju) (ZIP)
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