N
N

N

HAL

open science

Towards new zero-thermal-expansion materials: Li-free

quartz solid solutions stuffed with transition metal

cations

Haytem Bazzaoui, Cecile Genevois, Emmanuel Véron, Michael J Pitcher,
Mathieu Allix, Alessio Zandona

» To cite this version:

Haytem Bazzaoui, Cecile Genevois, Emmanuel Véron, Michael J Pitcher, Mathieu Allix, et al..
Li-free quartz solid solutions stuffed with tran-
sition metal cations. Journal of the European Ceramic Society, 2023, 43 (4), pp.1639-1648.

Towards new zero-thermal-expansion materials:

10.1016/j.jeurceramsoc.2022.11.035 . hal-03841367

HAL Id: hal-03841367
https://hal.science/hal-03841367

Submitted on 7 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03841367
https://hal.archives-ouvertes.fr
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Abstract

Stuffed aluminosilicate quartz solid solutions (Qss) represent the main functional component of state-of-
the-art zero-thermal-expansion glass-ceramics. For the first time, we present the synthesis of Li-, Mg- and
Zn-free Qss solely stuffed with transition metal cations (Fe*", Ni**, Co*); partial Li* co-doping enables
also significant Mn®* incorporation. They were obtained by glass powder crystallization; Qss crystals
exhibit compositionally tunable coefficients of thermal expansion (CTEs), from -2x10° K™ to ~10x10"
®Kin the range 30-300 °C. Co**-bearing crystals exhibit the closest-to-zero CTE value (0.2x10° K™)
and the most isotropic behavior in the whole Qss family, opening up new perspectives for the
development of Li-free low-expansion materials. From a structural point of view, we identified the unit
cell volume (and not the pseudo-hexagonality of the aluminosilicate framework) as the key structural
parameter leading to low or negative CTEs in Qss, with a linear correlation extending to non-stuffed non-

silicate quartz-like phases.

Keywords: stuffed quartz solid solutions; zero thermal expansion; aerodynamic levitation; transition

metal cations; glass crystallization.
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1.Introduction

Low quartz (or a-quartz, SiO,) represents the most common crystalline component of Earth’s
continental crust. Its structure (enantiomorphic space groups: P3;21 or P3,21) consists of interconnected
helical chains of SiO, tetrahedra (Fig. S1 of the Supplementary Materials), defining continuous trigonal
channels running along the c-axis [1]. This framework transforms reversibly upon heating above 573 °C,
assuming hexagonal symmetry (high or B-quartz, enantiomorphic space groups: P6,22 or P6,22).
Notably, the same temperature marks a striking transition from positive to almost null thermal expansion,

as reported by Le Chéatelier at the end of the XIX century [2].



Although its piezoelectric properties have been essential for metrology and telecommunications
since the 1930s [3], the technological interest of quartz boomed by the 1960s, due to: (i) the discovery of
the negative thermal expansion behavior [4] of B-eucryptite (LiAISiO,); (ii) the identification of this
phase as a stuffed derivative [5] of the high quartz structure [6], in which AI** isomorphously substitutes
Si**, enabling the incorporation of Li* at otherwise vacant channel sites; (iii) the serendipitous invention
of glass-ceramics [7], in which stuffed quartz solid solutions [8,9] (Qss) with generalized formula
M,ALSi; O, (M = Li, Mgos and Zn,s) are easily synthesized by controlled glass crystallization [10]. This
combination rapidly led to the development of zero-thermal-expansion glass-ceramic materials, which are
still today essential for applications spanning from transparent fire-viewing windows to telescope mirror
substrates [11,12]. Between 0 °C and 50 °C, commercially available materials based on Qss such as
Zerodur® can achieve a coefficient of thermal expansion (CTE) as low as (0 + 0.007) x 10° K™, with
spatial variations that are less than 0.005 x 10° K™ over the whole volume of a telescope mirror blank
with a diameter of 4 meters [13,14]. Indeed, the thermal expansion of Qss can be finely tuned, taking
advantage of their variable Al/Si ratio and of the full solid solution [8,9,15,16] existing between: (i) Mg-
bearing Qss, exhibiting trigonal symmetry and positive thermal expansion [17-21]; (ii) Li- and Zn-
bearing Qss, which were reported to be fully hexagonal (at a sufficiently high level of chemical stuffing)
and to contract upon heating [8,12,22-27].

Qss additionally allow for a wide range of substitutions at their tetrahedral framework sites, also
in absence of channel stuffing: quartz-like BeF,, PON, GeO,, BPO,, AIPO,, FePO,, GaPO,, BAsO,,
AlAsO, and GaAsO, (referred to as “non-stuffed” in the following) were described in the past [28-34],
although only P** incorporation has found application in glass-ceramics [9,11,12,35]. Moreover, the
available literature hints at an even wider range of compositional variability for Qss than systematically
investigated so far. Although precise structural characterization is lacking, previous authors inferred the
fortuitous formation of SiO,-rich Qss stuffed to a limited extent with Fe** and Cu®* ions during the
reaction between metal oxides and kaolinite [17,36-38]; concurrently, minor accommodation (at doping
levels) of Mn?*, Co?* and Ni?** has been inferred spectroscopically in lithium aluminosilicate Qss crystals
formed in glass-ceramics [9,39,40]. We similarly assumed partial incorporation of Ti*" in the tetrahedral
sites of Li-bearing Qss (Al/Si ratio equal to 1) after devitrification [41]. Finally, Qss with formulas
HAISi,Og, NagsHosAISi>Og and Alg27Al g2Si,.1806 Were obtained by ion exchange and leaching [25,42].

In this study, we demonstrate the first deliberate synthesis of aluminosilicate Qss solely stuffed
with Co®, Ni** and Fe*"; we additionally explored simultaneous stuffing with two transition metals (i.e.
Co?" and Ni®*) and exploited Li* co-doping to introduce also Mn?* in the Qss structure. We obtained such
crystalline phases through controlled crystallization of aluminosilicate glasses containing high amounts of

transition metal oxides, produced by aerodynamic levitation coupled to laser heating (ADL). The



crystallographic characterization of these phases and the elucidation of their thermal expansion behavior
enabled us to develop an unprecedentedly complete description of structure-property relationships in this
class of materials. As for Co-bearing Qss in particular, their CTE was found to be the closest to zero and
the most isotropic in the system, opening up alternative scenarios for the sustainable production of Li-free
low-expansion materials in a global economic system that features increasing pressure on lithium

resources for battery production [43].

2. Experimental
2.1 Glass synthesis and crystallization

The main target stoichiometry was MO/M,0 - Al,O3 - 2.5Si0; (Mg.44Alp.44Si05602, with M = Li,
Mdos, Zngs, Cogs, Nigs, Mngs or Fegs) corresponding to the mineral cordierite (Mg,Al;SisOg) and
therefore slightly SiO,-richer than the Li-bearing endmember B-eucryptite (LigsAlgsSiosO2). These
samples are recalled as MQss in the following (e.g. CoQss for the Co-bearing sample). To explore the
mutual solid solution between different stuffing cations, also a sample corresponding to a 1:1 mixture of
CoQss and NiQss was produced (CogsNigsQss). In the case of MnLiQss, a molar substitution of 25%
MnO, by Li,O in the starting batch was applied, since the Li-free sample invariably yielded a complex
crystalline mixture, in which Qss (if present at all) only represented a minor phase. To explore the solid
solution extent towards pure SiO,, the composition CoO - Al,O; - 4.6 SiO, (corresponding to 70 mol%
Si0,) was also tested (sample named CoQssSi). All nominal compositions are associated to the respective
label in Table 1.

Laboratory-grade precursors were used for the syntheses: SiO, (99.9%, Chempur), Al,Os;
(99.999%, Strem Chemicals), Li,COs; (99%, Aldrich), MgO (99.5%, Strem Chemicals), ZnO (99.999%,
Strem Chemicals), C0s0, (99.9985%, Alfa Aesar), NiO (99.9%, Aldrich), MnO, (99.9%, Alfa Aesar),
FeO (99.9%, Aldrich). The raw powder materials were dispersed in ethanol, mixed thoroughly in an agate
mortar and pressed into pellets of 1 g. Small chunks (20-40 mg) were then melted using the ADL system
already detailed elsewhere [44], consisting of two CO, lasers (maximum power: 250W) heating the
sample from above and below while it levitates on an Ar gas flow. The laser power was increased until
full melting was achieved, kept for 5 seconds for homogenization and then cut off to quench the melt into
glass beads. The maximum achieved temperatures were approximately 1800-2000 °C as from pyrometer
reading; no evident signs of volatilization (e.g. visible smoke or material deposition on the nozzle walls)
were detected using this procedure.

Crystallization heat treatments were applied to powders obtained after grinding together several
melt-quenched beads in an agate mortar. For most of the samples, annealing was performed in air in a

laboratory furnace at temperatures carefully selected (summary in Tab. 1) by trial and error to



maximize the amount and unit cell volume of Qss (i.e. their degree of structural stuffing) while
minimizing the appearance of secondary phases, also based on previous works on Li- and Mg-bearing
Qss [21,23]. FeQss proved more sensitive to the redox conditions and could therefore only be transformed
into Qss when the heat treatments took place in vacuum: we particularly used an Anton Paar’s
HTK1200N heating chamber attached to a diffractometer to monitor the process, quickly cooling the
sample after the formation of Qss to avoid its decomposition.

We also unsuccessfully explored the possibility of crystallizing Qss stuffed with other transition
metal cations (Cr and Cu): in the case of chromium, the strong liquid immiscibility in the system [45]
prevented the synthesis of a homogeneous aluminosilicate glass even with the addition of some Li,O; as
for copper, our synthesis conditions (even trying with an O, atmosphere) appeared to stabilize Cu” rather
than Cu®* and, after adjusting the stoichiometry, we were only able to obtain keatite solid solutions
(another aluminosilicate stuffed derivative of SiO, [46,47]) as described by previous authors [48].

2.2 Powder diffraction

Laboratory X-ray powder diffraction (PXRD) measurements were performed in Bragg-Brentano
geometry on a D8 Advance Bruker diffractometer (Cu Ka radiation) equipped with a LynxEye XE line
detector. The samples were either dispersed on low-background flat Si holders using an ethanol mull, or
compacted in front-loading Si holders, according to the available amount of powder. To estimate the
amorphous fraction in sample CoQss, a weighed-in CaF, fully crystalline standard was used. Samples
ZnQss, CoQss, NiQss and FeQss were additionally characterized by synchrotron powder diffraction
(SPD) using the mail-in service of the 11BM beamline at the Advanced Photon Source at Argonne
National Laboratory (USA). The powders were loaded into 0.8 mm Kapton capillaries and measured in
the range 0-50° 20 (calibrated wavelength: 0.458162 A) with increments of 0.001° 20. CoQss was
characterized by neutron powder diffraction (NPD) on the instrument MEREDIT at the Nuclear Physics
Institute of the Czech Academy of Sciences (. = 1.46 A, range 4—144° 20, 0.08° increments, total
measuring time ~27 h). For this specific measurement, approximately 4 g of powder were obtained by
crushing numerous amorphous beads synthesized by ADL, subsequently crystallizing them at 850 °C for
45 min.

The thermal expansion of Qss phases contained in the samples was determined by variable
temperature PXRD (VT-PXRD) using an Anton Paar HTK1200N furnace mounted on a D8 Advance
Bruker laboratory diffractometer, acquiring a diffractogram every 50 °C between 30 and 600 °C. Silicon
powder was added to the samples as an internal standard, to correct at each temperature for the height
displacement due to the dilatation of the Al,O; sample holder; pure quartz (99.9% SiO,, Chempur) was

measured in the same way for comparison. Lattice parameters were extracted from PXRD data by Le Bail



refinements, performed with the software HighScore Plus (Panalytical); full structural refinements of SPD
and NPD data were carried out using TOPAS Academic (v.6) [49].

2.3 Transmission electron microscopy (TEM)

Electron energy loss spectroscopy (EELS) measurements were performed on Qss crystallites
from samples CoQss, NiQss, and MnLiQss. A JEOL ARMZ200F cold FEG TEM operating at 80 kV was
used due to the very limited stability of the samples under the electron beam. Small amounts of powder
were ground and suspended in ethanol in an agate mortar; a small droplet of each suspension was then
deposited onto a copper grid layered by a holey amorphous carbon film. After quick exploration in TEM
mode, the samples were characterized in scanning mode (STEM). Energy-dispersive X-ray spectroscopy
(EDX) was used to confirm the composition of the areas to be measured, which invariably matched the
nominal one within uncertainty. Subsequently, we acquired EELS spectra (dispersion: 0.4 eV/channel)
simultaneously at low (zero-loss-peak) and high (the target absorption edge) energy loss, integrating data
over raster maps of several nanometers to minimize the effects of beam damage. The thickness-to-
wavelength ratio during EELS spectra was kept in the range 0.4-0.6 to minimize plural scattering events.
During the processing, EELS spectra were realigned according to the respective zero-loss peak and de-
convoluted to correct plural scattering events using the software DigitalMicrograph GMS 3 (Gatan). They
were then qualitatively compared to the spectra obtained from available laboratory-grade single-valence

simple oxides measured under the same conditions, namely LiCoO,, NiO, MnO and MnO..



3. Results

Table 1. Overview of the synthesized samples, summarizing their nominal compositions, applied heat
treatments, lattice parameters and PXRD-derived CTE values obtained for Qss (space group P3,21) and
the presence of minor secondary phases (identified from PXRD data shown in Fig. 1 and SPD data in Fig.
4). Abbreviations: n.m. for “not measured”, mul for mullite, sp for aluminate spinel, NiO for nickel (1)
oxide, Ni for metallic nickel, mag for magnetite, un for unidentified secondary phase(s), rg for a
substantial fraction of residual glass.

Heat Qss parameters Qss CTE
. . o Secondary
Sample Nominal composition treatment 30-300 °C (10° K
. a(A) c(A) ) phases
(°C, min) )
LiQss Lig.44Alg 44Sig 560, 950, 30 5.2643(2)  5.4776(3) -0.7 -none-
MgQss Mgo.22Alo.44Si 560 950, 240 5.2087(2)  5.3459(3) 3.7 mul, sp
ZnQss ZNg.25Alg 44Sio560, 950, 30 5.27690(3) 5.45340(5) 2.2 mul, sp
CoQss C09.22Alp 44Si 560 850, 30 5.26201(3) 5.41686(5) 0.2 mul, rg
COQSSSi C00.15A|0.305i0.7002 950, 30 5193(2) 5420(3) n.m. mul, rg
C00_5Nio_5QSS C00‘11Nio_11A|0_44Si0_5502 900, 30 52541(5) 53991(8) 19 MUI
NiQss Nig 22Alg.44Si0.560; 900, 30 5.25207(5) 5.37512(8) 2.2 sp, NiO, Ni, rg
FeQss Feo.20Alg.44Sig 5602 775, 15 5.23177(3) 5.37774(5) 3.0 mul, mag, rg
MnLiQss Mng 16Lig.12Al9.44S10 5602 850, 30 5.2511(4)  5.3744(6) 2.4 un

Based on the negligible volume nucleation observed for Li-, Mg- and Zn-bearing Qss in glasses
and melts devoid of nucleating agents [8,50-52], finely ground glass powders (Fig. S2) were subjected to
very short heat treatments to induce instantaneous surface nucleation and growth of Qss phases,
minimizing diffusion and phase separation tendency in the initially homogeneous glasses and avoiding
thermal decomposition of the formed phases. As confirmed by PXRD (Fig. 1), this approach allowed Qss
to be obtained as the main crystalline component in all samples listed in Table 1, despite the pronounced
metastability of these phases. The applied chemical substitutions induced substantial changes in the
relative intensities of their diffraction peaks, evident for example from the (010) and (110) reflections,
respectively at ~19.5° and ~34° 20: while well-visible in LiQss and MgQss, these reflections almost
completely disappeared in the samples stuffed with heavier transition metal cations. The chosen synthesis
route led to a considerable amount of residual vitreous phase, as evidenced by some of the PXRD
measurements shown in Figure 1: an estimation of the amorphous fraction in sample CoQss yielded 64(6)
wt% using a weighed-in CaF, standard, for instance. The most frequent secondary phases (between 2 and
10 wt% of the crystalline fraction, depending on the sample) included mullite and aluminate spinel, as
expectable from the starting compositions and from previous investigations of Mg-bearing Qss [21].
Although a- and/or c-doubling have been reported in the literature for Li- and Mg-bearing Qss and

assigned to AIl/Si ordering in the tetrahedra and non-random distribution of stuffing cations in the



channels [19,53], low-temperature glass crystallization was shown to yield virtually fully disordered
crystals [54]. While PXRD measurements performed on LiQss and MgQss did not allow unambiguous
identification of such structural features, SPD and NPD measurements (presented below) clearly excluded
the occurrence of superstructure peaks in ZnQss, CoQss, NiQss and FeQss. We therefore based our
further analysis uniquely on the substructure common to all Qss (space group P3,21), also to facilitate

their comparison.
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Figure 1. Excerpts of PXRD patterns (y-axis in natural logarithmic scale) collected from quartz solid
solutions (Qss) synthesized within this work. Gray-shaded areas highlight peaks pertaining to Qss phases
(note the systematic shifts produced by stuffing with different cations), which were the main crystalline
component in all samples; otherwise labelled peaks arose from secondary phases: m for mullite, s for

aluminate spinel, NiO for nickel (1) oxide, * for unassigned peaks. K; marks the Cu-Kg line diffracting as
the main peak of Qss.



We performed EELS measurements on Qss crystals contained in samples CoQss, NiQss and
MnLiQss to investigate the oxidation state of the transition metal ions in the phases, although their
instability under the electron beam and their relatively low metal contents led to spectra with poor signal-
to-noise ratios compared to the standards LiCoO,, NiO, MnO and MnO, (Fig. 2). The qualitative
comparison with spectra collected from reference materials strengthened the assumption of a prevalently
reduced state (Co®* and Ni*) in CoQss and NiQss, corresponding to a shift of the Ls/L, edge of the
transition metal to lower energies as compared to higher oxidation states [55-57]. As for the spectrum
obtained from MnLiQss, the average manganese oxidation state was clearly higher than M**, possibly
accounting for the need to co-dope the material with Li* to induce the formation of Qss. The oxygen K-
edge spectra (Fig. S3) were dominated by the interactions with Si** and AI** in the structure: they were
therefore very similar in all three samples and markedly different from that of the reference transition

metal oxides.
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Figure 2. EELS measurements collected at the L,,3-edge of the respective stuffing transition metal cation
in samples: a) CoQss, b) NiQss, ¢) MnLiQss. The spectra have been renormalized and shifted vertically to
facilitate the comparison with the available reference materials (LiCoO,, NiO, MnO, MnO,).

Lattice parameters (Tab. 1) were computed for all Qss, by Le Bail refinements of PXRD data or
by Rietveld structural refinements for the samples measured by SPD, i.e. ZnQss, CoQss, NiQss and
FeQss. Comparison of these values with the most relevant literature sources on quartz-like phases
[6,16,19,21-23,25,30,33,34,42,53,58-64] confirmed the obtainment of novel stuffed derivatives of the
quartz structure with distinctive structural features (Fig. 3). Indeed, our LiQss, ZnQss and MgQss plotted

close to the values reported for analogous materials in the references, whereas all other Qss synthesized
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within this work located at intermediate positions between ZnQss and MgQss. Mixed cation stuffing was
successful in CogsNigsQss and yielded a unit cell with intermediate dimensions between the endmembers
CoQss and NiQss. Sample CoQssSi displayed instead a noticeably shorter a-parameter than CoQss, in
agreement with the trends observable in the Li- or Mg-bearing systems upon a change in the Al/Si ratio
(and therefore in the stuffing degree) of the crystals [21,23,53].

T T T
r(a) (b)
I 56 F -
56| o |
—r ; @ —
=< =<
5 M ol
© 54l 1
£ 2 & £ 55 Si0, St
© I © i it B hlilss
5 stuffed g o " w 7%
ot derivatives o e eRe ¥ X
Q Q ST <
£ 5.2 of quartz (Qss) 1E e g +%
s | S, lm ®-0 g0 CoQisssi **COQSS 1
’ i °] C0, eNip sQ58
<} | © Si0, I L **
low Guarlz eQsSTX YgNiQss
I B,
5 -
" L " L " " L " 1 " " " 1 " " 53 " " L L 1 " " L " " L " " " L X" 1 L
4.4 46 48 5 5.2 49 5 5.1 5.2 5.3
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Figure 3. a) All relevant crystalline phases with a stuffed or non-stuffed quartz-like framework reported in
the literature, plotted according to their a and c lattice parameters from the most reliable sources (see
related text for all citations). b) Magnification of the area shaded in green, comprising all known stuffed
derivatives of the quartz structure; the samples synthesized within this work are depicted as stars. Error
bars are smaller than the depicted symbols.

Rietveld refinements were performed on SPD data acquired from ZnQss, CoQss, NiQss, and
FeQss. Preliminary attempts using non-stuffed quartz models (i.e. trigonal or hexagonal frameworks with
empty channel sites) expectedly resulted in evident peak intensity misfits; the substitution of the M**
cations (M = Zn, Co, Ni, Fe) for Li* in the hexagonal structure of Li-bearing Qss similarly led to poor fits
(Tabs. S5-S16 of the Supplementary Materials). Consequently, we adopted a refinement strategy
comparing the visual quality and goodness of fit (GOF) for trigonal frameworks in which M?* cations
occupied: (i) solely the distorted 4-coordinated channel sites located at (0,0,0) as in Li-bearing Qss [26],
labelled as T, in the following; (ii) only the distorted 6-coordinated channel sites located at (0,0,%2) as in
Mg-bearing Qss [19,21], labelled as O,; (iii) both T, and O, simultaneously and independently. The
latter solution invariably yielded far better looking refinements (Fig. 4 and Tabs. S1-S4), showing the
lowest GOF values and the best-fitting total site occupation factors (sof) as compared to the nominal
composition of the samples (Fig. 5, theoretical M** sof = 0.22). Although the GOF improvement was only

marginal in ZnQss and FeQss as compared to structural models comprising only one M position
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(respectively T, and O), we refined all data using this same approach to favor the comparison across the

four samples. Notice that mixed channel site occupation was also reported in the only previous structural

refinement of Zn-bearing Qss [27].
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Figure 4. Rietveld refinements of SPD data (y-axis in natural logarithmic scale) collected from: a) ZnQss
(Rwp = 9.61, GOF = 1.94), b) CoQss (Rwp = 6.08, GOF = 1.54), ¢) NiQss (R, = 7.52, GOF = 1.76) and d)
FeQss (R, = 6.16%, GOF = 1.33). The shown results correspond to the best fits, obtained with structures
comprising stuffing cations occupying both T, and O, positions simultaneously and independently.
Measured intensities are shown in red, calculated intensities in black, residuals in blue. The peaks
designated with * could not be indexed in CoQss (absent in lab PXRD and NPD); t marks the peaks of a

weighed-in Si standard in FeQss.
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We chose to fix all B, thermal displacement parameters to the value of 1 AZ?, which was in the
range of those previously determined for all atoms by coupled SPD and NPD in a Qss of composition
LiAISiO,4 [54]. In fact, our Bis, refinement for the M?* cations invariably exhibited a strong correlation
with their sof (observed from the correlation matrix); we estimated a variation by as much as ~15% and
~7% of the sof determined at T, and O, respectively (Fig. S4) when Bj, values varied in the range 1-2
AZ. This uncertainty originated from the lack of information at high diffraction angle, likely produced by
an inherent disorder of channel sites which also exhibited the geometrical irregularity expected from
literature [19,26,53]: O, particularly represented a strongly distorted octahedron, with two short and two
long M-O distances of ~1.9 A and ~2.8 A respectively. Bond valence sums (BVS) for the two differently
coordinated sites (Tabs. S17-S20) mirrored this disorder, with values ranging between 1.312(1) and
1.825(1). Nevertheless, we detected an increasing preference of the M** cations for the T, site along the
sequence FeQss — NiQss — CoQss— ZnQss; moreover, M-O distances at T, increasingly converged
towards a single value (Tab. S21), exhibiting therefore higher regularity as in fully hexagonal Li-bearing
Qss [26]. This tendency showed a linear correlation with the unit cell volume of the crystals (Fig. 6-a).

4+ 4

Rietveld with M?* cations in: (C)
Bl 4-coordinated T,
6-coordinated O,
Both sites

(a)

CoQss, refined structure

YT
o ; -

(b)

©—

v L v 3

S & &
4909

<

%
b

>
%

Goodness of fit (GOF)

XA AR
Pogesetetetedi

*;
%6909 %
osese:
LXK

KRR
5076707

X0

PO

b

delets
-

%
&

ERR
Soeles

s

$o9%
220
%

R

=
155

w4

a

¥

0.25 L Il 4-coordinated T, (d) I

)

»

I

= .
- [ 6-coordinated O, theoretical occupancy
From
2

- A 3 %2 (z0z8) )
d > hS ke O s B
) 4 R KX p P
- PO P %% !
,L 3] 958 15 K554 o2
ER O (] (%6% 8029 (o085 k]
); 1 w— 9202 [ KX K
y / A 0.15 959 o0 XX
™ { c 0. 15958 P KRN
Q O L S 9305 600 10958
Q9 S ot B b5
)S = XX (%% K%
KX 6%
S b Fote!
o B
3 oes %
8 01 6% P
P egs)
. . = 2o gose!
L o %29
) ( pet oste
) Q = %
¢ %) ifes)

o
=}
o

B e e e S
1
1
1

Figure 5. a) Best-fitting Qss structure obtained for the SPD data of sample CoQss, exhibiting a trigonal
framework of tetrahedra (AI** and Si** statistically distributed) with Co?* occupying both T, and O, i.e.
4- and 6-coordinated channel sites (blue wedges represent the partial occupation at each site); b) details of
the same structure, visualizing the 4- and 6-coordinated polyhedra occupied by Co** ions in the c-
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channels with the respective Co-O bond distances in angstroms; ¢) goodness of fit (GOF) of Rietveld
refinements performed on SPD data, with M** cations (M = Zn, Co, Ni or Fe) placed on T, Og, or both
sites; d) site occupation factors (sof) obtained for M** cations from the same refinements (see related text
for error evaluation).

Indeed, the sequence FeQss — NiQss — CoQss— ZnQss similarly defined an increase in structural
pseudo-hexagonality, quantifiable through the AIlO,/SiO, tetrahedra tilt parameter ¢ formulated by

previous authors [65] as:

tand =

2V3 (c) 1- 6z
9

where a, ¢, x and z are refinable lattice and atomic parameters in the quartz structure. For hexagonal high
quartz 6 = 0°, while trigonal low quartz yields & = 16.3° (structural plots in Fig. S1). From the SPD
refinements of our samples, we obtained 11.0(2)° for both NiQss and FeQss, 8.8(2)° for CoQss and
7.5(2)° for ZnQss; correlation with the unit cell volume of the crystals (Fig. 6-b) yielded a less clear trend

a X

than for sof values.
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Figure 6. Correlations between values obtained from Rietveld refinements of SPD data: a) unit cell
volume and fraction of the M?* occupying the 4-coordinated channel site labelled as Te, in Qss; b) unit
cell volumes of Qss and respective pseudo-hexagonality angle §. Data for Li- and Mg-bearing Qss (sof, &
angles) were retrieved or assumed from literature [19,53].

CoQss was additionally characterized by NPD to achieve better spatial resolution on the oxygen
positions. Due to the higher amount of powder required for reasonable counting times during such
measurement, a bigger batch (~4 g) was synthesized, obtaining in this case a phase-pure sample. We first

performed a combined lab PXRD/NPD Rietveld refinement fixing all atomic thermal parameters to the
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value of 1 A? (Tab. S22), again due to the strong correlation between sof and thermal displacement
parameters of Co*". Due to the very similar neutron scattering factors of AI** and Si** (3.449(5) fm and
4.149(1) fm, respectively), we were unable to reliably refine the Al/Si ratio in the tetrahedral framework
sites, hence we constrained their occupations according to the refined Co?* sof, to maintain charge
balance in the structure. This approach yielded a good fit for lab PXRD, but intensity misfits were clearly
observed for NPD data (Ry,= 3.99% GOF= 2.37); the obtained structural model agreed well with that
extracted from SPD, yielding similar Co-O distances and pseudo-hexagonality (6 = 8.4(3)°). In the quest
of improving the quality of neutron data fit, we additionally refined the B;s, parameter of the only non-
equivalent oxygen atom, which increased to 2.93(7) A% Such a high value suggests a strong positional
disorder of Co*" cations within the c-channels, inducing local displacements of the surrounding oxygen
atoms. This structural model yielded a much better overall NPD data fit (Fig. S5 and Tab. S23) and lower
reliability factors (Ry,= 3.50% GOF= 2.08) without repercussions on the PXRD fit; this structure resulted
interestingly far more hexagonal (& = 4(1)°), revealing the sensitivity of the ¢ parameter to the applied
refinement strategy.

VT-PXRD measurements were performed between room temperature and 600 °C (lattice
parameters in Tabs. S24 and S25) to study the thermal expansion behavior of the synthesized Qss (Fig. 7)
and to compute their CTE in the range 30-300 °C (Tab. 1). All Qss exhibited a lower CTE than pure SiO,
quartz (12.5 x 10 K™) but distributed over a wide range of values: while the unit cell of ZnQss decidedly
contracted upon heating (-2.2 x 10° K™?), LiQss and CoQss closely approached zero thermal expansion (-
0.7 x 10° K* and 0.2 x 10° K™, respectively). All other Qss expanded during the measurements, with
Coo5NigsQss exhibiting the lowest positive CTE among them (1.9 x 10° K™). In all cases, expansion
along the a-direction was at least comparable or substantially higher than along the c-axis (Fig. S6): as
manifested by the relative changes in c/a ratios (Fig. 7-b), LiQss showed the least isotropic behavior,

whereas CoQss, NiQss and FeQss retained the initial values throughout the measurements.
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Figure 7. Results of VT-PXRD measurements performed up to 600 °C to determine the thermal
expansion of Qss phases contained in the studied samples: a) relative average length change obtained
from the unit cell volume of the crystals, referring to the radius of a sphere with the same volume; d)
relative variation of the c/a ratio, providing the legend for both panels; error bars are smaller than the
depicted symbols.

4. Discussion

Glass-ceramic powders containing Qss crystals stuffed with transition metal cations were
synthesized for the first time within this work, relying on surface crystallization of glass powders and
preferring short heat treatments to avoid the formation of more stable competing phases at these
compositions, such as indialite/cordierite, spinel, non-stuffed quartz and cristobalite (see for instance Fig.
S7 and previous literature [66-72]). Qss is commonly obtained as the first metastable devitrification
product in a variety of aluminosilicate glasses containing Li, Mg and/or Zn [8,9], possibly due to close
structural analogies with these amorphous precursors, in which Si** and AI** build up a network of
interconnected tetrahedra with M* and M?" cations acting as charge compensators.

Aerodynamic levitation coupled to laser heating proved to be a very suitable method to synthesize
the starting glasses, due to the minimization of heterogeneous nucleation in contactless conditions and the
comparatively fast achievable cooling rates [44], of the order of 300 K s™ (average rate over the first 1000
K). The choice of Ar as a levitation gas and the high melting temperatures (1800-2000 °C) were moreover
crucial to retain transition metal ions predominantly in a reduced M** valence state, although EELS
measurements could not unequivocally confirm the full stabilization of M** cations (particularly in sample
MnLiQss). As known from literature, multivalent cations generally exhibit multiple coexisting oxidation
states in glasses [73], which might have contributed to the difficult retrieval of high fractions of Qss in

some of the samples (e.g. CoQss, FeQss and MnLiQss) and to the formation of some secondary phases
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(e.g. metallic Ni in NiQss). Nonetheless, only FeQss required heat treatments in vacuum (an oxidizing
atmosphere led to the formation of Fes04, Fe,O; and mullite), while all other samples seemed less
sensitive and could be crystallized in air. Even during high-temperature decomposition (Fig. S7), CoQss
yielded non-stuffed quartz and CoAl,O,, hinting at a remarkable stability of the main initial oxidation
state.

We achieved the best-fitting description of the average structure of Qss stuffed with transition
metals using the less constrained trigonal model of low quartz, in agreement with recent results [18-21]
that refuted the previously assumed [17,74] full hexagonality (i.e. the high-quartz-like character) of Mg-
stuffed Qss. Furthermore, we allowed for Zn*, Co*, Ni** and Fe** to freely distribute over the two
distinct channel positions reported for Li* and Mg ions — respectively a distorted 4-coordinated site T,
and a distorted 6-coordinated site Og, (Fig. 5-b). Indeed, occupation of both tetrahedral and octahedral
sites was previously reported in Zn-bearing Qss [27] and assigned spectroscopically to Ni** and Co* ions
incorporated at impurity levels in Li-bearing Qss [39,40]. Mixed occupancy was identified in all Qss
despite the inevitable uncertainties originating from the inherent disorder of channel sites, manifested by
BVS calculations yielding lower values than 2 (Tabs. S4, S8, S12, S16) and by the high oxygen Bis
values obtained from the refined NPD data. Still, a preference for T, was invariably coupled to a bigger
unit cell, even at constant Al/Si ratio in the tetrahedral sites (i.e. for all samples synthesized within this
work, see Fig. 6), possibly hinting at higher size constraints for the occupation of these specific positions.
The combined channel disorder, crystalline site distortion and defective local charge balancing (of which
our best-fitting structural models clearly provide only an average description) may partially account for
the pronounced metastability of Qss, as previously speculated by other authors [75].

The synthesis of Qss stuffed with Co* within this work specifically adds a new member to the
restricted family of zero thermal expansion materials. The extremely low CTE (0.2 x 10° K™, negligible
thermal expansion anisotropy (the c/a ratio changed only by 0.05% in the range 30-600 °C, compared to
the 0.5% of LiQss) and simultaneously good stability against thermal decomposition (up to 900 °C at
least, see Fig. S7) qualify this phase as a valid candidate for the future development of temperature-
invariant or thermal-shock-resistant materials, potentially both in poly- and monocrystalline form. More
generally, our results isolate the key structural factors determining the thermal expansion behavior of
quartz-like phases, enhancing the fundamental understanding of these technologically relevant materials.
As shown in Fig. 8, unit cell volumes exhibit a good linear correlation to the CTEs of quartz-like phases:
this trend notably extends far beyond the results of this work, encompassing also several non-stuffed
members of this family and without breaking down even in the transition from high- to low-quartz-like
structures. On the contrary, a correlation between c/a ratios (mirroring cell distortions) and CTEs is only

able to cluster the existing quartz-like phases into non-stuffed frameworks and stuffed Qss, adding little
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information to what is obtainable from Fig. 3. Structural pseudo-hexagonality (i.e. the intertetrahedral tilt
angle 8, Fig. S8) appears similarly inconclusive in rendering the thermal behavior of the crystals, although
our coupled PXRD/NPD Rietveld refinements manifested a strong dependence of this latter parameter
from the chosen refinement strategy, which could possibly affect the comparison between different
literature sources.

Other authors [20,54] previously connected the thermal expansion of Qss (LiAISiO, and
Mg, sAISIO,) to three interdependent structural mechanisms: (i) a subtle deformation of Si/Al tetrahedra;
(if) positional disordering of channel cations with increasing temperature, so far identified only in
superstructured Qss but possibly crucial in the crystals synthesized within this work, exhibiting
simultaneous stuffing at T, and O, sites; (iii) tetrahedral tilting, which also represents the main process
for the transformation from low to high quartz [65]. This latter mechanism appeared substantially
hindered by channel stuffing (e.g. in Mgy sAISiO, as compared to low quartz) [20], while it accounts for
the slightly negative thermal expansion of hexagonal high quartz in the form of low-frequency, high-
amplitude rigid unit modes [76]. It is therefore not surprising that highly Co-stuffed Qss exhibit the
closest-to-zero CTE among all known Qss, given their almost full hexagonality at room temperature (i.e.
an only limited range for tetrahedral tilting) and the most random distribution of channel stuffing cations
between T, and Ogp.

To sum up, thermal expansion appears to be minimized in this system by any chemical
substitution that is able to enlarge the room-temperature quartz unit cell, either by increasing the volume
of the available framework sites (e.g. introducing AI** for Si*") or by occupying the otherwise vacant
channel sites, thereby leading to a gradual distortion towards the hexagonal symmetry. Chemical stuffing
of Qss is therefore a particularly efficient compositional strategy to synthesize crystals with low or
negative CTE since it combines both mechanisms, i.e. tetrahedral expansion and framework gaping. In
this context, full hexagonal symmetry does not appear a required condition for the synthesis of zero or

negative thermal expansion quartz-like crystals.
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Figure 8. Correlations between: a) c/a lattice parameter ratio and CTE of quartz-like phases, with data
from various literature sources [19,20,22,25,30,31,58,60,61,64,77]; c) unit cell volume and CTE of
guartz-like phases, with data from various literature sources [20,22,31,60,65,77,78]. See also Fig. S8 of
the supplementary materials. Error bars are smaller than the depicted symbols.

5. Conclusion

In addition to the well-known Li-, Mg- and/or Zn-stuffed quartz solid solutions, we report in this
work the first synthesis of quartz-like aluminosilicate phases exclusively and heavily doped with
transition metal cations (Fe?*, Co*, Ni**, Mn%*"). The thermal expansion of these phases can be tuned
finely and continuously from substantially negative (-2 x 10° K™) to strongly positive (~10 x 10° K™)
values, relying on a smart compositional design within this enlarged chemical domain. Structural
examination revealed that an overall expansion of the unit cell through framework substitutions and/or
chemical stuffing is crucial for lowering the CTE of quartz-like phases, while framework distortion and
pseudo-hexagonality appear less decisive. Most notably, the incredibly low thermal expansion coefficient
(0.2 x 10° K in the range 30 — 300 °C) of the newly synthesized Co-bearing quartz solid solutions is
expected to stimulate the development of potentially Li-free zero-thermal-expansion (glass-)ceramics,
reducing the technological dependence on critical raw materials such as lithium ores, whose market prices

and availability have been impacted by the ever-growing battery industry.
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