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Abstract. Glassy nanobeads of nominal composition CoO-Al;0O3-4SiO2, doped with some Li-O
to foster their crystallization, were synthesized by spray-drying from a methanol-based solu-
tion. Heat treatments at 850 °C and 900 °C successfully induced the formation of quartz solid
solution crystals, whose thermal expansion was found to be very close to zero between 25 °C
and 625 °C (average linear coefficient of thermal expansion CTE = 0.3 x 10® K"). Annealing
at higher temperatures induced structural unstuffing of the solid solutions, accompanied by the
parallel formation of CoAl.O4 spinel and by a color shift of the powders from purple to blue.
Sol-gel spray-drying stands out as a highly versatile synthesis method that can harness the
thermal expansion tunability of quartz solid solution phases within a (quasi) lithium-free com-
positional landscape.
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1. Introduction

Quartz solid solution (Qss) crystals constitute a long-standing technological mainspring of
zero-thermal-expansion materials [1] obtained by controlled glass crystallization [2]. Skillful
compositional fine-tuning of these solid solutions (general formula ZnMgyLi,Alx+2y+2)+uPuSis-
@2x+2y+22u02) can indeed lead to negative thermal expansion [3,4]: in combination with a posi-
tively expanding residual glassy phase, Qss therefore give rise to thermally invariant monolithic
glass-ceramics that are widely appreciated for applications ranging from fire-viewing windows
to telescope mirrors [1,5].

Recent investigations [6] have moreover revealed that Qss can be synthesized over a
much wider compositional landscape: similarly to Mg?* and Zn?*, divalent transition metal cat-
ions (M?* = Co*, Ni?*, Fe**, Mn?*) can be introduced into the Qss structure. Apart from an
expected influence on the optical properties, these substitutions extend even further the pos-
sibilities for a compositional control over thermal expansion. Most notably, Li-free Qss crystals
of composition Cog.22Alo.44Sio 5602 exhibited very isotropic zero thermal expansion from room
temperature to 600 °C.

Despite such interesting properties, the melt-quench synthesis routes experimented so far
for CoO-rich aluminosilicate glasses entail undeniable technological challenges that may pre-
vent an industrial scale-up: while containerless processing by aerodynamic levitation inherently
yields only small amounts of glass [6], successful homogenization and forming during conven-
tional crucible melting [7,8] may be hindered by the relatively high melt viscosity and low glass-
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forming ability of these compositions. Consequently, spray-drying is explored in this work as
an alternative route to obtain zero-thermal-expansion glass-ceramic powders based on Co?*-
stuffed Qss. Previous works demonstrated how this technique can be advantageously com-
bined with conventional sol-gel processing to synthesize amorphous nanobeads of disparate
compositions with only minor processing adjustments [9—15]. After annealing, such nanobeads
can be converted into glass-ceramic powders with very promising properties, for instance TiO»-
based photocatalytic activity [14] or tunable thermal expansion [15]. More generally, the results
of this work provide further insight into the links between composition, structure and properties
of Co?*-stuffed Qss crystals, making way for thermally invariant materials with a lesser depend-
ence from LiO raw materials.

2. Experimental

2.1 Synthesis

Amorphous nanobeads were synthesized targeting the nominal stoichiometry
Co0-Al;03-4Si0, (Coo.17Al0.34Si0.6602). However, powders of this composition exhibited only
limited tendency towards devitrification and the undesired early formation of CoO-bearing spi-
nel (CoAl2O4). In analogy with previous works [15—-17], a Li2O excess was therefore added to
the sample (atomic ratio Li/Si = 0.025, Li/Co = 0.1) to foster the crystallization of Qss. The
composition is recalled in the following as CoQss(Li).

The following precursors were used: Co(NOs)2:6H.O (> 99%, Thermo Fisher),
AI(NO3)3-9H20 (98%, Thermo Fisher), LINOs (= 98%, Merk) and tetraethoxysilane (TEOS,
99.9%, Thermo Fisher). They were dissolved in methanol (VWR Chemicals, = 99.9%), since
water-based solutions resulted in the direct crystallization of CoAl.O4 during annealing. Two
starting solutions were prepared separately: (i) TEOS was pre-hydrolized in methanol and con-
centrated HNO3 (= 69%, Fluka), finally adding to this solution the required amount of LiNOs3;
(i) Co(NO3)2:6H20 and AI(NO3)3-9H.0O were dissolved in methanol. During the subsequent
mixing of the two solutions in the desired ratio, the water of crystallization of the CoO and Al.O3
precursors favoured further hydrolysis of TEOS. Spray-drying was performed using a setup
described previously [14,15]: the solution was atomized using pressurized air at 2.5 bar and
channelled through a tube furnace set at 400 °C, recovering the nanobeads from a particle
filter placed at the other end of the furnace.

For a more complete decomposition and removal of the organic precursors from the sam-
ple, the as-sprayed amorphous nanobeads were treated for 30 min at 600 °C, approaching the
maximum temperature with 10 K min"'. These materials were subsequently annealed in a bot-
tom-loaded laboratory furnace at temperatures ranging between 800 °C and 1200 °C, starting
from room temperature with a heating rate of 10 K min', followed by a holding time of 30 min.
The samples were then cooled down by extracting them from the hot furnace.

2.2 Characterization

As-sprayed nanobeads, as well as powders treated at 600 °C and 850 °C, were examined by
simultaneous thermal analysis (STA) using a Netzsch STA 409 PC coupled to a Netzsch QMS
403C mass spectrometer. Approximately 20 mg of material were loaded into aluminium oxide
crucibles and heated in air up to 1100 °C at a rate of 10 K min™', simultaneously acquiring
signals through thermogravimetric analysis (TGA) and differential thermal analysis (DTA). Dur-
ing the heat treatment, gases released by the samples were conveyed to the mass spectrom-
eter to identify their nature (H20, COy, ...).

Optical absorption spectra were acquired using a PerkinElmer Lambda 950 UV/Vis/NIR-
spectrometer, equipped with an integrating sphere (150 mm in diameter). The powder samples
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were measured in a polyethylene bag in reflection geometry, with a single polyethylene sheet
as reference.

Electron micrographs of the as-sprayed and heat-treated powders were acquired using a
Zeiss EVO 50 SEM, operated at 10 kV, and a JEOL JEM2100 TEM, operated at 160 kV. For
the SEM observations, the powders were fixed on the sample holder using a conductive dou-
ble-sided adhesive carbon tape and coated with a sputtered gold layer; for TEM, the powders
were dispersed in ethanol and then deposited on carbon-coated copper grids. During SEM
exploration, the composition of the powders was additionally checked and confirmed within
instrumental uncertainty by energy-dispersive X-ray spectroscopy (EDX).

X-ray diffraction (XRD) characterization was performed using a PANalytical Empyrean dif-
fractometer, mounting a Cu X-ray source operated at 40 kV / 40 mA and a PIXcel 1D line
detector (255 channels, 14 mm active length). The thermal expansion behaviour of Qss crys-
tals was studied by variable-temperature XRD (VT-XRD) on the same diffractometer equipped
with a HTK 1200N heating chamber (Anton Paar), adding some silicon to the samples as in-
ternal standard. The measurements lasted 10 min and were performed every 100 K between
room temperature and 625 °C, with 20 K min"' ramps between each isothermal segment. Lat-
tice parameters were computed by Le-Bail refinements performed using the software
HighScore Plus (PANalytical).

3. Results

The as-sprayed CoQss(Li) powder was subjected to STA to obtain an overview of its response
to a thermal treatment (Fig. 1). The sample exhibited a mass loss by more than 25% during
heating up to 1100 °C, which clearly arose from a loss in volatiles. No signal assignable to NOy
species was observed by mass spectrometry, denoting the complete decomposition of nitrate
precursors during the spray-drying stage (as confirmed by XRD, see below). Instead, water
mostly evaporated before reaching 600 °C, while CO, was released in two main events, the
first between 200 °C and 400 °C and the second at temperatures higher than 800 °C. In close
correlation to this latter CO. emission, the DTA signal revealed an endothermic step corre-
sponding to a glass transition (Tg) at 836(2) °C, as well as an exothermic peak (Tx) at 925(2)
°C manifesting the crystallization of the powder. An STA measurement was also performed on
a CoQss(Li) sample annealed at 600 °C: while the above-mentioned thermal events were still
clearly visible on the DTA signal (T4 at 840(2) °C, Tx at 927(2) °C), mass losses were lower
than 3 % and limited to the high-temperature CO; release above 800 °C, confirming the suc-
cessful elimination of adsorbed H>O. As for a sample annealed at 850 °C, its mass loss ap-
peared negligible and no peaks were distinguishable on its DTA trace, suggesting that the
material was already mostly crystalline. The as-sprayed sample and the powder annealed at
600 °C exhibited a slight increase in mass at 900 °C in their TGA traces, which is assignable
to an oxygen uptake during the oxidation of the remainders of organic precursors (methanol
and TEOS), consistently terminated with a release of CO..
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Figure 1. Results of simultaneous thermal analysis (STA) performed on as-sprayed CoQss(Li) nano-
beads, as well as after annealing at 600 °C or at 850 °C: a) differential thermal analysis (DTA) signal;
b) thermogravimetric (TGA) signal; c) results of mass spectrometry for m = 18 (H20); (d) results of
mass spectrometry for m = 44 (COy).

After these indicative STA measurements, the CoQss(Li) nanobeads (pre-emptively
treated at 600 °C) were annealed at various temperatures to study the evolution of their optical
appearance, microscopic morphology and crystalline content. The color of the powder (Fig. 2-
a) was profoundly affected by the heat treatments: the as-sprayed sample exhibited a light
pinkish tint, which turned into black after annealing at 600 °C and 800 °C. At 850 °C and 900
°C, the colour of the powder changed to purple; heat treatments at higher temperatures brought
about a gradual shift of this hue towards an intense blue. The noticed colors were mirrored in
the optical absorption spectra collected in reflection geometry (Fig. 2-b): the sample treated at
800 °C (black) did not exhibit defined spectral features, while localized absorption bands were
clearly distinguishable for the other powders. The sample treated at 1200 °C absorbed light
mostly in the region 500-700 nm, therefore appearing blue; the other two samples absorbed
at lower wavelength, in good agreement with their pink (as-sprayed nanobeads) and purple
hue (powder treated at 900 °C).
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Figure 2. (a) Optical appearance of the CoQss(Li) nanobeads in their as-sprayed state, as well as af-
ter annealing at 800 °C, 900 °C or 1200 °C; (b) Optical absorption spectra obtained from the powder
samples in reflection geometry, renormalized to facilitate the identification of absorption features in the

visible range.

SEM and TEM micrographs (Figs. 3 and 4) confirmed the expected obtainment of na-
nosized spherical particles after spray-drying of the precursor solution, with diameters ranging
from 50 nm to a few microns. Nevertheless, the surface of the CoQss(Li) nanobeads appeared
wavy and less smooth than in our previous studies [14,15]; the surface of bigger particles
occasionally showed signs of a collapse towards the interior, suggesting that they may be (at
least partially) hollow (red arrows in Fig. 3-a). Upon further annealing at 800 °C and above, the
nanobeads started to sinter but simultaneously developed pervasive porosity due to an evident
formation of bubbles (Fig. 4), possibly arising from the CO; release detected by STA. Such
porosity remained visible even after annealing at 1000 °C.

Figure 3. SEM micrographs of CoQss(Li) powders: (a) as-sprayed nanobeads (red arrows point at lo-
cations exhibiting surface collapse), as well as after annealing at (b) 800 °C, (c) 900 °C and (d) 1000
°C. Magnification is the same for all images; a scale bar is reported on panel (d).
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Figure 4. TEM micrographs of CoQss(Li) powders: (a) as-sprayed nanobeads, as well as after anneal-
ing at (b) 800 °C and (c) 900 °C. Magnification is the same for all images; a scale bar is reported on
panel (a).

XRD results confirmed the amorphous state of the as-sprayed nanobeads (Fig. 5-a); Qss
was instead the only crystalline phase at 850 °C, although the background still manifested the
presence of a non-negligible glass fraction. At 900 °C, the crystallinity of the sample increased
and also the peaks of spinel (CoAl.O4) emerged. The spinel fraction increased at 1000 °C and
1200 °C, manifesting a unstuffing of the structure of Qss that was mirrored by the gradual shift
of the diffraction peaks of this latter phase to higher 26-values. Consistently, the lattice param-
eters of Qss determined by Le-Bail refinements exhibited a gradual decrease (Tab. 1), as ex-
pected from previous literature analysing Qss in the cobalt [6], lithium [15,18] and magnesium
[19] aluminosilicate systems: the expulsion of the stuffing cations (Co?*, Li*, Mg?*...) from the
structural channels and of AI** from the tetrahedral sites typically brings about a contraction of
the unit cell.

The sample crystallized at 900 °C was additionally selected for VT-XRD measurements
due to its high crystalline content and low spinel fraction, in order to determine the thermal
expansion behaviour of the formed Qss crystals (Fig. 5-b). The lattice parameter a exhibited
positive coefficient of thermal expansion up to 625 °C (CTE. = 1.4 x 10°® K"), which was coun-
terbalanced by thermal contraction along the ¢ direction (CTE: = -2.2 x 10® K'"). The average
linear thermal expansion of the crystals was therefore very close to zero between 25 °C and
625 °C (CTEa. = 0.3 x 108 K).
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Figure 5. (a) X-ray diffraction measurements performed on the as-sprayed CoQss(Li) powder, as well
as after annealing at various temperatures (labels: s for spinel, Q for quartz solid solution, c for cristo-
balite, Si for a weighed-in silicon standard; w marks an artefact due to diffraction of the tungsten Lqa1
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wavelength, arising from the tube anode). (b) Lattice parameters and coefficients of thermal expansion

(CTE) determined by Le-Bail refinements of variable-temperature X-ray diffraction (VT-XRD) measure-

ments performed on the sample crystallized at 900 °C (dashed lines are linear fits of the data, used to
determine the CTEs along a and c directions).

Table 1. Lattice parameters obtained by X-ray diffraction measurements performed at room tempera-

ture and up to 625 °C.

Temperature Lattice Lattice
Method Sample (°C) P parameter a parameter c
(A) (A)
CoQssi(Li) 25 5.236(1) 5.421(2)
850 °C
CoQss(Li) 25 5.199(1) 5.426(2)
XRD 900 °C
CoQss(Li) 25 5.152(3) 5.428(4)
1000 °C
CoQss(Li) 25 4.975(2) 5.421(3)
1200 °C
25 5.199(2) 5.429(4)
125 5.200(2) 5.426(3)
CoQss(Li) 225 5.199(2) 5.427(3)
VT-XRD | 900 °C 325 5.202(2) 5.427(3)
425 5.201(2) 5.424(3)
525 5.202(2) 5.424(3)
625 5.204(2) 5.420(3)

4. Discussion

As in previous studies dealing with the synthesis of lithium aluminosilicate [15] or silica-titania
[14] glass-ceramic powders, sol-gel spray-drying successfully yielded fully amorphous nano-
beads of the target CoQss(Li) composition. The nitrate salts used as precursors were fully
decomposed by spray-drying at 400 °C, as confirmed by STA and XRD analyses, revealing no
loss of NOy gases during secondary heat treatments and a fully amorphous sample. However,
the nanobeads manifested the presence of cavities or bubbles, in the as-sprayed state as well
as after heat treatment. Hollow microspheres were indeed previously obtained by other authors
after spray-drying mullite powders from aqueous solutions [10] and it is well-known that particle
sizes and porosity may be fine-tuned through careful adjustments to solution composition and
spray-drying parameters [20]. The choice of methanol as a solvent (necessary to achieve sat-
isfactory solution stability and homogeneity, see Section 2.1) and the comparatively high
spray-drying temperature used here may be responsible for the different particle morphology
with respect to previous works [14,15].

The as-sprayed powders still contained remnants of the organic precursors (such as
TEOS), lost during further thermal treatments in the form of CO.. Most likely, the momentary
carbonization of this organic matter was the main cause of the observed blackening after an-
nealing at 800 °C (Fig. 2), although the possible influence of inter-valence absorption due to a
minor Co®" content in the glass should not be completely disregarded. The fact that a small
fraction of CO2 was still released at the onset of Ty and T hints at this gas being partially
dissolved into the glass structure and/or contained within closed bubbles (as evident in Fig. 4-
b). Crystallization of Qss could then be expected to lead to CO, oversaturation within the
shrinking residual glass and/or to bubble breakage, causing the observed CO: loss event
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above 800 °C. However, most of H.O and CO: clearly constituted physisorbed volatiles, which
were successfully removed through a simple heat treatment up to 600 °C.

Neglecting the mentioned blackening assigned to organic carbonization, the colour of the
powders and the acquired optical absorption spectra (Fig. 2) offered insight into the structural
configuration around Co?* ions. The initial pinkish hue (absorption centred around 525 nm) can
be assigned to Co?* in octahedral coordination, as previously reported in other CoO-bearing
gels [21], in analogy with aqueous complexes of the ion [22]. Due to thermally induced dehy-
dration and subsequent structural cross-linking of the glass, Co?* ions are however expected
to distribute over a different and possibly more complex set of oxygen coordination environ-
ments: although tetrahedral coordination is typically dominant in glass hosts [23,24], combina-
tions of 4-, 5- and 6-coordinated Co?* ions were recently identified in borate glasses as a func-
tion of composition [25]. Moreover, accommodation of Co?* in (both distorted) tetrahedral and
octahedral sites emerged from structural refinements of Co?*-stuffed Qss crystals [6]: these
ions occupy vacant sites in the hollow channels of the trigonal structure of quartz, acting as
charge compensators for the simultaneous partial substitution of Si** by AI** in the framework
tetrahedral sites. A similar structural role can be pictured for Co?* ions in the precursor glass
after dehydration at 800 °C, although the above-mentioned blackening prevents further spec-
ulations based on spectroscopy. The absorption band of the (purple) sample treated at 900 °C
consistently became broader with respect to the starting gel, suggesting an increasing absorp-
tion due to tetrahedrally coordinated Co?*, in agreement with the high Qss content. After an-
nealing at 1000 °C and above, the powders acquired a blue hue and the absorption band (Fig.
2) clearly centred around 600 nm, manifesting a relocation of most of Co?* ions within the
structure of spinel CoAl>Q4, in which they prefer the tetrahedral site [26]. A non-negligible frac-
tion of octahedrally coordinated Co?* could, in principle, still be present, since the absorption
intensity of this species is expected to be far lower than that of tetrahedral complexes, based
on crystal field theory [27].

The obtained Qss crystals yielded diffraction patterns (Fig. 5) that are in good agreement
with previously synthesized Co?*-stuffed crystals, which possess trigonal symmetry and exhibit
zero thermal expansion in the range 25-600 °C along both the a and c direction [6]. The aver-
age linear CTE measured within this work was expectedly very low (CTEa,. = 0.3 x 10 K™),
but a certain anisotropy could be identified between a and c directions. This anisotropy may
arise from the Li-O excess introduced into the starting glass, since Li*-stuffed high-Qss are
known to exhibit positive expansion along the a axis and negative along the ¢ direction [28].
Li-O incorporation in the structure of Qss is indeed very likely: Li*-stuffed Qss phases are ther-
modynamically stable at eucryptite stoichiometry (LiAISiO4, 50 mol% SiOz); more generally,
they are very easily formed by crystallizing lithium aluminosilicate glasses over the full compo-
sitional range 50—-100 mol% SiO2 [15,29]. As such, Li* can be expected to be readily admitted
into the Qss structure alongside Co?* during glass crystallization. Annealing at high tempera-
tures may even induce a preferential segregation of Co?* into CoAl.O4 spinel [6,7], leaving
behind a SiO2 and Li-O enriched Qss. This hypothesis is supported by the absence of Li*-
bearing secondary phases in the samples (such as the Li-disilicate or Li-metasilicate observed
in a previous study involving a Li2O excess [15]) and can be tested through a comparison of
the obtained lattice parameters with literature values, on an a-versus-c plot.
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Figure 6. Lattice parameters of quartz solid solutions (Qss) synthesized within this work, in compatri-
son to those obtained from the most relevant literature sources for pure quartz (SiO,, LQ for low quartz
[30], HQ for high quartz after extrapolation to room temperature [30]), Li*-stuffed [6,15,17,18,31-33],
Mg?*-stuffed [6,19,34], Zn?*-stuffed [6,35,36] and transition-metal-stuffed [6] Qss. Arrows describe the
thermal evolution of the lattice parameters of Qss synthesized within this work; dashed lines are only
intended as a guide for the reader.

On such a plot (Fig. 6), the major compositional families within the complex Qss landscape
are easily identified due to their distinctive structural features: for instance, [LiAIO,] additions
to low quartz (LQ, SiOy) lead to an expansion of both a and ¢ parameters [15,18], until the
trigonal framework turns into hexagonal at room temperature (at ~82.5 mol% SiO [17,18,28]);
after this point, the parameter ¢ remains virtually unchanged by further structural stuffing (in
remarkable agreement with the value of hexagonal high quartz, HQ), while a keeps growing.
At very high [LiAIO2] contents (typically between the stoichiometries of spodumene, LiAlSi>Oes,
and B-eucryptite, LIAISIO,), different degrees of Al/Si ordering can be encountered in the crys-
tals [18], which greatly affect the ¢ parameter (vertical series of half hexagons in Fig. 6), being
also responsible for the appearance of superstructures (a and/or c-doubling). Conversely, all
other stuffing cations have been found to yield trigonal symmetry even at very high doping
level: Mg?*-stuffed crystals are those that diverge the most from pure hexagonality [19,34],
while all other Qss exhibit intermediate structural features between Mg?*-stuffed and Li*-stuffed
endmembers. As expected, Qss synthesized within this work at 850 and 900 °C plotted very
close to the values previously obtained for Co?*-stuffed Qss with nominal compositions
C00.22Al0.44Si0 5602 and Cog.15Al0.30Si0.7002 [6], respectively poorer and richer in SiO» than the
target composition synthesized here (Coo.17Al0.34Si0.6602, neglecting the Li2O excess). How-
ever, structural unstuffing due to thermal decomposition (see also Fig. 5 and Tab. 1) led to a
gradual shortening of the a parameter: at 1200 °C, the Qss showed very similar structural
features to those previously determined [15] on crystals with stoichiometry Lio.o5Alo.05Si0.9502
(Figs. 6). This observation strengthens the assumption of a higher “compatibility” of Li* within
the Qss structure as compared to Co?".

All this considered, it is clear that crystallization temperatures between 850 °C and 900 °C
are the most relevant for material developers aiming to synthesize powders with zero thermal
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expansion, as they maximize the stuffing degree of the target functional Qss (i.e., at least for
Co?*-stuffed crystals, the length of their a parameter, as evident from Fig. 6).

5. Conclusion

Seeking for an alternative to the melt-quenching route reported previously [6], highly crystalline
glass-ceramic powders containing zero-thermal-expansion Co?*-stuffed Qss were synthesized
within this work by sol-gel spray-drying. The formation of the target functional phase from the
starting amorphous nanobeads, catalysed by a minor lithium addition, was confirmed on the
base of optical absorption spectroscopy and diffraction data. The optimal annealing tempera-
ture to successfully remove volatile residuals and crystallize Qss crystals, simultaneously min-
imizing the undesired presence of secondary phases such as CoAl;04, was in the range 850—
900 °C. In the light of a potential reduction of lithium content in zero-thermal-expansion glass-
ceramics, sol-gel spray drying is ideally suited to explore and exploit the thermal expansion
tunability of Qss phases.
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