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Rapid and efficient mechanosynthesis of alkali and
alkaline earth molybdatesy

Andres Lara-Contreras, @ Patrick Julien, ©* Jennifer Scott and Emily C. Corcoran*

Complex molybdates are traditionally prepared via solid-state synthesis and aqueous chemistry methods,
which generally require long reaction times and large solvent volumes or high sintering temperatures.
However, these techniques often result in undesired secondary species, incomplete reactions, and
relatively low yields. Mechanochemistry has proven effective for the synthesis of complex molybdates.
This work expands on the development of the mechanochemical synthesis of various heptamolybdates
(i.e., sodium, rubidium, and cesium), and trimolybdates (i.e., sodium, rubidium, cesium, strontium, and
barium). The obtained materials were characterized via powder X-ray diffraction, Fourier-transform
infrared spectroscopy, Raman spectroscopy, thermo-gravimetric analysis, and scanning electron
microscopy to assess the purity, morphology, and quality of the sample. High purity samples of the
various trimolybdates and heptamolybdates were obtained in less than three hours of reaction time, with
minimal energy input and by-products. Mechanochemistry provides a fast, more sustainable, and simple
procedure for the synthesis of a wide variety of both trimolybdates and heptamolybdates including the
monohydrate form of sodium trimolybdate instead of the trihydrate variant commonly obtained from

rsc.li/RSCMechanochem aqueous reactions.

Introduction

Molybdates (i.e., compounds containing metal-centred MoO,,
polyhedra linked by shared corners, faces, or edges)"* have been
widely studied, and are of interest in various fields including
superconductors,® photocatalysis,*® and pharmaceuticals.”®
Due to the relatively high fission yield of molybdenum (i.e.,
~6% in **>U), it is of interest for the nuclear industry to
understand its behaviour in nuclear fuels. As molybdenum
accumulates in the fuel, it interacts with existing oxygen and
other fission products such as Na, Rb, Cs, Ba, and Sr to form
complex oxides.'** Existing predictions of the thermochemical
behaviour of complex nuclear fuels can be improved by
comparing the thermodynamic analysis of non-radioactive
homologue compounds to that of nuclear materials. The ther-
modynamics of advanced fuels-international database (TAF-
ID)*® gathers reliable, self-consistent thermodynamic data of
various nuclear materials. Several studies in the literature
investigate the thermodynamic properties of some molybdates,
especially lower-ordered molybdates like M,MoO, (M = Na, Rb,
Cs, Ca, Sr, Ba). Higher order molybdates, such as trimolybdates
or heptamolybdates (i.e., [M03;01,]>~ and [Mo,0,4]°", respec-
tively), still require further study of their thermodynamic

Department of Chemistry and Chemical Engineering, Royal Military College of
Canada, 13 General Crerar Crescent, Kingston, ON, Canada. E-mail: Patrick.
Julien@rmc.ca; Emily. Corcoran@rmc.ca

DOLIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4mr00042k

(ES)

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties for the accurate implementation into computational
thermodynamic models. The first step in the development of
thermodynamic models for the TAF-ID is the synthesis of the
complex, non-radioactive homologue materials. This work
focuses on the synthesis of Na, Rb, Cs, Sr, and Ba trimolybdates,
as well as Na, Rb, and Cs heptamolybdates that are suitable for
thermodynamic assessment.

Traditionally, various polyoxomolybdates were prepared via
solid-state synthesis (SSS) and aqueous synthesis, with typical

Table 1 Synthesis methods of select molybdates reported in the
literature

Traditional synthesis

Compound method References
Na,Mo03;0,,-3H,0 Aqueous 23
Na,Mo03;04,-H,O Aqueous 24
NagMo,0,,4-14H,0 Hydrothermal 21
Aqueous 25 and 26
Rb,M0304o-H,0 Hydrothermal 12,18, 27 and 28
RbgMo0,0,,-4H,0 Hydrothermal 19
Cs,M0;019°-H,O Solvothermal 29
BaMo0;0;, Solid-state 10 and 30
BaMo0;0;,-3H,0¢ Aqueous 31
SrMo3010-4HZOb Aqueous 31

“ One additional report of BaM030,,-3H,0 has been found in the PFD-4
Database gcard no. 00-060-0848), but no experimental details were
provided. ” Three different hydrated versions of the compound were
reported by Meullemeestre (i.e., 1.75, 3, and 4H,0), all produced via
the same methodology.
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examples of synthetic methods in the literature shown in Table
1.1%*** The methods involving SSS typically require long sinter-
ing periods (i.e., ranging from several days to weeks), intimate
mixing of the compounds, and, in most cases, iterative grinding
and mass adjustment of the reactants to improve purity of the
product.”* Heptamolybdates have traditionally been synthesized
using aqueous and hydrothermal methods which require
extended heating and mixing times (i.e., days in most cases) as
well as an exhaustive control of several variables simultaneously
(i.e., pH, temperature, pressure, reactant concentration, etc.) to
minimize variability in the obtained product.

An alternative synthesis method that has proven effective in
the preparation of polyoxometalates, as well as various other
compounds (e.g., pharmaceuticals, polymers, etc.), is mecha-
nochemistry.*»*® This technique uses the mechanical stress
produced during processes such as ball milling to induce
a chemical reaction.®® Ball milling offers several advantages as it
can increase reactivity and lower the temperature of consoli-
dation in inorganic and ceramic settings.>* In addition, these
techniques offer shorter processing times and reduce the use of
solvents while producing high yield, high purity samples.**

Mechanochemistry has only recently been reported for the
synthesis of molybdates. In 2021, Wilke and Casati synthesized
potassium and ammonium heptamolybdate tetrahydrates
((NH,4)sM0,0,,4-4H,0 and K¢Mo,0,, - 4H,0) via mechanochemistry
using stoichiometric mixtures of molybdenum(vi) oxide (MoO;) and
potassium or ammonium bicarbonates in the presence of minimal
water (30-200 pL).** Furthermore, in 2023, Gancheva et al. used
mechanosynthesis to prepare BaMoO, with the same starting
materials, but in less time compared to the traditional SSS.*®

This work presents the synthesis of Na, Rb, and Cs hepta-
molybdates and Na, Rb, Cs, Sr, and Ba trimolybdates using
mechanochemical synthesis as a reliable, sustainable, and
efficient alternative to produce non-radioactive homologues of
nuclear fuel materials suitable for thermodynamic analysis. In
addition, the physicochemical characterization of the obtained
products is presented.

Results and discussion

Similarly to most solid-state syntheses, the molybdates herein
were prepared starting from MoO; and the corresponding alkali
or alkaline earth metal carbonate, as presented in Fig. 1. The
volume of water added (50 pL) was selected as an intermediate
value from those reported by Wilke and Casati*® for the
synthesis of ammonium and potassium heptamolybdates. Ball
milling was used as an alternative to efficiently prepare the
various heptamolybdates and trimolybdates while minimizing
the solubility limitations and formation of secondary by-
products faced during other synthesis processes.

Synthesis and characterization of compounds 1

(Na6M07024' 14H20), 2 (Rb6M07024'4H20) and 3
(CsgMo0,0,4-7H,0)

The three-alkali metal heptamolybdates were prepared using
stoichiometric mixtures of MoO; and either Na,MoO,:2H,O or
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Fig.1 Preparation of heptamolybdates [Mo,;054]°~ (1-Na, 2-Rb, 3-Cs)
and trimolybdates [Mos040]°~ (4-Na, 5-Rb, 6-Cs, 7-Sr, 8-Ba).

Sr/BaCO; as the source of alkali metal. Na,MoO,:-2H,0 was
chosen over the carbonate due to sodium bicarbonate
contamination possibly formed after exposure of the sodium
carbonate to air humidity. High purity samples of compounds
1, 2, and 3 were obtained after ball milling for 30 minutes,
similar to the results obtained by Wilke and Casati** and ana-
lysed using powder X-ray diffraction (PXRD). In terms of peak
position and intensity, the obtained patterns for the three
compounds show a high degree of similarity to those simulated
from data reported in the PDF-4 (powder diffraction file) data-
base,* hence showing good agreement with measurements
previously reported in the literature. No significant contami-
nation or by-products were detected (see Fig. 2). As single crystal
structural data were available for compounds 1 and 3, Rietveld
refinements were performed, with Rp values of 5.954 and 3.383,
and Ry, of 7.879 and 4.453, respectively, while only considering
the phase corresponding to the target compound. The low Rp
and Ry, values confirm good agreement between the measured
and calculated patterns (detailed results of the Rietveld refine-
ments can be found in Fig. S1 and S37).

Fourier-transform infrared (FTIR) spectra of compounds 1-3
are shown in Fig. 3. Peaks within the fingerprint region (ie.,
400-1000 cm ™~ ") were clearly identified (i.e., 900-1000, 840, 650,
580,470, and 409 cm ") and correspond to those reported in the
literature for other heptamolybdates.*”** The bands at 933-
865 cm ™' correspond to the stretching vibrations of molyb-
denum and terminal oxygen (Mo-O,) in the cluster, the
841 cm™' band corresponds to Mo-O-Mo stretching vibra-
tions,* and the 667 and 578 cm ™ * bands correspond to the Mo-
O stretching vibration.* Vibrations below 510 cm ' remain
unassigned. Similarly, the Raman spectra (also presented in
Fig. 3) of the three compounds correspond to those reported in
the literature for other heptamolybdates.*”***> Although a small
shift can be observed between compounds, likely caused by the
presence of different cations, the main assigned bands are
observed: Mo-O, symmetrical vibration at 937 ecm™!, Mo-O
asymmetrical vibration at 900 cm ™, and 860 cm ™' symmetrical
Mo-0O-Mo vibration.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray diffraction patterns of synthesized heptamolybdates.
Compounds 1, 2, and 3 (Na, Rb, and Cs, respectively). Red: sample
pattern obtained in this work. Blue: simulated pattern from single
crystal data (compounds 1 and 3) or powder data (compound 2), ob-
tained from the PDF-4 database.?* Some shaded areas are in place
between corresponding experimental and simulated patterns for
easier comparison. The reader is referred to the digital version of this
article for the colour version of the figure.

Micrographs of samples of compounds 1, 2, and 3 were ob-
tained using Scanning Electron Microscopy (SEM) (Fig. 4) at two
different magnifications (i.e., 100x and 500x). Overall, the
samples present very small particle sizes (ranging from <20 pm
to 250 pm) with irregular edges and shapes, as expected from
the mechanical force applied during ball milling. Some particle
clumps are observed, most likely formed upon drying of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR (left) and Raman (right) spectra of compounds 1 (Na), 2
(Rb), and 3 (Cs).

Fig. 4 SEM micrographs obtained of compounds 1, 2, and 3. Top:
Micrographs at 100x (scale: 500 pm) and 500x (scale: 100 pum)
magnification.

sample and crystallization of solubilized material. Qualitative
elemental analysis was obtained using the EDAX (energy
dispersive X-ray spectroscopy) accessory of the SEM and the
main X-ray energy peaks observed (Fig. S171) were those ex-
pected from the sample (i.e., Na/Rb/Cs, Mo, and O). The pres-
ence of carbon is evidenced as double-sided carbon tape was
used to fix the sample to the holder. In addition, a small amount
of fluorine was identified in compound 3 at 0.677 keV,** most
likely a result of minimal contamination from particles being
released from the polytetrafluoroethylene (PTFE) reaction
vessel.

To assess the hydration content of the compounds and
quantify the presence of PTFE contamination, if any, thermo-
gravimetric analysis (TGA) was performed in the temperature
range 30-600 °C (Table 2). For compounds 1 and 3, the initial
mass change found in the sample was less than expected.
Specifically, instead of the 14 mol of water per mol of anhydrous
compound 1, only 7.3 mol of water were found. Similarly,
compound 3 contained 5.4 mol of water instead of the 7 mol
reported in the literature. Samples of compound 1 prepared via
aqueous methods present a three-step dehydration process®
encompassing a total mass loss equivalent to 14 mol of water
per mol of anhydrous material, contrary to the single mass loss
event observed in this work. This lower-than-expected water
content may be attributed to the synthesis conditions, where
only 50 uL of water were used, as well as the 18 hour vacuum
drying process, possibly inducing the loss of lattice water.
However, the structure of the heptamolybdate cluster in the
compounds was preserved, as suggested by the PXRD and FTIR

RSC Mechanochem., 2024, 1, 477-485 | 479
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Table 2 Mass change determined through TGA. Mol of water determined per mol of residual mass assuming anhydrous material as residue

Compound Mass change [%] Temperature [°C] Cause Expected value

1 10.02% 56.6 7.3 mol H,0O 14 mol H,O

2 4.34% 11.5 4.0 mol H,0 4 mol H,0
1.06% 359.2 PTFE —

3 4.63% 50.7 5.4 mol H,0 7 mol H,0
1.23% 402.4 PTFE —

4 2.14% 57.0 0.6 mol H,O 1 mol H,O
3.25% 226.2 1.0 mol H,O —
1.14% 470.5 PTFE —

5 2.70% 97.5 1.0 mol H,0 1 mol H,0
0.57% 406.7 PTFE —

6 2.73% 86.9 1.1 mol H,O 1 mol H,O
1.45% 363.4 PTFE —

7 2.79% 63.1 1.0 mol H,0 4 mol H,0
5.27% 120.8 1.8 mol H,O —
1.30% 202.9 0.4 mol H,O —
1.03% 287.1 0.4 mol H,O —
2.20% 462.7 PTFE —

8 8.28% 77.6 3.0 mol H,0 3 mol H,0
2.65% 465.7 PTFE —

spectroscopy results. The mass loss in compound 2 was equiv-
alent to 4.0 mol of water per mol of anhydrous material,
consistent with the values reported in the literature.” An
additional mass change was observed in the heating curves of
compounds 2 and 3 at 359.2 and 402.4 °C, respectively,
consistent with either the initial decomposition temperature of
PTFE or condensation of the molybdates at these elevated
temperatures.®*>**** As the mass loss is equivalent to only 1.06
and 1.23% of the initial sample mass, the amount of PTFE is
minimal. Contamination could be minimized by substituting
the material of the reaction vessel when longer milling times are
required. Qualitative assessment of the solubility of the
compounds indicates that the three synthesized heptamo-
lybdates are soluble in water. Further quantitative study of the
solubility of the heptamolybdates in water is required.

Synthesis of alkali metal trimolybdates: compounds 4
(Na;M03044-H,0), 5 (Rb,M0;044-H,0), and 6
(Cs;M03044-H,0)

Various polytypes of the [M0;0,,]>~ anion have been identified
in the literature, including both the tri- and monohydrates of
sodium trimolybdate. Since the mechanosynthesis approach
proved applicable to produce heptamolybdates, this study
similarly pursued the synthesis of the trimolybdates by adjust-
ing the ratio of starting materials accordingly (see Fig. 1). The
reaction of sodium molybdate with MoO; produced solely the
monohydrated trimolybdate, Na,M03;04,-H,O (4), as evidenced
by the PXRD pattern (Fig. 5). Although this compound has been
reported in the PDF-4 database (card no. 00-050-0625) as
a private communication, with cell parameters and space
group, there is no reported crystal structure. To the best
knowledge of the authors, no other report of this compound is
present in the literature. On the other hand, Na,Mo03;044°3H,0
has been characterized, and its crystallographic properties and

480 | RSC Mechanochem., 2024, 1, 477-485

structure have been reported.*® Evidence shows that mechano-
chemistry favours the formation of the monohydrate compound
as key characteristic peaks of the trihydrate trimolybdate (i.e., 26
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Fig. 5 X-ray diffraction patterns of compounds 4-6 (Na, Rb, and Cs,
respectively). Red: sample pattern obtained in this work. Blue: simu-
lated pattern from powder data (compound 4, obtained from the PDF-
4 database?* or compounds 5 and 6, obtained from single crystal data).
Some shaded areas are in place between corresponding experimental
and simulated patterns for easier comparison. The red shaded area
highlights a peak of MoOs. The reader is referred to the digital version
of this article for the colour version of the figure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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=9.014, 11.094, and 27.074° with relative intensities of 100, 23,
and 20%, respectively) are absent in the PXRD pattern.

The reaction of stoichiometric mixtures of MoO; and (Rb/
Cs),CO; under mechanochemical conditions produced Rb,-
Mo03;040-H,0 (5) and Cs,Mo03040-H,O (6), respectively. The
PXRD patterns of compounds 5 and 6 (Fig. 5) correspond to
those of the patterns simulated from single crystal X-ray
diffraction data (PDF-4 04-010-8878 and 04-010-6919).>* These
compounds form chains of edge-sharing MoOg octahedra in
a zig-zag configuration and are classified within space group
Pnma (69). Similarities in the PXRD patterns between the two
compounds can be observed despite a slight variation in the 26
position of the peaks related to differences in the cation size. In
the PXRD pattern of compound 5, two additional peaks at 26 =
12.8 and 27.3° (shaded in red in Fig. 5) were observed, and can
be accounted for as residual MoOs;, equivalent to 7.2% of the
sample, according to the results of the Rietveld refinement (R,
= 4.607, R,,, = 5.978) (see Fig. S57).

The FTIR spectra of compounds 4, 5, and 6 (Fig. 6) are very
similar, with expected small shifts in the bands due to the size
difference of the cations.*** Peaks at 975-880 cm ', a peak at
650 cm™ ', and a broad band at 545 cm™* belong to the vibration
of Mo-O-Mo bridges in the structure and are characteristic of
trimolybdates.>”** Similarly, the Raman spectra of compounds
4, 5 and 6 also present slight shifts from each other to lower
wavenumbers as the cation size increases. The bands at 958, 913
and 896 cm ™" correspond to the symmetrical stretching vibra-
tion of Mo-0..*°

Micrographs of compounds 4 to 6 are presented in Fig. 7.
The particle size of all the compounds is within the range <20 to
300 um, as expected from the active milling process. The EDAX
spectra of the compounds indicate the presence of the expected
elements (i.e., Na/Rb/Cs, Mo, and O), as well as C and a weak F
peak, from the carbon tape and the presence of small amounts
of PTFE in the sample (Fig. S187).

TGA performed on compound 4 (Table 2) indicates three
different mass losses with onsets 57.0 and 226.2 °C, corre-
sponding to 0.6 and 1.0 mol of H,O, slightly higher than

925 j i
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Fig. 6 FTIR (left) and Raman (right) spectra of compounds 4-8.
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Fig.7 SEM micrographs at 100x (left, scale: 500 um) and 500 (right,
scale: 100 um) magnification of 4 (Na) to 8 (Ba).

expected based on the literature (i.e., one mol of water per mol
of material). A third mass loss was observed at about 470 °C,
equivalent to 1.14% of the initial sample mass and consistent
with the decomposition temperature of PTFE or condensation
of the molybdates, as previously discussed. Despite the longer
milling time (i.e., 60 min for compound 4 vs. 30 min for
compound 1), the PTFE content of the sample remained very
low. Results for compounds 5 and 6 show mass losses equiva-
lent to 1.0 and 1.1 mol of water per mol of anhydrous material,
respectively, in good agreement with the mass losses reported
in the literature for the compounds.’?® Qualitative analysis of
the solubility of the alkali trimolybdates in water indicate poor
solubility. Future work is required to quantitatively determine
the solubility of the compounds for further applications.

The results indicate that mechanochemistry is an effective
technique for the synthesis of alkali metal trimolybdates.
Furthermore, for the case of sodium trimolybdate, mechano-
chemistry favours the formation of the monohydrate form of
the trimolybdate, leading to a similar crystallographic profile to
that of rubidium and cesium trimolybdate monohydrates.

Synthesis of alkaline earth metal trimolybdates: compound 7
(StM030,4-4H,0) and compound 8 (BaM0;0;,-3H,0)

The preparation of compounds 7 and 8 via mechanochemistry
was pursued similarly to that of compounds 4, 5, and 6, using
a stoichiometric mixture of the corresponding carbonate (i.e.,
SrCO; and BaCO;) and MoO;. To achieve completion, the

RSC Mechanochem., 2024, 1, 477-485 | 481
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reaction to prepare compounds 7 and 8 required 180 and 150
minutes of ball milling, respectively. Assessed using PXRD
(Fig. 8), the completion of the reaction was determined based
on the qualitative comparison between the obtained pattern
and that reported in the PDF-4 database (card no. 00-032-1245
and 00-060-0848, for compound 7 and 8, respectively).>* The
pattern for compound 7 reported in the database contains
peaks with relative intensities approximated to 25, 50, 75, and
100% of the peak with the highest intensity, as reported by
Meullemeestre.** Hence, the assessment was based merely on
the 26 position of the observed peaks compared to that of the
reported pattern, as presented in Fig. 8. A more detailed
comparison can be observed in Fig. S7 and S8.7 A peak at 25.6°
in the pattern of compound 7 (shaded in red in Fig. 8) indicates
the presence of minimal unreacted, hydrated MoO;. Since the
crystal structures of the compounds have not been determined
in the literature, it is not possible to identify properly the nature
of the trimolybdate arrangement within the compound or
quantify the presence of residual reactants in the sample.
However, this work presents a PXRD pattern for compound 7
with more detailed relative intensities compared to that re-
ported in the PDF-4 database* and by Meullemeestre,* as
found in Fig. S7.7

The FTIR spectra (Fig. 6) of compounds 7 and 8 correspond
to those reported by Meullemeestre®* for strontium and barium
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Fig. 8 X-ray diffraction patterns of compounds 7 and 8 (Sr, and Ba),
respectively. Red: sample pattern obtained in this work. Blue: simu-
lated pattern from powder data obtained from the PDF-4 database.?*
Some shaded areas are in place between corresponding experimental
and simulated patterns for easier comparison. The red shaded area
highlights a peak of MoOs. The reader is referred to the digital version
of this article for the colour version of the figure.
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trimolybdates. Although similar to compounds 4-6, the relative
intensity and position of the bands in the IR spectrum of
compound 7, especially between 900 and 1000 cm ™', differs
slightly, potentially caused by the positioning of the divalent
cation in the structure compared to the monovalent cations in
compounds 4-6. Furthermore, an additional weak peak is
observed, around 843 cm ™', which can be explained by the
presence of hydrated MoO; in the sample.*® The IR spectrum of
compound 8 is different from that of the previously reported
trimolybdates. Nonetheless, it is similar to that reported in the
literature by Meullemeestre.®® The Raman spectra of
compounds 7 and 8 (Fig. 6) are similar to those of compounds
4-6, with the major peak at 950 cm™ ' present. Further study of
the crystal structure of compounds 7 and 8 is required to better
determine and assign the IR and Raman bands in the spectra.

Micrographs of compounds 7 and 8 (Fig. 7) show particles
with various sizes (i.e., ranging from <20 pm to 500 pm). EDAX
spectra (Fig. S18t) of the compounds indicate the presence of
the expected elements, as well as C. Fluorine is observed in the
spectrum of compound 8, although expected in minimal
quantities based on the intensity of the peak. TGA analysis of
compounds 7 and 8 (Table 2) present various mass change
events. Compound 7 displays four mass loss events with onset
temperatures in the range 60-290 °C, accounting to 3.6 mol of
H,0 per mol of anhydrous material. Similarly, compound 8
presents one mass loss event with onset at 77.6 °C corre-
sponding to 3.0 mol of water per mol of anhydrous material.
The total mass losses are consistent with those reported by
Meullemeestre for both compounds (i.e., 4 and 3 mol of water
per mol of trimolybdate in compounds 7 and 8, respectively®').
Additionally, compounds 7 and 8 present an additional mass
loss equivalent to 2.20 and 2.65% of the initial sample mass at
460 °C, which could be attributed to PTFE present in the sample
or condensation of the molybdates. The contamination risk
with PTFE may be eliminated by using chemically inert zirconia
milling jars instead. Compounds 7 and 8 were found poorly
soluble in water, and future work is required to measure their
solubility. Overall, mechanochemistry was demonstrated as
a straightforward procedure which enables the synthesis of
a wide variety of molybdates in high purity and yields.

Experimental

All reactants were used as received from the provider: molyb-
denum(vi) oxide >99.5% (Strem Chemicals Inc. USA), cesium
carbonate >99.999% (Sigma-Aldrich, Canada), rubidium
carbonate >99.9% (Sigma-Aldrich, Canada), sodium molybdate
dihydrate >99.9% (Sigma-Aldrich, Canada), and barium
carbonate, >99% (Sigma-Aldrich, Canada). Custom-made PTFE
(i.e., polytetrafluoroethylene) snapping vials where manufac-
tured, with an inner volume of approximately 30 mL. One
zirconia ball of 8 mm and approximately 1.5 g was placed in
each vial during the milling process. Ball milling was performed
in a Retsch MM400 ball mill operating at 25 Hz in intervals of 30
and/or 60 minutes. For all reactions, 50 puL of double-deionized
water were added prior to milling. The amounts of reactants
and experimental conditions are presented in Table 3. After

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reactants and operating conditions for the synthesis of tri- and heptamolybdates. Water (v = 50 pl) was added to each sample before

milling
Compound Reactants Mols [mmol], #y, = £0.01 mmol Milling time [min], ¥, = £0.1 min
1. NagMo,0,,-14H,0 Na,Mo0,-2H,0 0.69 30 (1 x 30 min)
MoO; 0.92
2. RbgM0,0,,-4H,0 Rb,CO; 0.53 60 (1 x 60 min)
MoO, 1.23
3. CsM0,0,,- 7H,0 Cs,CO;-3H,0 0.42 60 (2 x 30 min)
MoO; 0.98
4. Na,M0;0;0.H,0 Na,Mo0,-2H,0 0.56 60 (2 x 30 min)
MoO; 1.13
5. Rb,M0;0,,-H,0 Rb,CO; 0.44 30 (1 x 30 min)
MoO; 1.35
6. Cs,M0;0,,-H,0 Cs,CO; 0.43 30 (1 x 30 min)
MoO; 1.11
7. StM030,,-4H,0 SrCO; 0.52 180 (3 x 60 min)
MoO; 1.55
8. BaMo0;0,¢-3H,0 BaCoO; 0.51 150 (2 x 60 min + 1 X 30 min)
MoO; 1.43

milling, samples were dried for 18 h under vacuum at room
temperature prior to sample characterization.

Powder X-ray diffraction measurements were performed with
an Empyrean Panalytical X-ray diffractometer (Panalytical, The
Netherlands) in a Bragg-Brentano configuration equipped with
a Cu tube (Ko = 1.541 A) set at 40 mA and 45 kv, and a 3DPix
detector. Measurements were performed in the 26 range 5-90°
with a duration of 1 h. The obtained diffraction patterns were
processed using the HighScore Plus suite (Panalytical, The
Netherlands), and phases were identified using the patterns
available in the Powder Diffraction File Database (PDF-4,
Version 2023 (ref. 24)). Rietveld refinement analysis was per-
formed for samples with available structural data in the PDF-4
database using the Rietveld refinement functionality of High-
Score Plus (Panalytical, The Netherlands). For Rietveld refine-
ments, only unit cell parameters, sample displacement, and
background correction were refined.

Fourier-transform infrared (FTIR) spectroscopy measure-
ments were performed in a Nicolet i5 spectrometer (Thermo
Fisher Scientific, USA) in transmittance mode. Samples were
prepared as KBr pellets with a 100 : 1 proportion. The collected
spectra were processed using the OMNIC Software (Thermo
Fisher Scientific, USA) for peak labelling.

Raman Spectroscopy measurements were performed on
solid samples using a InPhotonics 785 nm laser and Ocean
Insight QE-Pro spectrometer, with dark and non-linearity
corrections applied in OceanView software.

Thermo-gravimetric analysis (TGA) measurements were
performed in a TA Instruments Q10 thermo-gravimetric
analyzer (TA Instruments, USA) in the range 25-600 °C with
a heating rate of 10 °C min ™" under a nitrogen atmosphere at 60
mL min~'. Obtained data were processed using the TA
Universal Analysis software (TA Instruments, USA) for mass
change quantification and onset temperature determination.

Scanning electron microscopy (SEM) analysis was performed
using a FEI Quanta 250FEG (FEI, USA) at 10> Pa pressure and

© 2024 The Author(s). Published by the Royal Society of Chemistry

the electron beam set to 20 keV with a working distance of 10
mm. The samples were mounted in a 10 mm sample holder
covered with double-sided carbon tape. Additional adhesive was
placed on top of the carbon tape to fix the powdered samples
hence avoiding loose particles inside the chamber. Particle size
measurements were performed at 100x and 500x using the xT
Microscope Control Software - V 6.2.8 (FEI, USA). Energy
dispersive X-ray spectroscopy (EDAX) measurements were per-
formed using an EDAX Octane Elite EDS detector (EDAX, USA)
attached to the SEM equipment. Measurements were performed
with counting resolutions higher than 500 cps, and a take-off
angle of 5.57°. The measurements were performed in point
analysis mode with a measurement time of 30 seconds per
point. Elemental identification was performed in the EDAX-
TEAM Software Package (EDAX, USA).

Qualitative solubility assessment was performed by
attempting to dissolve ~10 mg of sample in 5 mL of water,
stirring for 10 minutes. Visual inspection of the solution was
used to determine the extent of the solubility of the compound.

Conclusions

The mechanochemical synthesis of complex oxides including
sodium, rubidium, and cesium heptamolybdates and sodium,
rubidium, cesium, strontium, and barium trimolybdates
demonstrates the versatility, efficiency, and convenience of
mechanochemistry for rapidly preparing high-purity samples
with minimal secondary reactions and high crystallinity.
Furthermore, mechanochemistry favours the formation of
sodium trimolybdate monohydrate over the formation of the
trihydrate version favoured in aqueous synthesis. In contrast,
for solution state reactions, the solubility of the reactants and
products plays a large role in the morphology of the final
material: reactants with higher solubility led to shorter reaction
times reducing the mechanical stress in the material, while
products with higher solubility result in larger particle sizes and
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agglomeration. The mechanochemical synthesis of the
compounds was performed using minimal amounts of solvent
(i.e., water), with high reaction yields, shorter operational times,
and minimal contamination. This proves the technique effec-
tive as a sustainable alternative to traditional synthesis methods
like solid-state or aqueous synthesis to obtain homologues
suitable for the thermochemical study of nuclear materials.
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