A inorganics

Article

Mechanochemical Reduction of V,05: Alkali Metals vs. Alkali
Metal Hydrides—Which Are the More Suitable
Reducing Agents?

Anna Michaely

W) Check for updates

Academic Editor: Paolo Fornasiero

Received: 28 July 2026

Revised: 31 August 2026

Accepted: 2 September 2026
Published: 9 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Guido Kickelbick *

Inorganic Solid-State Chemistry, Saarland University, Campus Building C4.1, 66123 Saarbruecken, Germany
* Correspondence: guido.kickelbick@uni-saarland.de

Abstract

Vanadium oxides and alkali metal vanadates are promising electrode materials for elec-
trochemical energy storage owing to their ability to access multiple oxidation states. In
this study, mechanochemical reduction of V,O5 with alkali metal hydrides is explored
as a facile route to obtain reduced vanadium oxide phases. Sodium hydride enables the
rapid formation of mixed sodium vanadium oxide phases at room temperature, proceeding
in a self-propagating manner after only a short milling period. To assess the generality
of this approach, lithium hydride was evaluated as an alternative reducing agent and
exhibited comparable reaction behavior and product distributions. Complementary theo-
retical calculations indicate that the corresponding reductions with elemental sodium and
lithium are thermodynamically more favorable, displaying lower reaction enthalpies. This
prediction is experimentally corroborated by the instantaneous ignition observed when
elemental metals are used. Rietveld refinement reveals that all investigated reducing agents
follow similar reaction pathways, yielding comparable mixtures of alkali metal vanadium
oxides with consistent main phases. However, the use of highly ductile sodium metal
results in significant mixing limitations, which can be mitigated only through cryogenic
milling. These findings highlight mechanochemical reduction with alkali metal hydrides
as a robust and practical strategy, particularly for systems in which metal ductility limits
process efficiency, despite the associated risk of hydrogen evolution.

Keywords: alkali metal; mechanochemistry; vanadium oxides; self-propagating reaction;
theoretical calculations

1. Introduction

Vanadium oxides have long been established as versatile materials in catalysis [1],
but more recently they have attracted considerable attention as functional materials for
electrochemical energy storage and conversion [2—4]. This interest arises primarily from
the rich redox chemistry of vanadium, which enables access to multiple oxidation states
and thus facilitates reversible electron transfer processes. Prominent applications include
redox flow batteries [5] and electrode materials for lithium [6] and sodium-ion batteries [7].
Furthermore, emerging concepts such as photo-rechargeable lithium-ion batteries highlight
the potential of vanadium-based compounds in next-generation energy technologies [8].

The vanadium-oxygen system exhibits a remarkable structural and electronic diversity.
A wide range of stable and metastable vanadium oxides with vanadium oxidation states
spanning from +II to +V have been reported [9,10]. Among these, only a limited number of
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compounds—namely VO,, V,03, and V;,0s, together with the Magnéli phase V305 and
the Wadsley phase V3Oy;—are thermodynamically stable [11].

While the binary oxides VOy, V,03, and V,05 contain vanadium in a single oxida-
tion state, the latter two phases exhibit a mixed-valent character. In addition, numerous
metastable mixed-valence oxides belonging to the Magnéli and Wadsley series further
enrich the system [11,12].

Beyond binary oxides, vanadium forms a large variety of ternary oxide systems with al-
kali and alkaline earth metals, such as lithium, sodium, potassium, and calcium [13]. These
alkali metal vanadates display significant structural diversity, arising from variations in
alkali metal content and vanadium oxidation state. For lithium and sodium alone, approxi-
mately 20 and 15 distinct stoichiometric compounds, respectively, have been reported, with
vanadium oxidation states ranging from +III to +V [13]. Despite the different ionic radii
of lithium (76 pm) and sodium (102 pm) [14], many lithium and sodium vanadates adopt
closely related or even identical crystal structures when sharing the same composition.

The Na-V-O system has been investigated in considerable detail, largely due to the
technological relevance of the NayO-V,05 subsystem in the roasting of vanadium slags for
metallic vanadium production [15], which is widely used in steel and alloy manufactur-
ing [16]. Early studies, particularly in the mid-20th century, revealed that reactions within
this system are often strongly exothermic and tend to yield mixtures of various sodium
vanadates and vanadium oxides rather than phase-pure materials [17-19]. Comparable
observations have been made in the Li-V-O system; for instance, Hagenmuller and Le-
saicherre reported the formation of mixed lithium vanadium oxide phases upon reacting
V,05 with LiH at elevated temperatures [20]. The synthesis of phase-pure alkali metal
vanadates is therefore intrinsically challenging due to the complex thermodynamic and
kinetic landscape governing these systems.

Recently, mechanochemical approaches have emerged as powerful alternatives to
conventional high-temperature or solution-based synthesis routes. We have demonstrated
that mixtures of sodium vanadium oxides can be readily obtained by the mechanochemical
reduction of V,Os5 with NaH, proceeding rapidly at room temperature in a self-propagating
manner after only a short milling time [21]. Similar highly exothermic and combustion-like
reactions have been reported for the mechanochemical reduction of V05 using metals such
as Mg, Al, or Ti, as well as for co-reduction processes yielding intermetallic compounds [22].
When these types of combustive, self-propagating reactions are performed in the ball mill,
they represent so-called mechanically induced self-propagating reactions (MSRs), which
are characterized by an adiabatic temperature T,; exceeding 1800 K, as described in detail
by Lazlo Takacs [23,24]. MSRs typically consist of three phases. The first phase is an initial
activation period. During this first period, which can last from a few minutes [21,25-28]
to several hours [29,30], mechanical activation and mixing lead to a reduced particle size,
defect formation and increased surface area of the reactants. In addition to milling param-
eters [31], other characteristics of the reactants, such as the morphology or their particle
size, can also influence the ignition time [32]. Once the reaction reaches a critical activation
point, rapid ignition occurs in a combustion-like event. This event is accompanied by a
sudden release of reaction energy, sharp increases in temperature and pressure, and the
formation of most of the product. During the reaction ignition, the formation of thermites
(large chunks of molten product) [22] is often observed, showing the harshness of these
reactions and the significant increase in local temperatures [23]. After ignition, further
milling results in the obtention of a homogeneous product mixture [23,24].

From a thermodynamic perspective, elemental alkali metals are expected to act as
even stronger reducing agents than their corresponding hydrides. This is supported by the
lower standard reduction potentials of Na*/Na (—2.71 V) and Li* /Li (—3.04 V) compared
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to Hy/H™ (—2.23 V) [33]. Furthermore, under the assumption that the same products are
formed with NaH and Na, the reactions with sodium should be energetically more favored
due to expected lower (more exothermic) reaction energies issuing from the lower standard
enthalpy of formation from NaH (—56.3 k] mol 1) compared to Na (0 k] mol 1) [33].
However, it should be noted that mechanochemical reaction pathways and mechanisms
are still not well understood since mechanochemically prepared products are usually not
in thermodynamic equilibrium.

In the present study, we built upon our previous research by ball milling V,0s5 with
varying amounts of Na. We then compared the resulting sample compositions to those
obtained with NaH to investigate potential differences in reaction behavior and determine
whether hydrides or alkali metals are more suitable mechanochemical reducing agents. In
addition, both LiH and Li were also applied as reducing agents to evaluate the generality of
this concept. In comparison to sodium, an even stronger reaction is anticipated for lithium
due to the comparatively lower standard potential of the redox pair Li* /Li (—3.04 eV) [33].
By varying the reagent composition and combining experimental synthesis with density
functional theory calculations using the Vienna Ab initio Simulation Package (VASP), we
aim to elucidate the generality of mechanochemical reduction pathways in alkali metal—
vanadium-oxygen systems and to assess the relative performance of metals versus hydrides
as reducing agents.

2. Results and Discussion
2.1. Quantum Mechanical Calculations

Quantum mechanical calculations using the Vienna Ab initio Simulation Package
(VASP) were initially conducted to better assess the anticipated differences in exothermicity
between alkali metal hydrides (NaH and LiH) and their corresponding elemental forms (Na
and Li) as mechanochemical reducing agents for V,0s. It was assumed that the reaction
behavior, in terms of the main products formed, would be similar to that observed in the
mechanochemical reduction of V,05 with NaH, which could later be confirmed through
ball milling experiments. The formation enthalpies of the reactants and the expected main
products were calculated (Supplementary Materials, Table S1), with the lowest formation
energy for each polymorph being used to determine the reaction energies. After calculating
the partial reaction equations for the reduction of V,0Os to reduced oxides VO,, V305 and
V,03, the formation energies of alkali metal vanadates from vanadium oxides with Li,O
and NayO were determined (Table S2). For easy comparison, all reaction energies are
normalized to one mol V,0s5 or V,03.

As previously demonstrated, the formation of sodium vanadates—particularly those
containing V>*—appears to be the primary driving force behind the pronounced exother-
micity observed in reactions involving NaH and Na [21]. While the formation of lithium
vanadate Li3VOy, also containing V>, is likewise highly exothermic, the reduction of V,05
to reduced vanadium oxides such as V03 appears to be even more energetically favorable
for lithium-involving reactions compared to sodium ones. This can be attributed to the
higher stability of Li,O (—14.75 eV) compared to Na,O (—11.94 eV).

Overall reaction equations were derived by combining the partial reactions listed in
Table S2 and subsequently normalized to the atomic mass unit (u) of the reactants to facili-
tate direct comparison. As summarized in Table S3, the calculated reaction enthalpies range
from —5.47 to —47.63 meV u~!, confirming their exothermic nature. A notable exception
is the reduction of V,O5 with NaH to elemental vanadium with an endothermic reaction
enthalpy of 4.94 meV u~! (Table S3, Equation (517)). This deviation is most likely related to
the formation of substantial amounts of NayO, which is less stable and therefore energeti-
cally less favored compared to LiO. For all established reaction equations, those involving
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elemental alkali metals are more exothermic compared to their respective alkali metal
hydrides, which is consistent with the previous considerations. Furthermore, a trend can be
observed in which lower standard redox potentials correlate with increased exothermicity.
Based on the quantum mechanical calculations, elemental lithium is therefore predicted to
achieve the highest degree of reduction while also yielding the most exothermic reactions
among the systems investigated.

2.2. Evolution of Pressure During Ball Milling

To systematically compare the reaction behavior of the different reducing agents, 1,
2,3, and 4 eq. of NaH, Na sand, LiH and Li powder were subjected to mechanochemical
treatment with V,0Os5 at 300 rpm for 10 min. The pressure evolution inside the milling jar
was studied using the EASY GTM system by Fritsch. Consistent with previous observations
for NaH [21], a sharp pressure increase, indicative of a combustion event, was observed
for both alkali metals and LiH (Figure 1), suggesting that all reactions are self-propagating
and highly exothermic. In our previous investigation, stopping the reaction at maximum
pressure confirmed that the reaction occurred during the steep increase in pressure. The
same product phases were identified via PXRD measurements as those identified after
10 min of milling [21].
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Figure 1. Evolution of the pressure inside the milling jar during milling of V,05 with 1 to 4 eq. of
(a) sodium hydride, (b) sodium, (c) lithium hydride, and (d) lithium. Note the different pressure
scales. The pressure sensor inside the milling equipment is referenced to atmospheric pressure and
initial pressures before milling therefore often range between 30 and 130 mbar. For easier comparison,
our previous results with NaH are shown again in (a), reproduced with permission from the American
Chemical Society. Copyright 2024 [21].

As shown in Figure 1c, only the reaction with 1 eq. LiH did not exhibit a significant
pressure increase within the 10 min milling period. This is most likely due to the observed
cementation inside the milling jar, which hinders the mechanochemical reaction. Further-
more, using 1 eq. LiH results in the least exothermic reaction (see Supplementary Materials,
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Table S3). This indicates that the reaction is not as energetically favored under the tested
milling conditions as it is with the other tested reducing agents.

After the strong initial pressure spike, the pressure rapidly decreases before attaining
constant values between 4 and 9 bar for NaH and LiH (Figure 1a,c). The final elevated
pressure is attributed to the evolution of hydrogen. The higher the initial hydride concen-
tration, the higher the pressure increases, and the later the reaction is induced. To avoid
exceeding the maximum pressure tolerance of the milling jars of 20 bar, the mass of the
reaction mixture was reduced in case of 3 and 4 eq. of hydride. No effect of the formed
hydrogen on the final sample composition was observed.

In contrast, during reactions with elemental sodium and lithium, the maximum
pressure did not exceed 1.4 bar and quickly returned to its original level (Figure 1b,d). This
indicates that no significant amounts of gaseous byproducts such as oxygen were formed,
which is consistent with the absence of an increase in oxygen inside the glovebox when
the milling jar was opened. Instead, the observed pressure rise is attributed to a sudden
release of energy. According to the ideal gas law, the maximum pressure increases from 0.6
to 1.4 bar, which would correspond to brief temperature spikes of approximately 180 to
420 °C. This underlines the strong exothermicity and formation of the observed thermites.
Overall, the lack of elevated final pressures significantly reduces safety concerns related to
excessive pressure buildup during milling, unlike in the case of the respective hydrides.
As observed with alkali metal hydrides, higher maximum pressures are attained with
increasing concentrations of alkali hydrides, suggesting that the reactions become more
exothermic, which aligns with our calculations.

While the induction period for reactions with NaH and LiH ranged from 30 s to
several minutes, all reactions with elemental sodium and lithium as reducing agents started
in less than one minute of milling. In particular, the use of lithium powder resulted
in instantaneous ignition upon milling. The activation energy is so low that the highly
exothermic reaction was even triggered accidentally by lightly mixing both V,05 and
Li powder with a spatula inside the glovebox, which was not observed for the other
tested reducing agents. As evidenced by the earlier reaction ignition, reactions with alkali
metals seem to have lower activation energies than with the respective hydrides. This is
in accordance with the calculated lower (more exothermic) reaction enthalpies under the
assumption that similar reactions occur during milling according to the Bell-Evans-Polyani
principle, which states that there is a linear relationship between the activation energy
and the reaction enthalpy for closely related reactions [34,35]. It should be noted that the
Bell-Evans—Polyani principle is an empirical principle and is only used for a qualitative
interpretation of the observed results.

A delayed temperature increase of a few degrees was observed in all investigated
systems, which is comparable with the results of our previous publication on NaH [21].
However, unlike pressure evolution, the temperature evolution does not provide valuable
insight into the occurring reaction since a certain percentage of the heat is absorbed by
the milling jar, and the entire atmosphere inside the jar must first warm up before the
temperature change is detected.

2.3. Color Change During Ball Milling

After milling, samples with colors ranging from dark green to black were obtained,
depending on the type and concentration of the reducing agent, in contrast to the ochre color
of the V,0Os starting material (Supporting Information, Figure 52). Milling with 1 eq. NaH,
Na, and Li led to a dark-greenish color, while the sample obtained with 1 eq. LiH exhibited
a much lighter, ochre/brown color, supporting the hypothesis that no reaction occurred,
as seen by the lack of pressure increase. Meanwhile, the use of 2 and 3 eq. Na(H), as well
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as 2 to 4 eq. Li(H), led to very similar black and anthracite colorations, respectively. Only
milling with 4 eq. Na at room temperature resulted in a sticky, grayish, non-homogeneous
reaction mixture with milling balls trapped inside. Due to the stickiness, the reaction
mixture was difficult to remove from the milling jar, suggesting that large excesses of very
ductile reducing agents hinder effective mechanical energy transfer. Similar observations
have been made in cases of mechanical alloying with ductile metals. The ductile materials
undergo strong plastic deformation and cold welding instead of fracturing, which causes
the metals to stick to the milling balls [36-38].

To overcome these ductility issues, two different approaches were tested: the addition
of NaCl as an inert auxiliary agent and milling under cryogenic conditions. However, the
addition of 30 to 50wt% NaCl always led to extensive cementation and inhomogeneity
of the reaction mixture instead of finely dispersed Na, which hindered the successful
reduction of V,05 (Supplementary Materials, Figure S2). In contrast, cryogenic milling
at 35 Hz produced an easily removable fine, black powder. This phenomenon can be
attributed to the increased brittleness of sodium at these temperatures, which facilitates the
milling process and represents an effective alternative to address mixing issues with sticky
reactants or reaction mixtures.

In alignment with our previous results for NaH, an increase in the temperature of a
few degrees is observed after ignition for all tested reactions (see Supplementary Materials,
Figure S3 for exemplary data of the reactions with 2 eq. reducing agent). Since a certain
percentage of the heat is absorbed by the milling jar and since the entire atmosphere inside
the jar must first warm up, detection of the rise in temperature is delayed.

2.4. X-Ray Diffraction Analysis and Rietveld Refinement

Powder X-ray diffraction (PXRD) measurements and Rietveld refinement were per-
formed to analyze the sample composition. All PXRD patterns differ significantly from
the diffraction pattern of pristine V,O5 with space group Pmmn after mechanochemical
reaction with the tested reducing agents (Figure 2). While the reducing agent type (NaH
vs. Na, LiH vs. Li) had rather minimal influence on the sample composition, the reducing
agent concentration strongly influenced the number and positions of reflections and thus
the sample composition (Figure 2).

Rietveld refinements confirm the strong influence of the alkali metal concentration
on the reaction outcome. The results of the Rietveld refinements of samples reduced
with Na, LiH and Li are shown in the Supplementary Materials (Figures S4-S7, Tables
54-56), while the Rietveld refinements for samples reduced with NaH can be found in the
Supplementary Materials of our previous publication [21]. With sodium, the same main
phases are overall formed as with NaH (Figure 3), including NaV,0s5 (Pmmn) with 1 eq.
Na(H), V,03 (R3c) and NayV,07 (C2/c) with 2 eq. Na(H), and NaVO, (R3m) and NazVOy
(P213 and Pmn2;) with even higher concentrations. As described above, milling with 4 eq.
Na resulted in a poorly manageable, sticky reaction mixture at room temperature and a
fine black powder under cryogenic conditions. Both milling temperatures resulted in the
formation of the same main phases with NaVO, as the dominant product. In comparison,
a higher percentage of unreacted sodium was present after milling at room temperature
(26%) compared to cryomilling (12%). Overall, the sample prepared at room temperature
shows very poor crystallinity compared to the others, as seen by the high signal-to-noise
ratio (Figure 2b), making the refinement process challenging and highlighting cryomilling
as a suitable alternative for milling highly ductile compounds.
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Figure 2. PXRD patterns of pristine V,0O5 (black) and after reaction of V,0O5 with 1 to 4 eq. of
(a) sodium hydride and (b) sodium, (c) lithium hydride, and (d) lithium. For easier comparison,
our previous results with NaH were adapted and are shown again in (a). Adapted with permission
from the American Chemical Society. Copyright 2024 [21]. Unidentified reflections are marked
with asterisks. Characteristic reflections correspondmg to V5,05 (Pmmn) are marked with #, of VO,
(P4, /mnm) withm, of VO, (P24 /c) withm, of V,03 (R3¢) with [J, of V (Im3m) with v, of AV3Og (P21 /m)
with |, of AVO3 (C2/c) with A, of NagV,07 (C2/¢) and Lip V,Oy (Fd3m) with ¥, of A3VOy (P213) with
» and A3VOy (Pmn21) with «, of AV¢Oq5 (C2/m) _VVlth 1, of Nag 56 V205 (_C2/m) with —, of AV2_O5
(Pmmn) with A, of NaV,0y (C2/c) and LiV,04 (Fd3m) with e, of AVO; (R3m) with o, of Li;O (Fd3m)
with I, and Na (Im3m) with x. A equals Na and Li. If a phase is present as a main phase in different
diffractograms, its main reflections are marked in all corresponding diffractograms. For easier
understanding, the chemical formula of each main phase is also written behind the respective symbol.
To facilitate comparison, the XRD data have been normalized between zero and one. An increased or
amorphous background between ~10 and 15° 26 originates from different dome sample holders.

With 1 eq. Na, some minor additional phases, NaV3Og (P2/m) [39], NaV¢Os5
(C2/¢) [40], and Nag54V20s5 (C2/m) [41], were detected which were absent when using
sodium hydride. Furthermore, both less and more reduced (sodium) vanadium oxides are
observed in the reaction mixtures compared to NaH. For example, NaV,05 with V4*/V>*
is only formed with 1 eq. NaH, but with both 1 and 2 eq. Na. In contrast, more reduced
NaV,0; and NaVO, with V*3/V4* and V3*, respectively, are only observed with >3 eq.
NaH, but already with 2 eq. Na. The faster formation of more reduced phases with sodium
can most likely be attributed to its lower standard potential and the more exothermic
reaction enthalpies compared to NaH. However, the high ductility of sodium might re-
duce the local energy impact from the milling balls, which explains the formation of less
reduced products.

Since the same products are mainly formed with NaH, it can be concluded that similar
reactions occur simultaneously during ball milling and the general trends deduced for
increasing NaH concentrations are also valid for Na reduced samples: higher percentages
of sodium vanadates form due to increased sodium availability, lower vanadium oxidation
states become accessible, and sodium-rich vanadates are preferentially formed.
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Figure 3. Sample composition in weight percent obtained by Rietveld refinement for V,0Os5 milled
with 1 to 4 eq. sodium hydride and sodium for 10 min. For easier comparison, our previous results

with NaH are reshown (adapted with permission from the American Chemical Society. Copyright
2024) [21].

Lithium-based reductions mirror the trends observed for sodium-containing reducing
agents and a product mixture of different (lithium) vanadium oxides is always obtained
(Figure 4).
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Figure 4. Sample composition in weight percent obtained by Rietveld refinement for V,0O5 milled
with 1 to 4 eq. lithium hydride and lithium for 10 min.

As suspected, based on the missing pressure increase and cementation, no reaction
occurred with 1 eq. LiH, with the sample consisting mainly of unreacted V;0Os5 and only
minor amounts VO, (P4, /mnm) and LiV¢Oj5 (C2/m). In contrast, milling with lithium
resulted in rapid mechanochemical reduction and the formation of VO, (P21 /c), LiV30g
(P21/m), LiVO3 (C2/c¢), and LiV¢Oq5 (C2/m) along with some unreacted V,0Os. Overall,
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increasing Li(H) concentrations result in the formation of very similar phases, including
V203 (R3C), Li3VO4 (Pﬂ’ll’lzl ), LiV205 (Pmmn), LinO4 (Fd3m), LiV02 (R3m) and Li2V204
(Fd3m). When using elemental lithium, even minor amounts of elemental vanadium can be
detected, evidencing the higher reductive power of Li and the highly exothermic calculated
reaction enthalpies.

In good agreement with the sodium-based results and the performed quantum chemi-
cal calculations, reactions with a low ratio of alkali metal to V,0O5 dominate at low Li(H)
concentrations such as the formation of LiV,0s at 1 and 2 eq. Li(H), while lithium-rich
phases such as LizVOy or reduced lithium vanadates with V3* such as LiVO; are only
formed with 3 or 4 eq. Li(H). Again, similar findings for the obtained sample composi-
tions suggest similar occurring reactions during ball milling, which further validates the
previous assumption regarding lower activation energies in the case of Li according to the
Bell-Evans—Polyani principle.

3. Materials and Methods
3.1. Materials

V,0s5 (abcer, Karlsruhe, Germany, 99.9%), LiH (Alfa Aesar GmbH, Karlsruhe, Germany,
99.4%), lithium powder and sodium were obtained from commercial standard suppliers
and were stored in a glovebox (MBRAUN, Garching, Germany) under argon atmosphere.
The purity of all solids was characterized by X-ray diffraction prior to use.

3.2. Synthetic Procedures
3.2.1. Preparation of Sodium Sand

Sodium metal was melted in a Schlenk round-bottom flask under an argon atmosphere
in paraffin oil at 105 °C. Upon complete melting, the mixture was vigorously stirred
for 15 min to generate finely dispersed sodium droplets (“sodium sand”). Stirring was
subsequently halted during cooling to prevent agglomeration. The resulting sodium sand
was isolated and washed three times with absolute toluene, followed by three additional
washes with absolute n-hexane. After drying, the material was stored under argon in
a glovebox. All solvents were pre-dried using a solvent purification system (MBRAUN,
Garching, Germany).

3.2.2. Mechanochemical Syntheses

All syntheses were performed under an argon atmosphere using the glovebox tech-
nique (MBRAUN, Garching, Germany).

For syntheses in the planetary ball mill Pulverisette 7 premium line (Fritsch, Idar-
Oberstein, Germany), ZrO, grinding jars with a volume of 45 mL were used. The batch size
was set to 3 g and V,0Os5 was milled with n eq. Li, LiH and Na (n =1, 2, 3 and 4) at 300 rpm
for 10 min using 90 ZrO, milling balls with a diameter of 5 mm. The evolution of pressure
and temperature during ball milling was studied using the EASY GTM system by Fritsch
(Idar-Oberstein, Germany). To avoid damage of the milling equipment, the total mass of
the reaction mixture was set to 2 and 1.5 g for 3 and 4 eq. LiH, respectively. It is advised
to estimate the potential pressures inside the milling jars before starting any reactions to
avoid damage and safety issues. Since hydrogen is flammable when mixed with air, great
care should be taken when opening the milling jar.

Due to ductility issues in the case of 4 eq, Na, the mechanochemical reaction was
performed under cryogenic conditions instead of at room temperature. Instead of using
the above-mentioned planetary ball mill, the reaction was performed in the mixer mill
MMS500 nano (Retsch, Haan, Germany). The milling equipment was changed from ZrO,
to steel since ZrO, milling equipment is not suitable for use in cryogenic conditions. To
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ensure a good comparability between both milling conditions, the volume of the jar, the
number of milling balls and the batch size was kept the same under both cryogenic and
room-temperature conditions. For cryogenic milling, the milling jar with the reaction
mixture was cooled down in a bath of liquid nitrogen before being milled for 2 min at 35 Hz
with 1 min of cooling in between to ensure that the cryogenic conditions were retained.

3.3. Characterization

Powder X-ray diffraction (PXRD) patterns of the pulverized samples were recorded at
room temperature on a X'Pert MPD diffractometer (PANalytical, Almelo, The Netherlands)
in Bragg-Brentano 0-0-geometry (goniometer radius 240 mm) with Cu K >-radiation
(A1 =154.055, A, = 154.441 pm). A 12 um Ni foil working as a K filter and a variable
divergence slit were mounted at the primary beam side. A PIXcel'P detector was used
at the secondary beam side. Experiments were carried out in a 260 range of 7 to 120° with
a step size of 0.013° and a total scan time of 2 h. Rietveld refinements of the recorded
diffraction patterns were performed using Topas 5.0 (Bruker AXS, Karlsruhe, Germany)
software [42]. Crystallographic structure and microstructure were refined, while instrumen-
tal line broadening was included in a fundamental parameters approach [43]. The mean
crystallite size <L> was calculated as the mean volume-weighted column height derived
from the integral breadth. Crystal structure data were obtained from the Pearson’s Crystal
database [13].

3.4. Quantum Mechanical Calculations

Calculation of the free energy of the (sodium) vanadium oxides was carried out
using the projector-augmented wave (PAW) method by Blochl [44] implemented in the
Vienna Ab initio Simulation Package (VASP) [45-47]. Exchange and correlation effects were
accommodated using the General Gradient Approximation (GGA) functional by Perdew—
Burke-Ernzerhof optimized for bulk solids (PBEsol) [48]. POTPAW_PBE_54 potentials
were used for all calculations, more specifically Na_sv, Li_sv, V_sv, O_h, and H_h. The
convergence criteria for electronic and ionic relaxation were set to 10~% and 107> eV,
respectively, while the cut-off energy was set to 800 eV. The Brillouin zone was sampled
by automatically generating a I'-centered k-point mesh with a resolution of minimum
0.035 A~ per cell. All calculations were carried out without spin-polarization.

4. Conclusions

In conclusion, mechanically induced self-propagating reactions of V,0O5 can be per-
formed not only with NaH, as previously reported, but also with LiH and their elemental
counterparts, sodium and lithium, as reducing agents.

Apart from the system containing 1 eq. of LiH, where no reaction occurred after 10 min
of milling due to cementation, ignition was observed either immediately (for Na and Li) or
after a few minutes of milling (for NaH and LiH) across all other tested compositions.

Rietveld refinement confirmed that both hydrides and elemental alkali metals follow
similar reaction pathways, yielding product mixtures of different (alkali metal) vanadium
oxides with the same main phases under comparable reaction conditions. The concentration
of the reducing agent strongly influences the reaction outcome. Higher concentrations
favor the formation of alkali-rich vanadates, lower vanadium oxidation states, and reduced
oxide formation. Both alkali metals yield larger product mixtures with both more and less
reduced alkali metal vanadates compared to NaH and LiH. The formation of more reduced
phases is likely due to their lower standard potential compared to the hydride and the
calculated more exothermic reaction enthalpies. The latter align with the apparent lower
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activation energy in accordance with the Bell-Evans—Polyani principle, as evidenced by the
instantaneous start of the reactions.

Although elemental alkali metals can be seen as the more powerful reducing agents in
the investigated system, their higher ductility can hinder effective energy transfer, causing
the formation of less reduced products. Particularly large amounts of highly ductile sodium
led to unmanageable and sticky reaction mixtures, which can only be overcome by less
straightforward cryomilling.

Overall, the differences in reaction outcomes when using alkali metals or hydrides as
reducing agents are rather small in the mechanochemical reaction with V,0O5 and a large
mixture of different phases is always obtained. However, despite the risk of hydrogen gas
formation, alkali metal hydrides offer easier handling, better commercial availability and
safer mixing in the investigated systems. In contrast, elemental metals provide stronger
and faster reduction, but they pose practical limitations due to vigorous reactivity and
ductility. For less ductile systems, such as those employing alkaline earth metal-based
reducing agents, fine powders of the elemental metal are more preferrable than hydrides
since hydrogen gas hazards can be avoided while maintaining similar product formation.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/inorganics14090238 /s1: Figure S1: Observed sample coloration
after milling V,Os5 with different amounts of reducing agent at room temperature and under cryogenic
conditions in the case of 4 eq. sodium. Figure S2: Rietveld refinement after milling V,05 with 4 eq.
Na and 50 wt% NaCl at 300 rpm for 10 min. Figure S3: Evolution of pressure and temperature
during milling time of V,05 with 2 eq. of (a) NaH, (b) Na, (c) LiH and (d) Li for 10 min. Note the
different scales. Figure S4: Rietveld refinement after milling V,O5 with (a) 1, (b) 2, (c) 3 and (d) 4 eq.
Na. Figure S5: Rietveld refinement after milling V,0O5 with 4 eq. Na under cryogenic conditions.
Figure S6: Rietveld refinement after milling V,O5 with (a) 1, (b) 2, (c) 3 and (d) 4 eq. LiH. Figure S7:
Rietveld refinement after milling V,05 with (a) 1, (b) 2, (c) 3 and (d) 4 eq. Li. Table S1: Overview of
the calculated formation enthalpies per formula unit Z of different vanadium oxides, alkali metal
vanadates, alkali metal oxides and hydrides as well as their elemental counterparts for the respective
sodium and lithium compounds that are relevant for this work. Table S2: Reaction enthalpies per mol
V1,05 or V5,03 (AHy) of the possible partial reaction equations for the reduction of V,05 with Na(H)
and Li(H) to reduced vanadium oxides and the formation of alkali metal vanadates from vanadium
oxides and the respective alkali metal oxide. Table S3: Reaction enthalpies per mol V,0Os5 (AH;) of
the overall reaction equations for the reactions between V,05 and Na(H) and Li(H), normalized
to the atomic mass unit of the reactants. Table S4: Overview of the sample composition in weight
percent as obtained by Rietveld refinement after milling V,O5 with different amounts of Na for
10 min. Table S5: Overview of the sample composition in weight percent as obtained by Rietveld
refinement after milling V,0Os5 with different amounts of LiH for 10 min. Table S6: Overview of the
sample composition in weight percent as obtained by Rietveld refinement after milling V,O5 with
different amounts of Li for 10 min.
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