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Summary

Sodium borohydride (NaBH,) combines an exceptionally high gravimetric hydrogen
capacity (= 10.9 wt %) with ambient condition stability, making it an appealing solid-state
hydrogen carrier for heavy-duty and maritime applications. Its practical adoption, how-
ever, is limited by the energy-intensive and costly regeneration of the spent product,
sodium metaborate (NaBO,). Mechanochemical routes, where high-energy ball milling
drives solid-state synthesis, offer a solvent-free, room-temperature alternative, but pub-
lished data remain fragmented, difficult to reproduce, and largely confined to laboratory
scale. To tackle these bottlenecks, this dissertation develops a robust regeneration
pathway for NaBH, and, in parallel, advances a generally applicable methodology for
scalable, data-rich mechanochemistry.

The work begins by identifying the divergence in NaBH, mechanochemical yields repor-
ted for similar reactant systems. These differences are traced to un-reported or poorly
controlled milling parameters such as rotational speed, ball-to-powder ratio, jar geometry,
and the working principle of the milling machine. A comprehensive fractional design of
experiments (DoE) is therefore established to quantify both individual and interaction
effects of four key operational variables on chemical yield: milling time, molar ratio,
ball-to-powder ratio (BPR) and rotational speed. Leveraging these insights, the highest
literature yield (90 %) is reproduced while operating the mill 20 % more slowly, cutting
specific energy demand and metal wear. The same procedure simultaneously delivers a
“ready-to-use” aqueous NaBH, solution, eliminating hazardous separation steps.

To move beyond empirical screening, the thesis introduces a physics-based description
of the milling process. Discrete Element Method (DEM) simulations reveal that normal
and tangential energy dissipation per collision, together with specific collision frequency,
constitute a set of mechanical invariants that uniquely characterize ball-mill operation.
When experimental conditions are reproduced in terms of these dimensionless groups,
different datasets collapse onto universal master curves, providing a transferable “mech-
anical fingerprint” that links equipment of different sizes and designs to comparable
chemical performance.

Building on this mechanistic insight, the influence of the ratio between tangential and
normal stressing events is systematically explored under constant-power and constant-
rotational-speed conditions. A low fill ratio of 6 %, which maximizes tangential dissipation,
increases the specific yield to 0.28 yield W~" and achieves a record conversion to 94 %,
while shifting the fill ratio to 17 % drives the system towards normal impacts and reduces
the yield by 40-50 percentage points. The resulting guidelines enable targeted adjustment
of dynamics and filling conditions to favor shear over less productive compression, provid-

Xi



Xii Summary

ing a practical route to maximize regeneration efficiency while minimizing energy demand.

Data-driven models extend the framework. A two-stage Gaussian-Process-Regression
ensemble, trained on combined chemical parameters and DEM-based mechanical
descriptors, predicts out-of-sample NaBH, yields with R? = 0.83, allowing unpromising
parameter combinations to be discarded computationally before a single gram of powder
is milled. Complementarily, a graph neural-network surrogate offers a novel alternative
to traditional DEM simulations by predicting particle trajectories with a mean-squared
error of 2 x 107 m? with a time-step more than 100 times larger than DEM. Additionally,
the model can dynamically predict the energy dissipation of the system, showcasing how
these surrogates can be used beyond a simple kinematic fit.

Together, these elements form a closed feedback loop: statistically designed exper-
iments feed physics-based simulations, then these simulations yield scale-independent
descriptors. These descriptors drive machine learning models, significantly cutting time
and energy demands. Lastly, a proof-of-concept approach with the surrogate offers a
low-entry-barrier tool for the mechanochemistry community, intending to standardize
reporting protocols when the knowledge of physical simulations is limited. The dis-
sertation thus delivers a validated, energy-efficient route for mechanochemical NaBH,
regeneration, and a transferable template for reproducible, scalable mechanochemistry.
By combining empirical, mechanistic and data-centric approaches, the study advances
NaBH, towards a truly circular hydrogen carrier and lays the groundwork for broader
adoption of green mechanochemical synthesis across the chemical industry.



Samenvatting

Natriumboorhydride (NaBH, ) combineert een uitzonderlijk hoge gravimetrische water-
stofcapaciteit (= 10,9 wt %) met stabiliteit onder omgevingscondities, wat het tot een
aantrekkelijke vastestofwaterstofdrager maakt voor zware en maritieme toepassingen.
De praktische toepassing wordt echter beperkt door de energie-intensieve en kostbare re-
generatie van het uitgeputte product, natriummetaboraat (NaBO,). Mechanochemische
routes, waarbij hoogenergetische kogelmaling de vastestofsynthese aandrijft, bieden een
oplosmiddelvrij alternatief bij kamertemperatuur, maar gepubliceerde gegevens blijven
gefragmenteerd, moeilijk reproduceerbaar en grotendeels beperkt tot laboratoriumschaal.
Om deze knelpunten aan te pakken ontwikkelt dit proefschrift een robuust regenera-
tiepad voor NaBH, en, parallel daaraan, een algemeen toepasbare methodologie voor
schaalbare, data-rijke mechanochemie.

Het onderzoek begint met het identificeren van de variatie in mechanochemische op-
brengsten van NaBH, die voor vergelijkbare reagentia-systemen zijn gerapporteerd.
Deze verschillen worden herleid tot niet-gerapporteerde of slecht gecontroleerde maal-
parameters zoals rotatiesnelheid, kogel-tot-poeder-verhouding, potgeometrie en het
werkingsprincipe van de maalinstallatie. Daarom wordt een uitgebreid fractioneel experi-
menteel ontwerp (DoE) opgesteld om zowel de individuele als interactie-effecten van
vier belangrijke operationele variabelen op de chemische opbrengst te kwantificeren:
maaltijd, molverhouding, kogel-tot-poeder-verhouding (BPR) en rotatiesnelheid. Met
deze inzichten wordt de hoogste literatuuropbrengst (90 %) gereproduceerd terwijl de
molen 20 % langzamer draait, waardoor de specifieke energiebehoefte en metaal-slijtage
afnemen. Dezelfde procedure levert tegelijkertijd een “gebruiksklare” waterige NaBH,
oplossing, waardoor gevaarlijke scheidingsstappen vervallen.

Om verder te gaan dan empirische screening introduceert het proefschrift een natuurkun-
dige beschrijving van het maalproces. Discrete Element Method (DEM) simulaties tonen
aan dat normale en tangentiéle energiedissipatie per botsing, samen met de specifieke
botsfrequentie, een set mechanische invarianten vormen die het functioneren van de
kogelmolen uniek karakteriseren. Wanneer experimentele condities worden gereprodu-
ceerd in termen van deze dimensieloze groepen, vallen verschillende datasets samen op
universele mastercurves, wat een overdraagbare “mechanische vingerafdruk” oplevert
die apparatuur van verschillende grootte en ontwerp koppelt aan vergelijkbare chemische
prestaties.

Voortbouwend op dit mechanistisch inzicht wordt de invloed van de verhouding tus-

sen tangentiéle en normale belastingsevents systematisch onderzocht onder zowel
constante vermogens- als constante rotatiesnelheidscondities. Een lage vulgraad van
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6 %, die de tangentiéle dissipatie maximaliseert, verhoogt de specifieke opbrengst tot
0,28 yield W~ en bereikt een recordomzetting van 94 %, terwijl het verhogen van de
vulgraad tot 17 % het systeem naar normale impacten verschuift en de opbrengst met
40-50 procentpunten verlaagt. De resulterende richtlijnen maken een gerichte afstem-
ming van dynamiek en vullingscondities mogelijk om schuifspanningen te bevorderen
boven minder productieve compressie, wat een praktische route biedt om de regeneratie-
efficiéntie te maximaliseren en tegelijk het energieverbruik te minimaliseren.

Datagedreven modellen breiden het kader uit. Een tweestaps Gaussian Process Regres-
sion ensemble, getraind op gecombineerde chemische parameters en DEM-gebaseerde
mechanische descriptoren, voorspelt out-of-sample NaBH, opbrengsten met R? = 0.83,
waardoor weinigbelovende parametercombinaties computationeel kunnen worden uitge-
sloten voordat er één gram poeder wordt gemalen. Aanvullend biedt een grafeneuraalnet-
werksurrogaat een nieuw alternatief voor traditionele DEM simulaties door deeltjesbanen
te voorspellen met een gemiddelde kwadratische fout van 2 x 10™ m? bij een tijdstap
die meer dan 100 keer groter is dan die van DEM. Bovendien kan het model de energie-
dissipatie van het systeem dynamisch voorspellen, wat laat zien hoe deze surrogaten
verder kunnen gaan dan een eenvoudige kinematische fit.

Samen vormen deze elementen een gesloten feedbacklus: statistisch ontworpen experi-
menten voeden natuurkundige simulaties, die vervolgens schaalonafhankelijke descrip-
toren opleveren. Deze descriptoren sturen machine learning modellen aan, waardoor tijd
en energiebehoefte aanzienlijk worden verlaagd. Ten slotte biedt een proof-of-concept-
benadering met het surrogaat een hulpmiddel met lage instapdrempel voor de mechano-
chemiegemeenschap, bedoeld om rapportageprotocollen te standaardiseren wanneer
de kennis van fysische simulaties beperkt is. Het proefschrift levert daarmee een gevali-
deerde, energie-efficiénte route voor mechanochemische regeneratie van NaBH,, en
een overdraagbare blauwdruk voor reproduceerbare, schaalbare mechanochemie. Door
empirische, mechanistische en data-gerichte benaderingen te combineren, brengt de
studie NaBH, dichter bij een werkelijk circulaire waterstofdrager en legt zij de basis voor
bredere toepassing van groene mechanochemische synthese in de chemische industrie.
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2 1. Introduction

L1. SOLID HYDROGEN CARRIERS

ydrogen is widely regarded as a key clean energy carrier for a sustainable future,

but a major challenge remains in storing hydrogen safely and efficiently [1, 2].
Traditional storage of hydrogen as a compressed gas or cryogenic liquid poses safety
risks and offers low volumetric energy density [3]. Solid hydrogen carriers, which
chemically bind hydrogen in a solid matrix, are being actively explored to overcome
these issues. By chemically binding hydrogen within a solid, these materials enable
safe, compact, and high-density hydrogen storage that could meet the demands of a
future “hydrogen economy,” in which hydrogen is produced and used as a widespread
fuel [1]. Indeed, solid-state hydrogen storage in certain hydride materials has shown the
potential for greater hydrogen density and safer handling than conventional tanks [2].
However, no single material yet satisfies all practical requirements: current candidates
face different trade-offs in storage capacity, release temperature, kinetics, and cost
[1, 4]. This section introduces the main classes of solid hydrogen carriers, including
metal hydrides, complex hydrides, and other chemical hydrides like ammonia borane,
discussing their potential and the challenges that motivate continued research.

L11. TYPES OF SOLID HYDROGEN CARRIERS

Solid hydrogen carriers are materials that store hydrogen via chemical bonds or
adsorptive interactions in a solid matrix, releasing H, upon suitable triggers, such as
heat or water. This category encompasses a range of materials. In general, they can be
grouped into three families: metal hydrides, which are hydrides of elemental metals or
intermetallic compounds, such as MgH,, and LaNigH; complex hydrides, ionic solids
in which hydrogen resides in polyatomic anions, such as borohydrides (NaBH,) and
alanates (NaAlH,); and chemical molecular hydrides, neutral compounds that store
hydrogen in covalent bonds and are solid under ambient conditions, such as ammonia
borane (NH,BH,). All of these materials offer material-based storage as opposed to
physical compression, and often feature a higher volumetric hydrogen density and
inherent safety since they don’t rely on high pressures [5].

METAL HYDRIDES

Metal hydrides are compounds formed by the reaction of hydrogen gas with metals or
alloys, often yielding solid materials where hydrogen atoms occupy interstitial sites in a
metal lattice or form metal-hydrogen bonds [6]. Classic examples include alloys like
LaNigH, and simple metal hydrides like magnesium hydride (MgH,). Metal hydrides are
attractive because they can reversibly absorb and release hydrogen numerous times
by changing temperature or pressure, effectively acting as a rechargeable hydrogen
“battery”. They also tend to offer very high volumetric hydrogen densities, since the
hydrogen is stored in a compact solid matrix. Moreover, metal hydrides are safe
materials for hydrogen storage under mild conditions and can have higher hydrogen
densities than liquid hydrogen [6]. A notable case is alane (AIH3), which has a volumetric
hydrogen density about twice that of liquid H, [7].

Despite these advantages, metal hydrides often suffer from excess weight



1.1. Solid hydrogen carriers 3

and thermal constraints. Many intermetallic hydrides contain heavy elements, so their
gravimetric hydrogen capacity is modest. LaNi;H,, for example, stores only about 1.4
wt% hydrogen [2], although it operates near room temperature with excellent kinetics [8].
Lighter metal hydrides like MgH, and lithium hydride LiH have much higher hydrogen
content: MgH,, contains 7.6 wt% H,, and LiH contains 12.7 wt% H, [9]. These light
metal hydrides exemplify the gravimetric potential of metal hydrides; however, they are
too thermodynamically stable, requiring high temperatures to release hydrogen. For
instance, bulk MgH, only begins to desorb H, at roughly 300 °C and above, with very
slow kinetics unless improved by catalysts or nanostructuring [10, 11]. LiH is even
more extreme as it is stable at nearly 700 °C, and thus is impractical for on-demand H2
release by heating. Although LiH can release hydrogen readily if reacted with water, it
is highly reactive and corrosive, posing handling challenges [9]. Another illustrative
example is alane (AlH,). It contains approximately 10 wt% hydrogen and, as mentioned,
has an exceptional volumetric hydrogen density, but it is a metastable compound.
Rehydriding aluminum metal to AlH, requires enormous hydrogen pressures of up
to 7000 bar in bulk [7], making it very difficult to regenerate once decomposed. In
general, while metal hydrides are often fully reversible in theory, many have unfavorable
thermodynamics that demand either high temperatures or high pressures to cycle, and
their weight efficiency is a concern [1]. Research continues to improve metal hydrides
by alloying and catalysis, but as of now, all metal hydrides fall short in meeting the
necessary requirements for a viable hydrogen economy. The key challenges can be
summarized as insufficient storage capacity, slow reaction rates, and hydrogen release
occurring only at impractical temperature levels [1].

COMPLEX HYDRIDES

Complex hydrides are a broad category of hydrogen-rich compounds containing anionic
complexes such as borohydride [BH,]™ or aluminohydride [AIH,]™, often paired with
lightweight metal cations (Li*, Na*, K*, Mg?*). These materials have attracted great
interest because they typically involve only light elements (H, B, Al, Li, etc.), giving them
very high gravimetric hydrogen densities which in many cases surpass those of simple
metal hydrides [12]. For example, borohydrides are among the most hydrogen-rich
solids known: lithium borohydride (LiBH,) has a theoretical hydrogen content of about
18.5 wt% [13], and sodium borohydride (NaBH,) contains 10.6 wt% H, [14]. Such high
hydrogen capacities exceed the U.S. DOE targets of 5-7 wt% usable hydrogen, and are
very appealing for lightweight storage [15]. Alanates have intermediate capacity and,
when doped with Ti-based catalysts, can reversibly hold approximately 5 wt%, but are
still much lighter than transition-metal hydrides. Complex hydrides also tend to be stable
solids under ambient conditions, making them nonvolatile, which is good for safety and
storage [12].

The main challenge with complex hydrides is achieving controlled hydrogen
release and uptake. These materials usually have strong covalent bonds in their anionic
groups (B—H, Al—H, etc.), which means high thermal stability and slow dehydrogenation
kinetics. As an illustration, NaBH, has a decomposition enthalpy of =110 kJ per mole H,,



4 1. Introduction

and does not release significant hydrogen until heated above about (500°C) [14]. In fact,
if one simply heats solid NaBH,, it may melt and partially decompose to sodium metal
and boron, but liberates much less H2 than expected because of side reactions like
phase separation and evaporation of sodium [14]. While not easily dehydrogenated
by heat alone, it is well known as a chemical hydrogen generator via hydrolysis to
produce H, at room temperature, making it useful for on-demand hydrogen via a fuel
cell. The trade-off is that this hydrolysis yields sodium metaborate (NaBO,) as a spent
product, and regenerating NaBH, from NaBO, is notoriously difficult with conventional
methods [14]. Similarly, LiBH, has a high decomposition temperature (380-400°C)
[16] and releases hydrogen in multiple steps, often forming stable boron compounds
that are hard to rehydrogenate. These high temperatures are undesirable for practical
systems. On the positive side, some complex hydrides can be induced to release H, at
lower temperatures through clever modifications: adding catalysts, making composite
mixtures, or nanoconfinement [17, 18]. To give an example, doping sodium alanate
(NaAlH,) with a small amount of Ti-based catalyst enables it to reversibly release
and reabsorb about 4-5 wt% hydrogen at 120-180°C, far lower than its undoped
decomposition temperature [19]. Nanoscale engineering is another approach: confining
hydrides in porous scaffolds can reduce particle size and alter thermodynamics, aiding
hydrogen release. Despite such advances, most complex hydrides remain irreversible
or only partially reversible under practical conditions. In summary, complex hydrides
offer some of the highest hydrogen storage densities and the appeal of solid-state
safety, but they face serious challenges in hydrogen release kinetics and especially in
reversibility. Many borohydrides and high-capacity complex hydrides either decompose
to inert solids that won't take up H, again under mild conditions, or require very high
pressures and temperatures to re-hydrogenate [20].

MOLECULAR CHEMICAL HYDRIDES

Beyond the metal and complex hydrides, there are molecular chemical hydrides that
store hydrogen in covalent bonds within discrete molecules or polymeric frameworks.
The prime example is ammonia borane (NH, . BH,), a solid at room temperature that
has been intensely studied as a hydrogen storage material. Ammonia borane (AB)
contains 19.6 wt% hydrogen, making it one of the highest gravimetric hydrogen contents
of any stable compound, and a volumetric hydrogen density of about 146 g H,, per liter of
solid [21]. It is also non-toxic and stable under ambient conditions, which makes it very
appealing on paper. AB releases hydrogen upon heating through a series of thermolysis
reactions: around 110 °C it begins to release H,, and with further heating up to 150 °C it
can liberate roughly two equivalents of H, (about 13-14 wt% of its hydrogen) in an
exothermic process [22, 23]. This hydrogen release is relatively low in temperature, and
researchers have developed catalysts to lower the release temperature or to achieve
more complete dehydrogenation [23]. However, ammonia borane exemplifies the key
challenges of chemical hydrides as the decomposition does not cleanly yield H, and a
simple spent fuel. Instead, it produces boron-nitrogen byproducts (e.g. polyborazylene
and borazine among others) that are chemically complex. Once AB has released its
hydrogen, the remaining spent material is a mixture of solid residues that are difficult
to reprocess back into AB. Regeneration of ammonia borane from these B—N spent
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products is a complex task requiring multiple chemical steps and substantial energy
input, which undermines its practicality [21]. Additionally, the hydrogen release from AB
can be accompanied by trace amounts of ammonia or borazine, impurities that can
damage fuel cells if not managed. Similar issues affect other high-hydrogen chemical
hydrides like hydrazine borane or metal amine-boranes, which have been explored
but often suffer from stability or handling issues [24, 25]. In general, the advantages
of chemical hydrides like AB are their extraordinarily high hydrogen content and the
possibility of rapid hydrogen generation at low temperature, while their disadvantages
include stability issues, potential side-product formation, and the lack of a simple
regeneration cycle [21].

In summary, solid hydrogen carriers present an innovative solution to store
hydrogen in a dense and safer form, aligning with the needs of a future zero-emission
energy landscape [1]. They offer clear benefits in theory (high hydrogen density, no
need for extreme pressurization, and potential for reversibility), but each class has
its own set of challenges in practice, from thermodynamic limitations to recharging
difficulties. The current state of research reflects a balancing act: improving the
performance of these materials (via catalysts, nanostructuring, new compositions) while
also developing processes to efficiently regenerate and reuse the carriers. Achieving
a practical closed-loop hydrogen carrier fuel cycle, paired with efficient, low-waste
regeneration, would be disruptive for the hydrogen economy. Figure 1.1 illustrates
this compromise explicitly, mapping the practical release temperature of representative
metal, complex, and molecular chemical hydrides against their achievable gravimetric
hydrogen capacities and regeneration capability.

20.0 NH3-BH3 Regeneration capability
- .LiBH‘ . Feasible
X
fg 175 . Challenging
5 15.0 © Impractical
o .
© LiH
§ 123 NaBH ©
4 AlH
£100 @ @
£ MgH.
5 75 @
£ NaAlH,
s 50 .
O
25 .LaNing
0.0
0 100 200 300 400 500 600 700

Minimum practical H> release temperature (°C)

Figure 1.1: Trade-off between practical hydrogen release temperature, gravimetric
capacity, and regeneration capability for representative solid carriers.

1L1.2. TOWARDS THE REGENERATION OF SODIUM BOROHYDRIDE

Among the different solid hydrogen carrier alternatives, sodium borohydride (NaBH,)
stands out because it combines a good gravimetric capacity (10.92 wt% H,) with
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powder-form stability, benign handling, and an existing industrial supply chain [26].
These qualities make it one of the few materials realistic for on-board hydrogen
generation [12, 14]. It can also deliver hydrogen on demand through simple,
room-temperature hydrolysis (see Equation 1.1), yet it is non-volatile, non-pyrophoric,
and transportable without high-pressure cylinders or cryogenic insulation. This
unmatched safety-energy-density balance makes it particularly attractive for vehicles
and portable power systems [27, 28].

NaBH, + (2 + x)H,0 — NaBO, -xH,0 + 4H, (1.1)
where x is the level of hydration.

The critical limitation of NaBH,, is the difficulty of regenerating it after use. When NaBH,
releases hydrogen via hydrolysis, it is converted into sodium metaborate (NaBO,) or
related borates. Converting NaBO, back into NaBH, requires the input of considerable
energy and hydrogen, essentially reversing the original reaction. Conventional chemical
methods for NaBH, production, such as the Brown-Schlesinger process, are complex
and expensive, which have so far prevented NaBH, from being a truly sustainable
hydrogen carrier in a closed cycle [29]. This challenge has motivated researchers to
seek new regeneration methods that are more energy-efficient and practical. One
promising approach is mechanochemical regeneration in which a high-energy ball mill is
used to drive the chemical reduction of NaBO, back to NaBH,. Recent studies have
shown that by ball milling sodium metaborate with reductive agents, such as MgH,,
it is possible to synthesize NaBH, directly from its spent form at room temperature,
without the need for high-temperature furnaces or high-pressure hydrogen gas [17,
30]. This mechanochemical route essentially uses mechanical action in the form of
impact and shear forces to overcome kinetic barriers and facilitate the reaction of the
metaborate with H,-bearing solids, forming fresh NaBH,. While still in early stages,
such approaches hint at a feasible recycling loop for NaBH, that could dramatically
improve its practicality as a hydrogen carrier [31] (Figure 1.2).

20 ™
'8 é
NaBH4 Hydrolysis
Powder NaBH,+2H,0- 4 H,+NaBO,

Closed-Loop
Hydrogen Carrier __

i

+(2)09 4
Spent Fuel

Ball-Mill Collection

Regeneration F/ NaBO, (spent fuel)

Figure 1.2: Basic NaBH, closed-loop
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1.2. MECHANOCHEMISTRY

Mechanochemistry is the branch of chemistry concerned with chemical reactions
induced by mechanical energy, typically by grinding or milling solid reactants [32].
Specifically in high-energy ball milling, mechanical forces from collisions and friction
drive reactions without the need for bulk solvents or high temperatures (see Figure 1.3)
[17, 33]. This solvent-free, room-temperature approach is attractive for sustainable
synthesis, as it avoids hazardous reagents and can enable transformations not
attainable by conventional methods [34]. Mechanochemistry has been applied across
materials science, from inorganic alloy formation to organic synthesis [33, 35, 36].

1.2.1. REPRODUCIBILITY GAP AND STANDARDIZATION CHALLENGES

The outcomes of mechanochemical reactions are highly sensitive to milling conditions.
Important parameters include the ball-to-powder ratio (BPR), which represents the mass
ratio of milling media to reactant powders, the milling time, rotational or oscillation speed,
and other factors like ball size, fill volume of the jar, and even the type of mill [37, 38].
Despite this clear cause-and-effect cycle, mechanochemical reactions have a notorious
reputation for poor reproducibility since the literature underreports or overlooks some of
these parameters. For instance, significantly different product yields are often reported
for the same starting materials, owing to variations in milling conditions and equipment.
Factors like the exact jar geometry, material of the milling media, and even subtle
differences in how a procedure is executed (pre-treatment of reagents, temperature,
etc.) can also dramatically affect outcomes [39, 40].

In the context of solid hydrogen carriers, Kuziora et al. [41] kept a nom-
inal BPR constant but systematically varied jar volume, ball size, and powder mass
while testing the hydrogen-storage performance of MgH,. The resulting capacities
diverged widely, proving that a single BPR value cannot guarantee identical milling
conditions or outcomes. In other applications, Julien et al. [38] used in-situ Raman
spectroscopy inside a mixer mill to follow a Knoevenagel condensation and showed that
varying the milling frequency led to different regimes of reaction kinetics. Likewise, an
inter-laboratory benchmarking study concluded that dependencies on mill model and jar
size remain “globally overlooked” in published procedures, frustrating theory-to-practice
transfer and reproducibility [42]. Collectively, these findings illustrate the common pattern

Compression / Shear /

Normal force Tangential force

l,o, O,
0=, L

N —

Figure 1.3: Mechanical action inside milling machine
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of reporting only a fraction of relevant parameters, even though neglected variables
can affect yields or selectivity by orders of magnitude. Addressing that blind spot, for
example, by full disclosure of milling geometry, fill level, media composition, and liquid
additives, is imperative for genuine reproducibility and for building transferable kinetic
models. As expected, the same limitations are encountered for the mechanochemical
regeneration of NaBH, [17]. Figure 1.4 visualizes this issue by plotting the best-reported
regeneration yields of different studies against rotational speeds. Even within the narrow
1000-1450 rpm window, the yields can scatter by more than 20 percentage points, and
other studies cannot be placed in the abscissa at all because their mill speed was never
disclosed. The plot, therefore, makes the reproducibility gap tangible and underscores
the need for a complete mechanical descriptor set.

1.2.2. REAL-TIME MONITORING AND MECHANISTIC UNDERSTANDING

Another fundamental limitation in mechanochemistry has been the difficulty of observing
and controlling reactions in real time. Ball milling typically occurs in sealed, opaque
jars undergoing rapid motion, which limits direct visual or spectroscopic monitoring of
the reaction progress [43]. This lack of real-time insight means that the mechanisms
of energy transfer, from mechanical to chemical, remain only partially understood.
Pioneering developments in the last decade have introduced in situ monitoring
techniques, such as time-resolved X-ray diffraction and Raman spectroscopy performed
on modified milling setups [38, 43], offering glimpses into phase transformations
during milling. However, such methods are still in their infancy and typically require
specialized, modified equipment. As a result, mechanochemical reactions are often
treated as “black boxes,” where only the initial and final states are known. An additional

%0 ‘Chen etal. 2017

85

80
.Zhong etal. 2017

.Hsueh et al. 2009
75 Cakanyildirm et al. 2011.

NaBH, regeneration yield (%)

70
.Ouyang etal. 2017

1000 1100 1200 1300 1400 1500
Rotational speed (rpm)

Figure 1.4: Scatter of best-reported yields for the mechanochemical regeneration of
NaBH, versus the rotational speed of the ball mill. The large yield spread
highlights process variability and the impact of incompletely specified milling
conditions.



1.3. Research objective & thesis outline 9

limitation of this is that, while lab-scale equipment may be modifiable to include these
inspection technologies, the translation to large-scale equipment cannot be taken for
granted. This is critical since it has already been established that differences in
mills can lead to different mechanochemical outputs. Recent state-of-the-art reviews
emphasize that advanced computational simulations can bridge this gap, providing
a powerful complementary route for understanding and optimizing mechanochemical
transformations [44].

1.2.3. SCALE-UP LIMITATIONS

Despite promising lab-scale results, translating mechanochemistry to industrial
production remains a major hurdle. Most successful reactions have been demonstrated
in small laboratory mills, and scaling up the process is non-trivial. The technology
developed in academic labs faces significant scale-up challenges before it can reach
industry [45-48].

One of the biggest obstacles is the lack of proven strategies for continuous
or large-volume mechanochemical processing. Very few demonstrations exist of
mechanochemical syntheses on the kilogram or ton scale, and conventional ball
mills operate in batch mode, which can become inefficient for large throughputs [45,
47]. There is ongoing research into adapting continuous milling techniques, such as
twin-screw extrusion, to perform mechanochemical reactions at scale [46]. For instance,
in an extruder, rotating screws can mash reactants together continuously, offering more
controlled conditions and easier scalability than batch ball mills [48]. Nonetheless,
significant innovation and investment are required to bridge the gap between lab
and industry, and to ensure that mechanochemical processes remain efficient and
controllable at scale.

1.3. RESEARCH OBJECTIVE & THESIS OUTLINE

This thesis confronts a two-fold challenge. On the one hand, mechanochemical
NaBH, regeneration is a promising route towards a closed borohydride fuel cycle, yet
the published data remains fragmented and hard to reproduce. On the other hand,
mechanochemistry still lacks unified protocols, representative diagnostics, and scale-up
strategies. The goal of this work is therefore to close both gaps by delivering a robust,
transferable route to sustainable NaBH, regeneration, and a general template for
reliable, scalable mechanochemistry. The following main research question is therefore
defined:

Which mechanochemical conditions, descriptors, and reporting standards
enable reproducible, scalable, and energy-efficient regeneration of NaBH ,?
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To unpack this main question, the following sub-research questions are defined:

* What are the key operational variables and interactions in mechanochemical
NaBH, regeneration, and do multiple operating windows produce comparable
yields?

* How can the internal dynamics of a mechanochemical process be linked to
machine-level operating conditions to facilitate reproducibility and transferability
across mills and scales?

* Does mechanochemical yield depend more on total mechanical input or its
partitioning between normal and tangential stressing, and how can we test this
experimentally?

» To what extent can the mechanochemical yield be predicted by coupling
mechanical descriptors with chemical stoichiometry via machine learning models?

+ How can physics-based simulations, specifically discrete element modeling,
be accelerated through surrogate or reduced-order approaches to reduce
computational cost?

These questions outline the path from mechanistic understanding to scalable technology,
situating the work within the broader landscape of green chemistry innovation. The
thesis, therefore, unfolds in three distinct parts:

I (chapter 2) establishes an efficient experimental methodology that maps the
vast operational space of a typical mechanochemical process with a reduced set of
trials. This allows operational parameters to be ranked against yield targets and the
identification of statistical significance. Also, a water-based yield quantification protocol
replaces conventional handling of ethylenediamine and simultaneously produces a
“ready-to-use” solution of NaBH,.

Il (chapter 3 and chapter 4) turns to physics-based modeling. In chapter 3,
Discrete Element Method (DEM) simulations are used to define a set of mechanically
invariant descriptors that collapse multiple milling conditions onto so-called master
curves. Framed in this way, any mill, at any scale, can be compared or tuned using a
single 'mechanical blueprint’, allowing fair comparisons between equipment and forward
predictions of conditions that favor a desired mechanochemical outcome. Then, in
chapter 4, the master curve framework is exploited to fairly assess the influence of
the distribution between tangential and normal stressing events in the system, thereby
providing the first unbiased benchmark for bulk-scale NaBH, mechanochemical reactivity.

Il (chapter 5 and chapter 6) combines data-driven tools to extend both
reach and practicality. In chapter 5, machine learning models fuse experimental
conditions with the DEM-derived descriptors to predict regeneration across the entire
design space, steering experiments toward high-yield regions while cutting trial-and-error
costs. Finally, chapter 6 introduces a graph neural network surrogate that reproduces
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DEM physics at a fraction of the computational cost, lowering the entry barrier for rapid
mill design and scale-up studies.

Collectively, the three parts progress from systematic experimentation, through
mechanistic insight, to predictive and accelerated design of mechanochemical processes.
In doing so, the thesis offers both a concrete pathway for circular hydrogen carriers
based on NaBH, and a broadly applicable framework for next-generation industrial
mechanochemistry.
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Optimization of operational
variablesandinteractionsfor
NaBH, regeneration

In this chapter, we investigate mechanochemical NaBH, regeneration from
NaBO, - 4H,0 and MgH, on a Retsch Emax ball mill. A screening design of experiments
identifies the key operational variables and their interactions. We map operating
windows in the space of rotational speed, milling time, BPR (ball-to-powder ratio), and
molar ratio, showing when different combinations reach comparable yields with different
trade-offs. A water-based method facilitates conversion quantification while avoiding
toxic solvents and produces a ready-to-use NaBH , solution.

Parts of this chapter are adapted from: Garrido Nufiez, S., Schott, D. L. and Padding, J. T. ‘Optimization
of operational parameters in the mechanochemical regeneration of sodium borohydride (NaBH,)". In:
International Journal of Hydrogen Energy 97, 640-648 (2025).

19



20 2. Optimization of operational variables and interactions for NaBH, regeneration

2.1. INTRODUCTION

The ongoing transition to low-carbon and no-carbon energy systems has incentivized
the creation of many green power generation solutions that have the potential to sustain
our energetic needs. This transition faces a great challenge in finding an effective and
efficient energy carrier that can keep up with the demands of high-energy industries and
applications such as maritime transport [1, 2]. One of the alternatives to mitigate fossil
fuel dependency is hydrogen, a clean energy carrier with zero emissions. However,
hydrogen storage and transportation in pure gaseous or liquid form is challenging due to
high-pressure or low-temperature working conditions [3, 4].

A potential solution involves using solid hydrogen carriers, which enable the storage
of hydrogen at ambient temperature and pressure conditions. Sodium borohydride
(NaBH,) has a high theoretical gravimetric hydrogen storage capacity (10.92 wt%)
and thus, is a promising solid hydrogen carrier [5]. Hydrogen can be released
via the hydrolysis of NaBH, (Equation 4.1) with dry or hydrated sodium metaborate
(NaBO, - xH,0) as byproduct, typically referred to as spent fuel. Therefore, the
regeneration of NaBH, from the spent fuel is critical for considering it a viable contributor
to the energy transition since it would allow its usage in a circular, cheap, and
sustainable manner [6, 7].

NaBH, + (2 + x)H,0 - NaBO, -xH,0 + 4 H, (2.1)

where X is the level of hydration.

Mechanochemical, electrochemical, and thermochemical methods have been
reported for regenerating NaBH, [6, 8, 9]. Thermochemical processes require
high-pressure and temperature conditions, while electrochemical methods tend to be
inefficient and can produce toxic or harmful byproducts that have a negative impact
on the environment. Mechanochemical methods, in contrast, are appealing and
environmentally friendly options because they function without the need for an electrolyte
solution and can be performed at room temperature and pressure conditions [6].

Within a mechanochemical process, the mechanical action of the system in-
duces the breakage of primary bonds, giving rise to surface reconstruction and chemical
reactions among the surrounding media as milling balls collide [10]. For the chemical
reaction to take place, a sufficiently large contact area and contact time must be involved
in the process. Otherwise, the reactants may not have sufficient interplay.

In the specific case of NaBH,, its mechanochemical regeneration has been reported
to be viable in high-energy mills [11-17]. A summary of the highest yield obtained in
different studies is presented in Table 4.1, which are based on the following five distinct
chemical processes.

NaBO, +2 MgH, — NaBH, +2 Mg0 (

NaBO, -2 H,0 + 4 Mg — NaBH, + 4 MgO (
NaBO, -2 H,0 + 4 MgH, — NaBH, + 4Mg0 + 4 H, (
NaBO, - 4H,0 + 6 MgH, — NaBH, + 6 MgO + 8 H, (
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NaBO, -2 H,0 + 2 Mg,Si — NaBH, + 4 MgO + 2 Si (2.6)

It can be noticed that significantly different yields have been achieved using the same
reactants. This variation is due to differences in the working conditions of the ball
mills used (e.g., rotational speed, fill ratio, ball size, jar shape, ball mill motion, or
ball-to-powder ratio (BPR)). These parameters fundamentally affect the mechanical
action within the milling jar. It is important to emphasize that mechanical conditions
depend on the specific ball mill and the collisions occurring inside the jar. Therefore,
simply replicating operational conditions does not guarantee the same chemical yield
unless the same mechanical action inside the jar is ensured. The process parameters
reported in the studies shown in Table 4.1 are presented in Table 2.2.

The results presented in Table 4.1 and Table 2.2 highlight the significant potential
of mechanochemistry in facilitating the regeneration of NaBH,, which serves as a
motivation for this study. However, it is worth noting that many authors have omitted
crucial details for the complete characterization of their experimental setup, thereby
hindering reproducibility.

Moreover, most authors typically investigate the impact of only one or two
operational variables at a time while holding the remaining variables constant. For
instance, Hsueh et al. [11] simultaneously varied milling time and molar ratio while
keeping rotational speed and BPR constant. In contrast, Lang et al. [14], Cakanyildirim
et al. [13], and Chen et al. [16] independently varied milling time and molar ratio
while maintaining the remaining variables fixed. Kong et al. [12] independently varied
milling time, molar ratio, and ball-to-powder ratio (BPR) while keeping the rest of the
variables constant. Notably, the work of Ouyang et al. [15] stands out as they studied
the simultaneous effects of varying milling time, molar ratio, and BPR. However, their
maximum vyield fell short compared to other studies. Finally, Zhong et al. [17] also
analyzed the combined influence of milling time and molar ratio while keeping the other
variables constant.

It is understandable why authors have decided to follow this approach. The number of

Table 2.1: Reported yields for the mechanochemical regeneration of NaBH,.

Metaborate 2" reactant  Yield (%) Year Ref.
NaBO, MgH, 76 2009 [11]
NaBO, MgH, 71 2009 [12]
NaBO, MgH, 74 2011 [13]
NaBO, MgH, 89 2017 [14]
NaBO,-2H,0 Mg 68 2017 [15]
NaBO,-2H,0 MgH, 90 2017 [16]
NaBO,-4H,0 MgH, 88 2017 [16]

NaBO,-2H,0 Mg,Si 78 2017 [17]




22 2. Optimization of operational variables and interactions for NaBH, regeneration

Table 2.2: Process parameters reported for the mechanochemical regeneration of
NaBH,. Parameters that were not specified in the original papers are
indicated with an en-dash (-).

Reference [11] [12] [13] [14]
Metaborate NaBO, NaBO, NaBO, NaBO,
2" reactant MgH, (98 %) MgH, (79.3 %) MgH, (99 %) MgH, (95 %)
Mass metaborate (g) 0.66 - 0.86 -
Mass 2" reactant (g) 0.26 - 0.89 -
Total mass (g) 0.92 - 1.75 -
Molar ratio 2.8 20 2.6 27
Rotational speed (rpm) 1080 - 1450 -
Milling time (h) 6 2 12 12
Jar volume (mL) 65 - 45 -
Ball diameter (mm) 13 - 10/4 -
Number of balls 4 - 2/3 -
Ball volume in jar (%) 7 - 2.5 -
Ball-to-powder ratio (kg:kg) 39 50 10 50
Mill type SPEX 8000 QM-3A CertiPrep 8000M QM-3A
Milling vessel ma