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 A B S T R A C T

We compare the influence of tangential (shear) and normal (compressive) stress events on the mechanochem-
ical regeneration of sodium borohydride NaBH4 from hydrated sodium metaborate NaBO2 ⋅4H2O and magne-
sium hydride MgH2. Discrete element method (DEM) mechanical descriptors are used to design experiments 
that either maintain the mill at a constant rotational speed or maintain a constant total dissipation power, 
thereby separating stress distribution from net power input. Under constant power operation, a tangential rich 
regime achieves a record 94% conversion yield with 37.5% shorter milling time, 40% lower ball-to-powder 
ratio, and 34% reduced speed. However, this high yield requires such a substantial power consumption that 
the converted mass per Watt drops to only 0.090 g W−1, below both balanced (0.113 g W−1) and normal-bias 
(0.108 g W−1) cases. By contrast, a tangential bias at half the power (3 W) still delivers 84% yield and peaks at 
0.185 g W−1, illustrating the often disregarded trade-off between absolute conversion and energetic productivity 
in mechanochemistry. Specific yield (conversion per Watt) likewise peaks at 0.28 W−1 and declines linearly 
with fill ratio (R2 > 0.99). Mechanochemical energy leverage analysis reveals that, at most, 1.7–3.7% of input 
mechanical work is theoretically recoverable on an enthalpy basis, 2.1–4.4% on a Gibbs free energy basis, and 
4–8.7% when considering the fuel value of all available hydrogen. Our mill-agnostic framework provides a 
transferable blueprint for cross-platform optimization of mechanochemical processes.
. Introduction

Sodium borohydride (NaBH4) is an attractive solid hydrogen carrier 
iven its high theoretical energy density and gravimetric hydrogen 
torage [1,2]. The hydrolysis of NaBH4 releases hydrogen and produces 
odium metaborate (NaBO2 ⋅ xH2O) as a byproduct: 
aBH4 + (2 + 𝑥)H2O → NaBO2 ⋅ xH2O + 4H2 (1)

here 𝑥 is the level of hydration.
The central barrier to the deployment of sodium borohydride at 

cale is not the hydrogen release, but rather its regeneration. In 2007, 
he U.S. Department of Energy (DOE) go/no-go reviews concluded that 
ll assessed NaBH4 pathways exceeded cost targets primarily due to 
igh regeneration costs and sodium price sensitivity, leading to a no-
o recommendation for on-board hydrolysis [3]. Since then, NaBH4
echanochemical loops have co-integrated hydrogen release and re-
eneration within a single, solvent-free process window by capturing 
he hydrolyzate as borates/carbonates and solid-state reducing it back 
o NaBH4 under ambient milling. The approach bypasses high-pressure 
2, compression, solvent use, and dehydration, consistently achieving 

∗ Corresponding author.
E-mail address: s.garridonunez@tudelft.nl (S. Garrido Nuñez).

∼70%–80% regeneration yield [4–9]. Relevant examples in the context 
of this work are shown in Table  1.

Analogous one-step variants have been demonstrated for LiBH4
and Mg(BH4)2, underscoring that mechanochemistry enables new op-
portunities for process integration and cost reduction across complex 
hydrides [10–13]. We also note a related mechanochemical route to 
NaBH4 from NaB(OH)4 using Mg–Al intermetallics; reported yields 
remain comparatively low under prolonged milling (<∼43%), reflecting 
different interfacial chemistry than the MgH2-driven cycles considered 
here [14]. In previous research, we have presented results of the 
mechanochemical regeneration of NaBH4 from a system comprising 
NaBO2 ⋅4H2O and MgH2 (Eq.  (2)) with yields reaching up to 90% 
along with a ranking of the operational variables (rotational speed, 
milling time, ball-to-powder ratio and molar ratio) based on their 
relevance to the chemical yield, with milling time being the most 
significant [15]. 

NaBO2 ⋅ 4H2O + 6MgH2 → NaBH4 + 6MgO + 8H2 (2)
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Table 1
Reported results of the mechanochemical regeneration of NaBH4.
 Metaborate 2nd reactant Reported yield (%) Year Ref.  
 NaBO2 MgH2 76 2009 [21] 
 NaBO2 MgH2 71 2009 [22] 
 NaBO2 MgH2 74 2011 [23] 
 NaBO2 MgH2 89 2017 [24] 
 NaBO2 ⋅2H2O Mg 68 2017 [25] 
 NaBO2 ⋅2H2O MgH2 90 2017 [26] 
 NaBO2 ⋅4H2O MgH2 88 2017 [26] 
 NaBO2 ⋅2H2O Mg2Si 78 2017 [5]  

More generally, mechanochemistry harnesses mechanical energy 
to drive chemical transformations, but its practice often treats the 
applied stresses simplistically (e.g., as a pressure or scalar force) rather 
than as a full stress tensor [16,17]. In reality, mechanical loading in 
ball milling involves both normal (compressive) and tangential (shear) 
stress components. The distinct roles of these stress modes, however, 
have rarely been explored in mechanochemical studies. Apart from a 
few targeted studies, most notably Kobayashi et al. [18] who mapped 
the spatial distribution of normal and tangential stresses for a single ball 
in a planetary ball mill, most reports and mechanistic studies treat me-
chanical loading as a single pressure or force magnitude, overlooking 
the fact that shear and compression can influence reaction pathways 
differently [16,19]. For example, the Bell model expresses the rate 
enhancement via a term exp

(

− 𝑃𝛥𝑉
𝑅𝑇

)

 involving an isotropic pressure 𝑃 , 
but effectively ignores any anisotropy [19]. This simplification means 
that chemically important distinctions, for example, that tensile stress 
tends to break bonds, while normal stress often drives bond formation, 
can be overlooked [20].

Indeed, several authors point out that common methodologies lack 
independent control of stress modes. For example, studies of boundary 
lubrication films (ZDDP tribofilm growth) show that prior experiments 
based on tribometers could not independently control the normal and 
tangential stress [27]. Quantitative comparisons further underscore the 
oversight: for ZDDP tribofilm formation, the measured activation vol-
ume under shear loading (∼0.18 nm3) is nearly twenty times larger than 
that under pure compression (∼0.01 nm3), confirming that tangential, 
not normal stress, drives the mechanochemical reaction [27].

Several factors contribute to this oversimplification. On the ex-
perimental side, it is difficult to apply or measure pure shear with-
out collateral normal forces. Most common mechanochemical reactors 
(ball mills, twin-screw extruders) impose mixed stress states. For in-
stance, planetary and high-energy ball mills induce both impact, and 
shear forces; continuous extruders force material through narrow chan-
nels applying high tangential and normal stress simultaneously [28]. 
Few laboratory techniques allow independent control of shear versus 
compression. Traditional pressure devices (diamond-anvil cells, gas- 
or liquid-pressure cells, AFM tips) primarily deliver uniform normal 
stress, while tribometers typically combine tangential and normal load-
ing [16]. Even with these limited experimental options, conclusions 
drawn under such idealized conditions remain difficult to generalize 
to bulk mechanochemical operations, where complex, varying stress 
landscapes deviate from bench-top experiments. A consequence of this 
is that well-defined shear loading is rarely isolated in mechanochemical 
experiments, so mechanisms driven by sliding or frictional forces are 
usually inferred indirectly [28].

In summary, both experimental practice and theoretical frameworks 
have treated mechanical loading as effectively scalar, bypassing the 
need to decouple components. These simplifications have significant 
implications. By ignoring stress anisotropy, predictive models may fail 
to capture important mechanistic pathways. For instance, Jonas et al. 
showed that under pure sliding (shear) conditions, there exists a finite 
critical stress below which no reaction occurs, contrary to the continu-
ous behavior predicted by the scalar Bell model [19]. If one calibrates 
a model on compression-induced data, it may not predict shear-driven 
2 
kinetics correctly. Similarly, an experimental result obtained under 
one loading mode (e.g., hydrostatic press) may not translate to an-
other (e.g., milling) if the shear contribution is different, leading to 
a misinterpretation of which bonds are activated. Moreover, because 
mills can operate under different principles, there is broad variation 
in collision frequencies, impact energies, and shear rates, rendering 
comparative evaluation across milling platforms complicated [29–33]. 
This lack of detail can also hamper reactor design when up-scaling 
becomes relevant; without knowing how shear or normal forces drive 
a transformation, it is hard to optimize milling media, extruder screw 
profiles, or frictional conditions to maximize yield or selectivity. In 
practice this could mean, for example, that some reaction products 
remain inaccessible simply because the wrong stress component is 
being applied. Overall, neglecting shear–normal distinctions reduces 
the predictive power of mechanochemical models and can obscure the 
true mechanism of activation.

A concrete example relevant to the context of this work is the re-
generation of NaBH4. Research has focused on trying different reducing 
agents or hydration levels while attempting to maximize yield within a 
limited set of operational parameters (rotational speed, ball-to-powder 
ratio (BPR), milling time, and molar ratio) [5,21–26]. Unfortunately, 
this has unintentionally diverted attention from a deeper understanding 
of the mechanical system that defines the success of the reaction [34]. 
This presents several challenges: reproducibility becomes problematic 
unless identical equipment is used, scaling-up becomes challenging, 
the connection between macroscopic behavior and molecular transfor-
mations is neglected, and predictive models that allow quantitative 
descriptions of expected chemical conversion are scarce [35]. As re-
ported in our previous study [15], the intended replication of identical 
operational parameters in a different ball mill (for example, going from 
a shaker ball mill to a high-energy ball mill) led to completely different 
results in the mechanochemical regeneration of NaBH4. Thus, given 
the fundamental changes in design, operation, and energy input of 
different mills, it becomes evident that these operational parameters 
are not sufficient to accurately characterize a mechanochemical process 
if the ultimate goals are increasing efficiency, scaling-up, and ensuring 
reproducibility across devices. To overcome the shortcomings outlined 
above, namely poor interlaboratory reproducibility, the inability to de-
couple normal and tangential stress modes, and the resulting obstacles 
to reliable scale-up, we proposed and validated a methodology that 
characterizes mechanochemical processes by analyzing the mechanical 
interactions occurring inside the milling jar through Discrete Element 
Method (DEM) modeling [36,37]. By defining three characteristic val-
ues: the mean normal energy dissipation per collision, 𝐸̄𝑛; the mean 
tangential energy dissipation per collision, 𝐸̄𝑡; and the specific collision 
frequency, 𝑓col∕𝑛ball, we could successfully predict the chemical yield of 
NaBH4 regeneration under previously untested operational conditions. 
Together, these metrics capture the distribution of energy dissipated 
between normal and tangential contacts, providing a practical represen-
tation for the underlying stress landscape in a bulk mechanochemical 
process because the energy released in each collision scales directly 
with the normal or tangential force components; partitioning that en-
ergy therefore mirrors how compressive and shear stresses are delivered 
in the jar.

Because these descriptors are derived directly from particle–particle 
and particle–wall interactions, they remain independent of the mill’s 
working principle and design. Consequently, any milling device that 
can reproduce the triplet {𝐸̄𝑛, 𝐸̄𝑡, 𝑓col∕𝑛ball} should deliver the ex-
pected chemical conversion. Moreover, since the framework explicitly 
separates the contributions of compression (normal interactions) and 
shear (tangential interactions), it gives the unique opportunity to de-
liberately tune their balance in the system while keeping the total 
mechanical power dissipation constant. Since this power can be ex-
pressed as (𝐸̄𝑛+ 𝐸̄𝑡) 𝑓col, the mechanical descriptors can be manipulated 
to maintain an invariant mechanical ‘budget’ even as the fill ratio 
(i.e. the volume occupied by the balls divided by the jar’s total internal 
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Fig. 1. Schematic of jar movement. Figure reused from Garrido et al. [15], 
International Journal of Hydrogen Energy, 2025. This article is licensed under 
a Creative Commons Attribution 4.0 International License (CC BY 4.0).

volume) changes, and hence the grinding media mass and internal 
dynamics. The master-curve framework provides the compensating ad-
justments in rotational speed or amplitude required to hold that power 
fixed while smoothly shifting the ratio 𝐸̄𝑡∕𝐸̄𝑛 from shear-dominated 
to compression-dominated regimes. This decouples the stress mode 
from net energy delivery, allowing mechanistic comparisons that are 
free from confounding effects and isolating the true influence of shear 
versus normal loading on reaction kinetics. Moreover, projecting any 
milling device onto the same {𝐸̄𝑛, 𝐸̄𝑡, 𝑓col∕𝑛ball} space yields a quantita-
tive stress fingerprint that immediately reveals whether the mill intrin-
sically favors shear or compression, providing a rigorous, transferable 
basis for equipment benchmarking, optimization, and scale-up.

2. Model and materials

The Emax high-energy ball mill, distributed by the German com-
pany Retsch, is used for all experiments. The system was set up to allow 
a maximum temperature of 50 ◦C. The machine allocates proprietary 
grinding jars with 125 mL of volume that follow a circular motion 
with a rotational speed 𝑛 up to 2000 revolutions per minute with an 
amplitude (radius) 𝐴 of 1.7 cm, see Fig.  1.

Hydrated sodium metaborate (NaBO2 ⋅4H2O) (≥99%) was pur-
chased from Sigma-Aldrich, while magnesium hydride (MgH2) (≥99.9%, 
≤50 μm) was obtained from Nanoshel. All reactants were used without 
further purification. The sample preparation for ball milling was carried 
out in a glovebox under an argon atmosphere, with oxygen and water 
concentrations maintained below 0.1 ppm. For a detailed description of 
the quantification of chemical yield and the cleaning of the equipment 
to preserve similar conditions for all experimental cases, we refer to 
our previous work [15].

2.1. Modeling approach and case definition

The interactions between the milling jar and the grinding me-
dia were modeled and simulated using the Discrete Element Method 
(DEM). For this study, Altair EDEM 2021.2 was used as DEM solver, 
while Python 3.9.12 was used for data post-processing. EDEM imple-
ments a soft-sphere approach, calculating particle contact forces based 
on the Hertz–Mindlin model. We refer to our previous work [36] for a 
detailed description of the contact model and the equations governing 
the particle’s motion in the DEM framework, as well as for the calibra-
tion and data post-processing carried out to produce the master curves 
presented in Fig.  2.
3 
The master curves (Fig.  2(a) and (b)) represent the expected me-
chanical action of the high-energy ball mill in terms of mean specific 
power dissipation in the normal and tangential directions, respectively. 
Additionally, the specific collision frequency and ratio between both 
modes of dissipation are also presented (Fig.  2(c) and (d)). These 
master curves were obtained from a large number of DEM simulations, 
normalizing the measured dissipated energies and collisions through 
Eqs.  (3) and (4).

𝑃𝑠𝑝𝑒𝑐 =
𝑓𝑐𝑜𝑙 ̄𝐸𝑛,𝑡

𝜌𝜔3𝐴2𝑑3𝑝𝑛𝑏𝑎𝑙𝑙
(3)

𝑓𝑐𝑜𝑙 =
𝑓𝑐𝑜𝑙
𝜔𝑛𝑏𝑎𝑙𝑙

(4)

where 𝜌 is the milling ball density, 𝜔 is the rotational speed of the mill, 
𝐴 is the amplitude of oscillation, 𝑑𝑝 is the diameter of the milling balls, 
and 𝑛𝑏𝑎𝑙𝑙 is the number of milling balls in the system.

The combination of the master curves along with Eqs. (3) and (4) 
enables the estimation of the triplet of characteristic values (𝐸̄𝑛, 𝐸̄𝑡 and 
𝑓𝑐𝑜𝑙∕𝑛𝑏𝑎𝑙𝑙) for this mechanochemical process without the need for any 
simulations. Then, it is possible to calculate the total power following 
Eq.  (5). 
𝑃𝑡𝑜𝑡 = 𝑓col

(

𝐸̄𝑛 + 𝐸̄𝑡
)

(5)

Looking at the ratio between tangential and normal dissipation (Fig. 
2(d)), it becomes possible to define three distinct operational regimes 
that strictly depend on the fill ratio. The first goes from 4% to 9% 
fill ratio and favors tangential dissipation. At 10%, an elbow can be 
identified in the curve, meaning that this fill ratio provides the best 
balance between normal and tangential dissipation in this mill. Then, 
the second zone, which extends up to 20%, increases the relevance 
of normal dissipation. Lastly, the third zone, extending beyond 20%, 
provides no benefit as the ratio can no longer achieve values beyond 
those achievable at lower fill ratios. Thus, to test the effect of each 
mode of dissipation on the mechanochemical yield, the cases presented 
in Table  2 are selected.

The five cases in Table  2 are designed with the following rationale: 
a reference case, with a fill ratio of 10%, achieves the best balance in 
dissipation between tangential and normal components in the context 
of the Emax mill (see Fig.  2(d)). Cases favoring tangential dissipation 
use a fill ratio of 6%, while those favoring normal dissipation use a fill 
ratio of 17%. It is worth highlighting that, until now, the influence of 
the fill ratio on the mechanochemical regeneration of NaBH4 has not 
been investigated at all, let alone with a mechanistic rationale [15]. 
In broader mechanochemical research, this parameter is shifted for 
pragmatic or empirical reasons, making it unclear whether the reported 
results on mechanochemical yield arise from altered power input, modi-
fied collision modes, or both [38,39]. To account for the effects of these 
different fill ratios on the system’s dynamics and mechanical behavior, 
two approaches are introduced: constant rotational speed and constant 
total power. Using both approaches, we can introduce a systematic 
exploration of the effects of the fill ratio in a mechanochemical reaction 
by enforcing power equivalence, providing a controlled platform for 
mechanistic interpretation.

State-of-the-art mechanochemical studies are typically carried out 
using only the constant rotational speed approach, where the mill speed 
stays fixed while the fill ratio is adjusted. Varying the fill ratio changes 
the total power dissipation because both the mass in the jar (number 
of milling balls) and the collision frequency shift. As stated above, the 
problem is that any change in reaction outcome now combines two 
effects: tangential vs. normal distribution and total power, making it 
impossible to determine which factor drives the yield. To resolve this 
confounding, the constant power strategy can be used.

In the constant power approach, the machine’s rotational speed is 
carefully adjusted using Eqs. (3) and (4) to maintain constant total 
power dissipation. Since ultimately the goal is to set 𝑃𝑡𝑜𝑡,𝑟𝑒𝑓 = 𝑃𝑡𝑜𝑡,𝑖, 
the aforementioned equations can be manipulated to arrive at Eq.  (6). 
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(d) 

 

Fig. 2. (a) Master curve - mean specific normal power dissipation per collision 𝑃𝑠𝑝𝑒𝑐,𝑛 (b) Master curve - mean specific tangential power dissipation per collision 
𝑃𝑠𝑝𝑒𝑐,𝑡 (c) Master curve - mean specific collision frequency 𝑓𝑐𝑜𝑙 (d) Ratio between mean specific tangential power dissipation per collision and mean specific normal 
power dissipation per collision 𝑃𝑠𝑝𝑒𝑐,𝑡∕𝑃𝑠𝑝𝑒𝑐,𝑛. Calibrated coefficients (system comprising NaBO2 ⋅4H2O and MgH2). Figure reused from Garrido et al. [36], Powder 
Technology, 2025. This article is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0).
Table 2
Comparison of milling scenarios at constant rotational speed versus constant total power. Two biased cases are shown for each 
operating mode: one that favors tangential dissipation and one that favors normal dissipation.
 Parameter Reference Constant rot. speed Constant total power
 case Favor tang. Favor norm. Favor tang. Favor norm. 
 Fill ratio (%) 10 6 17 6 17  
 Rot. speed (Hz) 10.0 10.0 10.0 13.14 9.03  
 Spec. power, normal 39.7 23 43 23 43  
 Spec. power, tangential 90 75 60 75 60  
 Spec. collision frequency 40 70 25 70 25  
 Collision frequency (s−1∕𝑛𝑏𝑎𝑙𝑙) 400 700 250 920 226  
 𝑃tot (W) 6.9 3.0 9.4 6.9 6.9  
 Normal energy (10−4 J) 2.21 0.73 3.82 1.26 3.12  
 Tangential energy (10−4 J) 5.00 2.38 5.34 4.11 4.35  
 Ratio tang. / norm. 2.26 3.26 1.40 3.26 1.39  
 Mechanochemical yield (%) 71 84 43 94 40  
This step assumes that the ball material and diameter, as well as the 
machine’s amplitude, remain unchanged. Nonetheless, the influence of 
these parameters can be readily implemented back into the expression 
if they are varied. 

𝜔𝑖 = 𝜔ref

(

𝑛ball,ref 𝑃spec,ref

𝑛ball,𝑖 𝑃spec,𝑖

)1∕3

(6)

In both strategies, the tangential to normal dissipation ratio remains 
constant because it is set solely by the fill ratio. What changes is how 
the total power is delivered to the reactants. By keeping that power 
constant, any shift in yield reflects how the power is supplied, rather 
than how much the system receives (see Table  2). Furthermore, all 
cases have the following previously optimized chemical operational 
parameters: BPR of 30, molar ratio of 66% above the stoichiometric 
value (see Eq.  (2)), milling time of 12.5 h, and stainless steel balls 
4 
(1.4034 G100 DIN 5401) with a diameter of 10 mm [15]. Each case 
was carried out three times to ensure reproducibility.

3. Results and discussion

This section presents the results obtained when the relative con-
tribution of tangential and normal collision modes inside the jar is 
systematically varied. Two complementary approaches were applied to 
isolate mechanical effects. The first follows constant rotational speed, 
and the second follows constant total mechanical power. Alongside 
the absolute regeneration yield, each run is evaluated through its 
specific yield (W−1), which relates fractional conversion yield directly 
to the mechanical power consumed, and through the converted mass 
per Watt (g W−1), which relates net product output directly to the 
mechanical power consumed. Finally, we estimate mechanochemical 
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Fig. 3. Yield versus fill ratio for experiments run at constant rotational speed (blue) and at constant total mechanical power (orange). The secondary (top) axis 
converts each fill ratio to the corresponding tangential/normal dissipation ratio inside the jar. Error bars show the variability in yield.
Table 3
Mechanochemical regeneration of NaBH4 from NaBO2 ⋅ 4H2O + MgH2: prior 
art (Chen et al. 2017 [26]) and this work.
 Metric Chen et al. 2017 [26] This work Change 
 Regeneration yield (%) 88 94 +6%  
 Milling time (h) 20 12.5 −38%  
 Ball-to-powder ratio (BPR) 50 30 −40%  
 Rotational speed (Hz) 20 13.14 −34%  

energy leverage metrics 𝜆𝑚𝑐 , which measure the fraction of mechanical 
energy converted into recoverable chemical energy.

3.1. Tangential to normal dissipation ratio

The results in Fig.  3 depict how the conversion yield changes 
with fill ratio, which dictates the ratio between tangential and nor-
mal stressing events in the milling machine. In both approaches, the 
lowest fill (6%) leading to the highest tangential contribution gives 
the best performance. Under constant power operation, this achieves 
a regeneration yield of 94%, the highest value reported to date for the 
NaBO2 ⋅4H2O and MgH2 system. Specifically, this is achieved while 
reducing the milling time by 38%, the ball-to-powder ratio by 40% 
(meaning more powder can be treated within the same batch), and the 
rotational speed by 34% (see Table  3) [26]. These gains demonstrate 
the potential for optimizing mechanochemical reactions with a deeper 
understanding of interactions among variables and the influence of 
mechanical conditions on the system. 

When the system is held at constant speed, the tangential biased 
case still leads, but the yield is about ten percentage points lower 
than in the constant power approach. For normal-dominant cases, the 
opposite trend appears; constant speed offers a small advantage of 
less than five percentage points. A simple first-order model captures 
this behavior with high fidelity. Linear regression of yield against fill 
ratio gives 𝑅2 > 0.99 for both approaches. The fitted slopes quantify 
the penalty for reducing tangential influence: yield falls by ≈0.038 per 
percentage of fill ratio at constant speed and by ≈0.049 per percentage 
of fill ratio at constant power, the latter being about 30% steeper. Thus, 
increasing fill ratio from 6% to 17% lowers the yield by roughly 0.4–0.5 
(40–50 percentage points) regardless of the strategy.

For NaBO2 ⋅ xH2O + MgH2 ←←←←←←←←←←←←←←←←←→ NaBH4, solid-state studies support a 
stepwise interfacial hydride-substitution pathway: [B(OH) ] –  converts 
4

5 
via a borohydride–hydroxy intermediate (BH3(OH) – /’NaBH3OH’) be-
fore full formation of BH4 – , with 11𝐵 MAS NMR directly detecting the 
intermediate under high-energy milling [26,40]. Accordingly, milling 
modes that maximize shear contact at reactive interfaces, continu-
ally renewing MgH2/borate surfaces and abrading passivation layers 
(e.g., MgO, Mg(OH)2), are more productive per Watt than brief head-on 
impacts (see Table  4 and Fig.  4). The advantage of a tangential-
rich regime is consistent with known shear-activation channels in 
mechanochemistry [41]; it increases defect density and freshly cre-
ated surface area, accelerates intimate mixing at reactive interfaces, 
and thereby can lower effective barriers for B – H bond-forming steps 
towards BH4 – .

Across the different operating conditions tested, the highest specific 
yield performance is achieved when tangential dissipation dominates. 
Under the constant rotational speed regime, the mill reaches a specific 
yield of 0.28 (W−1), which is 2.7 times higher than the balanced 
reference. Even when total mechanical power is held fixed at 6.9 
W, simply reorienting collisions from normal to tangential raises the 
specific yield from 0.058 to 0.136 (W−1), delivering a 134% jump in 
productivity without any additional energy input. By contrast, normal 
biased operation is doubly penalized as it demands more power (9.4 
W versus 6.9 W) yet still depresses specific yield from 0.058 to 0.046 
(W−1).

It is also worth noting that, once tangential bias has driven the yield 
into the mid-80% range, further gains become increasingly expensive. 
Raising the yield from 84% (3 W) to 94% (6.9 W) requires more than 
doubling the mechanical power input, and the specific yield is reduced 
by 55%, illustrating clear diminishing returns as the process approaches 
full conversion. Expressing performance as converted mass per Watt 
(g W−1) (see Table  4) gives a direct, quantitative metric to penalize 
these diminishing returns. Because the ball-to-powder ratio is constant, 
increasing the fill ratio processes more total reactant mass per batch, 
so even if a higher fill ratio yields a lower percentage conversion, the 
mass converted per Watt can still be greater. Framing conversion this 
way automatically penalizes those marginal, last percentage point gains 
that demand disproportionately more power; this can be visualized in 
Fig.  5.

While the constant rotational speed tangential run retains the high-
est conversion, its advantage shrinks to 64% compared to the reference 
case once the smaller batch mass is accounted for (see Table  4). Criti-
cally, in the constant mechanical power approach, the normal mode run 
overtakes its tangential counterpart on a mass per Watt basis (0.108 
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Table 4
Yield normalized by total mechanical power input for the five experimental conditions. The ‘‘specific yield’’ column (W−1) measures the fractional conversion 
yield per Watt and is benchmarked against the balanced reference case. The ‘‘converted mass per Watt’’ measures the net mass conversion per mechanical power 
unit (g W−1) and is also benchmarked against the balanced reference case. 
 Condition (orientation ⋅ fill ⋅ #balls) 𝐏𝑡𝑜𝑡 (W) Yield Specific yield (W−1) Gain vs. ref. (%) NaBO2⋅4H2O 

mass (g)
Converted mass 
per Watt (g W−1)

Gain vs. ref. 
(%)

 

 Reference – balanced ⋅ 10% ⋅ 24 6.9 0.71 0.103 – 1.10 0.113 –  
 Tangential favored – 6% ⋅ 14 3.0 0.84 0.280 +172 0.66 0.185 +64  
 Normal favored - 17% ⋅ 41 9.4 0.43 0.046 −56 1.87 0.086 −24  
 Tangential favored – 6% ⋅ 14 6.9 0.94 0.136 +32 0.66 0.090 −20  
 Normal favored - 17% ⋅ 41 6.9 0.40 0.058 −44 1.87 0.108 −4  
Fig. 4. Specific yield (W−1) versus fill ratio for experiments run at constant rotational speed (blue) and at constant total mechanical power (orange).
Fig. 5. Converted mass per W (g W−1) versus fill ratio for experiments run at constant rotational speed (blue) and at constant total mechanical power (orange).
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Table 5
Mechanochemical energy leverage 𝜆mc for each milling condition.
 Operating conditions 𝜆mc(𝛥𝐻)% 𝜆mc(𝛥𝐺)% 𝜆mc(𝐿𝐻𝑉 )% 
 Tangential favored – 6% ⋅ 3W 3.65 4.49 8.66  
 Reference balanced – 10% ⋅ 6.9W 2.24 2.75 5.30  
 Normal favored – 17% ⋅ 9.4W 1.69 2.08 4.00  
 Tangential favored – 6% ⋅ 6.9W 1.78 2.19 4.21  
 Normal favored – 17% ⋅ 6.9W 2.14 2.64 5.08  

vs. 0.090 g W−1), and both perform worse than the balanced mode 
at 0.113 g W−1. This result emphasizes a trade-off typically ignored 
in mechanochemical processes: while the net conversion efficiency 
reaches its peak (94%) under these tangential-rich conditions, the 
mechanical energetic cost to achieve the conversion renders the mass 
per Watt less attractive. The choice of operational conditions, there-
fore, depends on whether the goal is to maximize absolute percentage 
conversion or mass per Watt conversion.

3.2. Mechanochemical energy leverage

By quantifying the mechanical energy dissipated during the
mechanochemical process, we can estimate the theoretical maximum 
of recaptured chemical energy in the regenerated NaBH4, and the 
liberated H2 (see Eq.  (2)). For this, we define mechanochemical energy 
leverage (𝜆𝑚𝑐) in Eq.  (7): 

𝜆𝑚𝑐 =
𝐸chem
𝐸mech

(7)

where 𝐸𝑚𝑒𝑐ℎ is the available mechanical energy defined as 𝑃𝑡𝑜𝑡 ⋅ 𝑡𝑚𝑖𝑙𝑙, 
with 𝑃𝑡𝑜𝑡 calculated via Eq.  (5) and 𝑡𝑚𝑖𝑙𝑙 the milling time (in our case 
12.5 h), and where 𝐸𝑐ℎ𝑒𝑚 is the chemical energy associated with NaBH4
produced, evaluated on three baselines: the reaction enthalpy 𝛥𝐻
(−1226 kJ/mol), the Gibbs free energy 𝛥𝐺 (−1510 kJ/mol at 298 K), or 
the lower heating value LHV of H2 available per cycle (2908 kJ/mol). 
Note that because 𝜆𝑚𝑐 is referenced to the mechanical power dissipated 
inside the jar, it will overestimate the wall-plug efficiency. A formal 
techno-economic analysis is outside the scope of this study; nonethe-
less, the corresponding wall-plug specific energy intensity (𝐸̄plug) and 
cost per kilogram of NaBH4 (𝐶NaBH4

) can be estimated with Eqs. (8) 
and (9). 

𝐸̄plug [kWh kg−1] =
𝐸𝑚𝑒𝑐ℎ

𝜂plug 𝑚NaBH4

, (8)

𝐶NaBH4
[𝑒 kg−1] = 𝐸̄plug 𝑝elec , (9)

where 𝑚NaBH4
 is the mass produced (kg), 𝜂plug the electromechanical 

efficiency, and 𝑝elec the electricity price (e/kWh).
The three comparison baselines form an energy quality hierarchy. 

The reaction enthalpy represents low-grade heat recoverable at room 
temperature; the Gibbs free energy is 1.23 × larger because it includes 
the maximum reversible work associated with the entropy gain, and the 
LHV is 2.37 × larger than |𝛥𝐻| because it accounts for the usable fuel 
energy stored in the liberated hydrogen and the regenerated NaBH4. 
With 𝐸𝑚𝑒𝑐ℎ fixed, 𝜆𝑚𝑐 scales by the same factors (see Table  5). This 
shows how much of the invested work can be exploited as the process 
moves from heat recovery towards full fuel utilization.

As expected, the ranking of operating conditions coincides with 
the mass per Watt conversion ranking. The mechanochemical energy 
leverage values reveal that only 1.7–3.7% of the input mechanical 
work is recovered when evaluated on an enthalpy basis, 2.1–4.4% on 
a Gibbs free energy basis, and 4–8.7% when considering the fuel value 
of all available hydrogen (both directly liberated H2 and that stored in 
NaBH4). The best performance across all metrics is achieved under tan-
gential milling at low power. While these LHV efficiencies account for 
the total hydrogen yield, they represent theoretical maxima assuming 
costless extraction of hydrogen from NaBH  via hydrolysis. In practice, 
4
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the energy costs associated with hydrolysis will reduce these leverage 
values below the reported range, making the actual recoverable energy 
storage efficiency lower than these estimates indicate.

For context, mechanocatalytic water splitting over NiO achieves 
≈ 4% enthalpy-based efficiency [42], whereas planetary ball mill re-
duction of water by metallic Ti consumes 1.72 kWh m−3 [43]. That 
equates to ≈ 52 g kW−1 h−1, or 0.052 g W−1 on a one-hour basis, 
which is two-to-four times lower than the 0.090–0.185 g W−1 obtained 
here for NaBH4 regeneration. While the processes are different, the 
scarcity of performance data for NaBH4 regeneration makes any deeper 
comparison impossible.

4. Conclusions

In this work, we present a methodology to steer the contributions 
of tangential (shear) and normal (compressive) loading events dur-
ing mechanochemical ball milling, specifically for the regeneration of 
NaBH4. By combining DEM-derived mechanical descriptors with two 
complementary experimental approaches, one at constant rotational 
speed and one at constant total power, we separate changes in the 
energy dissipation distribution between tangential and normal modes 
from changes in overall collision dynamics. Because the dissipated 
energy in each mode scales with the corresponding contact forces, this 
distribution provides a practical and quantitative representation for 
the underlying stress landscape. Benchmarking each scenario through 
the specific yield (W−1), the converted mass per Watt (g W−1), and 
the mechanochemical energy leverage (𝜆𝑚𝑐) offers relevant metrics for 
optimization and scale-up.

A low fill ratio of 6%, which maximizes tangential dissipation, 
is the clear optimum across both approaches if absolute percentage 
conversion is to be maximized. Under constant-power operation, it 
delivers a record 94% regeneration yield while reducing milling time by 
38%, the ball-to-powder ratio by 40%, and the rotational speed by 34% 
compared to prior literature. The same tangential-rich state achieved at 
around half the power (3 W) attains 84% yield, giving a specific yield 
of 0.28 W−1, five times the normal-dominant cases. Yield falls linearly 
with fill ratio (𝑅2 > 0.99), with gradients of 0.038 per percentage 
point at constant speed and 0.049 per point at constant power; thus, 
raising the fill from 6% to 17% costs 0.4–0.5 of fractional yield (40–50 
percentage points) regardless of experimental approach.  Together, 
these trends indicate that shear-dominated contact mechanics, rather 
than normal impacts, govern the rate-limiting interfacial chemistry. To 
mechanistically ground this, Density Functional Theory (DFT) derived 
energetics for the elementary steps could seed a microkinetic model 
that quantitatively links mechanical stress components (normal vs. 
tangential) to interfacial reaction rates, enabling prediction of optimal 
operating windows.

Our analysis further reveals that while tangential bias maximizes 
absolute conversion yield, mechanical energy cost and BPR diminish 
per-Watt mass conversion efficiency. Under constant mechanical power 
conditions, the balanced regime (10% fill) yields the highest converted 
mass per Watt (0.113 g W−1) compared to both tangential (0.090 
g W−1) and normal (0.108 g W−1) biased cases. This trade-off high-
lights that the optimal operating point depends on the prioritization 
of absolute conversion efficiency or normalized productivity.

The mechanochemical energy leverage of the process reveals theo-
retical maxima of 1.7–3.7% on an enthalpy basis, 2.1–4.4% on a Gibbs 
free energy basis, and 4–8.7% when considering the fuel value of all 
available hydrogen. These values indicate that the majority of input 
mechanical work is dissipated as heat and deformation rather than 
being converted to useful chemical energy. This inefficiency suggests 
opportunities for improving the process via thermal management, cat-
alytic additives, or alternative reactor geometries that better harness 
mechanical work for chemical activation.

Taken together, these findings demonstrate the critical role of 
stress mode partitioning in mechanochemical reactions. Because the 



S. Garrido Nuñez et al. Chemical Engineering Journal 525 (2025) 170168 
three mechanical descriptors {𝐸̄𝑛, 𝐸̄𝑡, 𝑓col∕𝑛ball} are transferable be-
tween mills, any reactor that reproduces the tangential-rich scenarios 
identified here is expected to achieve comparable yields, provided 
other thermochemical factors (jar atmosphere, contamination, etc.) are 
controlled. By targeting desired mechanical conditions, practitioners 
can rationally design milling protocols to maximize yield, throughput, 
and energy efficiency.
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