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Abstract

As the European Union tries to develop important LIB production capacity by supporting the
development of many gigafactories, new materials are under investigation to enhance the Lithium-
ion batteries (LIBs) performances. A promising way onwards seems to be the optimization of the
chemical composition of LIBs using nanomaterials (NMs). NMs most frequently used as active
materials for the anode are silicon, lithium titanate oxide (LTO) and graphite. In addition, carbon
black (CB) is used as an additive to increase the conductivity and the electrical performance of LIBs.
Even if NMs are beneficial for LIB performances, the reduction of the particle size might induce an
explosive behaviour of the powder used during manufacturing. For this reason, a study on crucial
NDMs safety was conducted to evaluate both physicochemical characteristics and relating explosivity
risks of those NMs to ensure their safe production, handling and use, including in the gigafactories
under construction all over Europe. Firstly, the characterization of the pristine NMs was performed
(i.e., median particle size (dso), and specific surface area (SSA)). Then, explosion parameters were
assessed (i.e., minimum explosible concentration (MEC), maximum explosion pressure (Pmax) and
deflagration index (Ks)) according to the standards. For LTO materials, no explosivity is observed
due to the lack of combustibility and absence of any explosion-prone chemical group. A rise in the
explosion's parameters was noted with the material's reduction in size from micro to nanoscale. In
general, for the NMs, a smaller concentration of combustible dust mixed with air is needed for a
deflagration to occur. This deflagration leads to higher maximum pressure values that in addition are
set faster. For example, the micro-C exhibited no explosive behaviour, while the nano-C showed
weak explosive severity (Kmax = 63 bar m/s). Consequently, the utilisation of nanomaterials in the
production of LIBs necessitates that the risk assessment be conducted with due consideration of the
heightened explosion risk that is due to their use.
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Introduction

The available active powder materials for the anode and the cathode are limited by pore size and
volume density. The current electrode active materials have micro-sized dimensions that limit the
intrinsic diffusivity of the Li-ion intercalation in the solid state on the anode and that can pass through
the separator. To enhance both the intercalation/deintercalation and the charge/discharge rates, the
micro powders used as active materials can be substituted with either the same or different materials,
thereby achieving nano-scale driven performance (Jiang, Hosono, and Zhou, 2006). Nanomaterials
(NMs) have a smaller size, resulting in a shorter diffusion length and a higher contact area between
active materials and electrolyte (Corcione and Frigione, 2012). This can enhance the performance
and energy storage capacity of batteries while reducing their dimensions. Table 1 reports the different
NMs currently under investigation for use as materials for the positive or negative electrode. NMs
can take on various morphologies, including nanoparticles (NPs), nanotubes (NTs), nanowires (NW),




hollow nanosphere, and porous nanostructure. They can be used as pure materials, after mixing with
other substances or as a coating for other materials.

Table 1. A summary of the NMs under investigation, with the relative application and reference

Material Application Reference

Si Anode Wang et al., 2015

Si Anode Chen et al., 2012

Carbon coating on the Si surface Anode Wang et al., 2015
Core-shell amorphous silicon-carbon Anode Sourice et al., 2016
Mixing Si with C-based Anode Chen et al., 2012

Mixing Si with C-based Anode Chen et al., 2017

Si with polymer and chemical bonding Anode Erk etal., 2013

Si with polymer and chemical bonding Anode Assresahegn and Bélanger, 2017
Hybrid OD and 1D Si Anode Pinilla et al., 2020

Si0, Anode Al Ja’farawy et al., 2021
LisTisO12 Anode Hudak, 2014

Carbon black (CB) Anode additive ~ Hu, Zhong and Yan, 2021
LiFePOy4 Cathode Hudak, 2014

Table 1 shows that the research in the field of the NMs is mainly focused on the anode materials. The
two main possibilities for NMs as anode active material are titanium (T1) (Hudak, 2014) and silicon
(Si) (Eshetu et al., 2021). Additives, such as the carbon black, have also been evaluated for their
ability to enable fast charging of batteries when added to the anode composition. The principal form
is the LisTis04, but various form of TiO> can also be used. The cycling mechanism of LisTisO12 is
quite similar to that of LiFePO4. The process relies on Li" insertion due to the formation of Li;TisO12
at 1.55 V versus Li/Li" . This leads to a theoretical capacity of 175 mAh/g and a high degree of
reversibility. Lithium titanate spinel is used in a nanocrystalline or nanoparticulate state to achieve a
higher charging rate and extended cycle life compared to the same material in micro-size. In literature,
most studies focus on developing materials made of or with Si, to replace graphite (C) powder as an
innovative anode. Silicon nanoparticles (Si-NPs) are chosen due to their higher gravimetric and
volumetric capacity, which surpasses that of all other elements currently considered or studied for
this purpose (Qi et al., 2017). This results in lighter batteries being produced. Si-NPs are an attractive
option due to their abundance, low cost, and high theoretical capacity of 3579 mAh g'!. When reacting
with lithium, they form the alloy LixSi, where 0 < x < 3.75. However, Si-NPs have two significant
drawbacks. Firstly, they undergo a volume change during lithiation and de-lithiation, expanding and
contracting by about 300 % in volume. Secondly, they have an unstable solid electrolyte interphase
(SED) (Li et al., 2023). The significant quantity of lithium results in substantial structural changes,
which are expressed in volume and can reach up to 300 %. This expansion in volume represents the
primary drawback of silicon NMs, which leads to an irreversible loss of capacity due to the continuous
SEI formation and a poor retention capacity due to the pulverization of the active material, Si-NPs
(Sun et al., 2022). For this reason, Si is not considered as an active material alone but is often coupled
with other species, such as Si-NPs. Si-NPs act as a coating for carbon particles, and the mixing of Si-
NP with C-based NM help to reduce the pulverization of Si by improving its electronic conductivity
and structural stability (Enotiadis et al., 2018). As a cathode, LiFePOj is one of the most developed
NMs (Hudak 2014). The material has several advantages, including low ionic and electronic
conductivity, high theoretical capacity for full de-lithiation (170 mAh/g), and a degree of reversibility
(between LiFePO4 and FePOs) due to the cycling mechanism.

The performance achievement must be benchmarked against subsequent safety characteristics,
particularly of explosivity behavior of the pristine NMs. While the explosivity behavior of micro-
sized materials is well-known, this potential hazard must be re-evaluated for NMs due to the




significant change in particle size distribution (Johnston, Mansfield, and Smallwood, 2017). The
reduction in particle size results in an increase in specific surface area (SSA), which increases
sensitivity to explosions and significantly rises their severity (Bouillard, 2015). For a better
understanding of how the sensitivity and explosion severity of powders vary with particle size
distribution from the micro to the nano range, please refer to Assresahegn and Bélanger (2017).

Various parameters can be used to express the explosivity and severity of an explosion. These
parameters can be evaluated by lab-scale standardized explosivity tests, such as the minimum
explosible concentration (MEC), the maximum pressure (Pmax) and the deflagration index (Ks). The
MEC and the explosivity factors, Pmax and Kmax, can be evaluated by conducting experiments inside
a 20-L sphere apparatus, according to ISO/IEC 80079-20-2. This test describes the test methods for
combustible dust and the determination of the explosive characteristics of dust clouds according to
EN 14034. Part 1 determines the maximum explosion pressure (Pmax) of dust clouds; part 2 determines
the maximum rate of explosion pressure rise ((dp/dt)max) of dust clouds; and part 3 determines the
lower explosion limit (LEL) of dust clouds. The deflagration index (Ks), can be calculated from the
cube-root law in Equation (1) (Bartknecht et al., 1989):

dp 1
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where V is the volume of the vessel (m?), ¢ is the time (s), and (d—f) is the maximum rate of
max

pressure rise (bar/s).

Equation (1) provides the size-normalized maximum rate of pressure rise for a constant-volume
explosion. The severity of the explosion can be classified as follows: a value of 0 indicates no
explosion, values between 1 and 200 indicate a weak explosion, values between 201 and 300 a strong
explosion, and values higher than 300 indicate a very strong explosion.

Although MEC, Pnax, and (dp/dt)max can be easily determined, it is important to note that they are
strongly dependent on material characteristics, such as particle size or SSA (Khudhur, Ali, and
Abdullah, 2021). Previous studies dating back a decade have shown an increase in the ignitability and
explosivity of combustible powders when shifting from a micro to a nano particle size distribution
(PSD) range (Dufaud et al., 2011). The MEC of the NP material is lower compared to the micro-scale
material and is directly proportional to the bulk density. According to Dufaud et al. (2011), the
explosion severity of Al powder tends to increase as the SSA decreases, before reaching a peak for 1
um particle size. Therefore, the nanosized sample ignites at lower ignition energies and significantly
lower dust amounts than is the micrometric sample.

The objective of this work is to assess the risk of explosivity associated with critical nanometric
materials that are used to enhance the performance of the new LIBs. The comparison in this study
includes both micro and nano sized materials to evaluate the change in explosivity properties between
these particle size ranges. The materials selected for the study included Si, C, and LTO, which are
under investigation for the anode of LIBs. Additionally, CB was selected as the main additive. The
explosivity parameters were evaluated using the standard test, ISO/IEC 80079-20-2. Physical
properties characterization was conducted for all selected materials to correlate explosivity-related
parameters with their physical properties. These assessments can improve the safety assessment of
dust explosions in process industries, including the gigafactories currently under construction
throughout Europe (Eckhoff, 2003).

1. Materials and Methods
1.1. Materials

As a general rule in material selection, chemically similar materials were supplied at both micro and
nanoscales. Dedicated use for the Li-ion battery field was a selection criterion, especially for NMs.




Regarding the micrometric reference materials, the selection process was less strict. Sometimes, the
choice was not based solely on their proven use in batteries but also on the interest in accessing well-
characterized micro powder materials for larger applications. For example, micro LTO (Li4Ti5012)
for has a registration dossier available on the European Chemical Agency (ECHA) website.

The selection process concluded by gathering the following materials: the related PSD data extracted
from the corresponding material safety data sheet (MSDS), as shown in Table 2.

Table 2. List of the materials considered in this work

Materials Purity (%) and PSD Producer References
Natural Graphite (C) purity: 99.9 %, MTI Corporation -
Nanopowder/Nanoparticles PSD: 400 nm - 1.2 pm

MesoCarbon MicroBeads purity: 99.96 % MTI Corporation -

(MCMB) graphite powder for PSD: 8.087 um — 33.080 um
Li-ion battery anode

Lithium Titanate Oxide powder  purity: > 98 % MTTI Corporation -

for Li-ion battery anode PSD: 0.2 pm — 34 pm

Lithium Titanate Oxide PSD: 2.26 um - ECHA dossier (LTO,
ECHA)

Carbon black Monarch 1300® PSD: 13 nm Cabot Corporation Vignes et al., 2023

Carbon black PSD: 17 pm - ECHA dossier (Carbon
Black, ECHA)

Silicon powder purity: 99+ % IolitecNanomaterials  Vignes et al., 2023

PSD: 50-100 nm
Silicon PSD: 13.5 um - ECHA dossier (Si, ECHA)

The physical and explosivity properties of both micro and nano materials have been characterized.
1.2. Methods

The explosivity behaviour is closely linked to the physical properties of selected powders. Therefore,
a first characterization of materials was performed at both micro and nano levels to correlate the
obtained data in our work.

1.2.1. Characterization of the pristine materials

The main characteristics to be evaluated for the pristine NMs are PSD, SSA and the density. For all
these measurements, there are standards that can be applied to unify the data obtained.

The particle size distribution measurements were evaluated according to ISO 13320 (ISO, 2020). The
tests were performed with a HELOS-KR instrument equipped with Quixel or Rodos dispersing units
(Sympatec). For the analysis, the test material was first dispersed in a solution of water and
octylphenoxypolyethoxyethanol, a non-denaturing detergent (IGEPAL®, Merck), and further shaken
at ultrasonic frequency of 40 kHz, to maximize dispersion. The SSA of porous solids was measured
by physical adsorption of nitrogen gas according to the Brunauer, Emmett and Teller (BET) method,
following ISO 9277 (ISO, 2010). The SSA tests were performed with a 3-Flex (Micromeritics)
instrument. Finally, the (skeletal) density was evaluated with helium gas according to ISO
12154:2014. Density tests were performed using an Accupyc II 1340 (Micromeritics).

1.2.2. Explosivity of the materials

The parameters that define the explosivity severity of a material are MEC, Pmax, Kst. These parameters
have to be evaluated from specific tests according to the ISO/IEC 80079-20-2 (ISO, 2016). The tests
were performed inside a 20-L sphere (Kuhner), where the ignition source, placed in the center of the
sphere, triggers an energy of 10 kJ for the evaluation of Pmax, Kst or 2 kJ for the determination of
MEC.




2. Results and discussion

The physical properties and explosivity hazards of the materials, both at the micro and nanoscale
levels, have been evaluated using the same standard procedures in order to highlight any significant
differences induced by the three orders of magnitude change in size studied.

2.1. Characterization of the pristine materials

A multi-criteria physical characterization of the pristine materials was carried out, even if some
information was already available in the MSDS, in order to confirm the reported values. The PSD
can be qualified according to various size-related parameters related to number, weight or surface
based criteria. dso, which reflects the median particle size distribution (50% of the total particles are
smaller and 50 % are larger) was primarily used here for comparison.

The results for the nano-graphite (nano-C) are reported and discussed here in detail, while the results
for the other materials are summarised in Table 3. In particular, the PSD curve for the nano-C is
shown in Figure 1.
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Fig. 1. Size distribution curve of the nano-C

The distribution appears to be monodispersed, centered around the value of 4 um, close to the dso
value (3.86 um). From the cumulative distribution curve, the so called dio and dyo parameters, which
fix 10 % and 90 % of the cumulative particle size distribution in the test powder, can be easily
determined as 1.94 um and 6.63 um, respectively. Corresponding data can then further be used to
qualify the particle size metric range more globally. The values indicate that the supplied "nano-C"
nanomaterial appears to be in the micrometric particle range, in contrast to the data given in the
relevant MSDS issued by the manufacturer. This is indicated by the fact that more than 50% of the
particles have a size greater than the 1-100 nm range indicated by the European Commission. In fact,
the European Commission has standardized the terms in the 10" Commission Recommendation of
June 2022: this text defines that Nanomaterials means solid particles where 50 % or more of the
particles in the number-based size distribution of one or more external dimensions are in the size
range I nm to 100 nm (European Commission, 2020).

This ambiguity in the interpretation of results is due to the extrinsic properties of NMs, which tend to
agglomerate, especially when dispersed in solution, such as IGEPAL®, resulting in larger
agglomerates. In order to reduce the ambiguity in the classification of the NMs a new parameter can
be mathematically evaluated, which is the volume specific surface area (VSSA). This parameter is
obtained by the combination of two physical parameters, the density and the SSA of the materials.
The VSSA, expressed in m?/cm?, can be calculated according to Equation (2) (Dazon et al., 2020):

VSSA = SSAx p )

where SSA is the specific surface area (expressed in m?/cm?) and p is the density (expressed in
g/em?).




If the result of Equation (2) is higher than 6 m?/cm?, the material under investigation can be considered
as a nanoscale material (CEU, 2019). Therefore, this parameter can be used as an alternative method
to assess whether the material is a nanomaterial or not (Bau et al., 2021).

For the NM under investigation the p is equal to 2.4 g/cm®, while the SSA is equal to 9.7 m*/g. So,
applying the Equation (2), the VSSA for the nano-C under investigation is 23.3 m?*/cm?, which is
higher than the limit of 6 m*/cm?>. The materials can therefore be defined as NMs, although the PSD
curve would suggest a different interpretation.

Physical profiles of the other materials of interest in the research are summarized in Table 3.

Table 3. Physical properties of various micro- and nanoscale materials, either collected from related MSDS
or obtained experimentally

Material PSD from MSDS Size (dso) p(g/em®)  SSA (m%g)  VSSA (m?*/cmd)

Micro-CB n.a. 17 pym n.a. n.a. n.a.
Nano-CB n.r. 13 nm n.r. 377 n.r.
Micro-C 1.07 pm - 60.26 pym  17.79 pm 2.3 0.7 1.7
Nano-C 400 nm- 1.2 pm 3.86 um 2.4 9.7 23.3
Micro-LTO  n.a. 2.46 um n.a. n.a. n.a.
Nano-LTO 200 nm — 34 pm 1.13 pm 3.6 4.6 16.6
Micro-Si n.r. 13.5 um n.r. 1.3 n.r.
Nano-Si 50 nm — 100 nm - 0.36 18.6 6.7

n.a.: data not available from ECHA web site. n.r.: not reported.

From the data presented in Table 3, there are some difficulties in making a detailed comparison of
the granulometry ranges of the two selected sets of materials (micro and nano), either obtained from
MSDS or reflected by their dso as measured in our work. Again, this may be because the powders and
the relative dusts of NMs may be difficult to fully disperse into primary particles, leading to the
particles behaving as if they were coarser. This could results in a higher measured dso values than
those intrinsically associated with an ideal dispersion of corresponding NPs. However, this issue can
be resolved by basing the identification of the metric range of the test materials on the VSSA
parameter, as explained above for nano-C. This alternative method, appears to eliminate
inconsistencies in the classification of test materials within the micro or nano range, according to their
respective MSDS. For example, both graphite materials have a dso of micro (17.79 pum for micro-C
and a lower value of 3.86 um for nano-C), the results still leave some doubts as to whether nano-C is
a true nanomaterial. Nevertheless, a comparison of the VSSA values provides a more distinct
differentiation between these materials. In fact, the VSSA for micro-C is equal to 1.7 m?/cm? while
the VSSA for nano-C is equal to 23.3 m?*/cm?. In other words, the first VSSA value is well below 6
m?/cm?, while the second VSSA value is well above 6 m?/cm?®. This confirms the nano range in the
second case and micro range in the first one, in accordance with the material designation. Similarly,
the value of VSSA calculated for the nano-LTO and e nano-Si confirms their classification as NMs.

From previous results it can be concluded that analytical techniques, specifically laser diffraction, can
be used to evaluate the particle size distribution, but it is not necessarily an adequate technique for
the nanometric range of PSD, especially since it has not been developed specifically/exclusively for
this range of particles. It can certainly give a general trend, but the results needs to be confirmed by
e.g. dynamic light scattering (DLS) or transmission electron microscopy (TEM). Indeed, if the
particles are not fully dispersed, the results obtained may be somewhat biased by particle
agglomeration, depending on the particle morphology. For instance, cylindrical morphology may lead
to interpretation problems. Therefore, it can be concluded that at the moment the mathematical
evaluation by VSSA is the most effective technique to confirm the nano-size dimension of the
materials, as defined in the NanoDefine project (Mech et al., 2020). An unique classification method
of the NMs must be drawn up in order to obtain a uniform classification.




These assessments are of fundamental importance for the correct characterisation of the materials
during the production steps, such as quality control. Thay are also of great significance in terms of
safet, as they enable the assessment of the risk of explosivity.

2.2. Explosivity of the pristine materials

The explosivity tests were carried out according to the relative standard procedures on all the pristine
materials, however only the results for the nano-C are reported in detail, while for the other materials
the results are reported in Table 4. The key parameters that qualify the sensitivity and severity of a
potential ATEX generated by the nano-C, are shown in Figure 2.
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Fig. 2. Graphs of the explosivity parameters of nano-C: (a) MEC, (b) Puax, (¢) (dp/dt)max

From Figure 2a it is possible to determine the MEC, which for the nano-C is equal to 80 g/m>. This
result indicates that is from this value of concentration the nano-C can generate an ATEX. In fact, by
examining the profile over the whole concentration range (Figure 2b), Pmax is found to be of the order
of 7.1 barg. The maximum rate of explosion pressure rise (dp/dt)max of nano-C dust is found to be
around 234 + 47 bar/s (Figure 2c). From this last parameter the explosivity severity can be quantified
according to Equation (1) and by the associated criteria. The resulting K is 63 = 13 bar m/s which
corresponds to a weak explosion.

The same parameters for the other materials at different size ranges are reported in Table 4.




Table 4. Explosivity parameters for the various micro- and nanoscale materials

Material MEC (g/m®) Pmax (barg) (%) (bar/s) Kst(bar m/s)  Explosivity severity
max

Micro-CB 125 3 n.a. 6 Weak
Nano-CB 70 7.8 337 91 Weak
Micro-C 0 * * * Nil
Nano-C 80 7.1 234 63 Weak
Micro-LTO  n.a. n.a. n.a. n.a. n.a.
Nano-LTO 0 * * * Nil
Micro-Si n.r. 7.8 170 46 Weak
Nano-Si 135 7.9 249 68 Weak

n.a.: not available in the ECHA dossier. n.r.: not reported. *: not conducted, due to the MEC = 0.

From a first comparison of the data presented in Table 4 reveals a consistent trend across the
parameters, with the exception of LTO. It can be observed that downscaling the PSD of the materials,
from micro to nano, results in an increase in the sensitivity or severity of the explosion. Specifically,
the MEC value decreases with decreasing dimensions, while for Pmax and Ky, an increase in these
parameters occurs when the dimensions of the materials decrease. In general, therefore, for NMs, a
lower concentration of dust is required for a deflagration to potentially occur, and this deflagration
leads to higher pressure values and faster rate of pressure rise. Finally, the evaluation of the
explosivity severity resulting from the application of Equation (1) and the associated criteria is given
in Table 4.

The most significant difference in terms of explosivity parameters is obtained by comparing the
micro-C and nano-C materials. In fact, the micro-C dispersed inside the 20-L sphere does not generate
an ATEX (MEC = 0 g/m?), whereas the nano-C material can cause an explosion at a concentration at
least equal to the MEC value (80 g/m?). The other explosivity parameters, i.e., (dp/dt)max and Pmax,
for the micro-C were not available due to the non-explosivity of the materials. So, the explosivity
severity of the micro-C can be classified as nil (Ks = 0 bar m/s), while that of nano-C is classified as
weak.

Both Si and CB also exhibit , albeit to a lesser extent than C, an increase in explosivity behavior as
the particle size range shifts from micro to nano. With regard to CB, the MEC obtained passes from
125 g/m® for the micro-CB to 70 g/m® for the nano-CB, representing a reduction of one order of
magnitude. In any casee, the difference in the Pmax obtained for the two sizes is not significantly
different (3 barg for micro-CB vs 7.8 barg for nano-CB). The resulting K values for both dimensions
are included in the range between 1 and 200 bar m/s, indicating that the explosivity severity of micro
and nano CB is classified as weak.

In the case of Si, the differences between the various explosiveness parameters are not significantly
different, which lead to the same final classification. Consequently, both Si materials lead to a weak
explosion. Thus, for the Si and the CB, the transition from the micro to the nanoscale shows a decrease
in MEC, but since K remains in the same order of magnitude on both metric scales, i.e. less than 100
‘bar m/s, a weak explosion severity is both cases.

Finally, the comparison between the micro-LTO and the nano-LTO remains complex due to lack of
data for the micro material (no data available on the ECHA website for this material). As regards the
LTO material, the explosion risk is indeed practically non-existent, whatever the PSD. The
explanation lies in two facts: according to the chemical formula of LTO, the material does not have
any significant combustibility property, thus suppressing any dust explosion hazard. In addition, this
material does not contain any explosion-prone chemical group, which therefore cannot explode per
se. A similar trend has been observed for the nano-LTO, which, when dispersed in air, does not
generate an explosive atmosphere as the MEC is zero and even the ignition temperature is higher than
1000 °C indicating the thermal stability of the LTO material.




These assessments are of great importance for the increased awareness of the explosion risk of
powders used in process industries, such as the gigafactories under construction around the world and
in Europe. Conventional processing for the production of a lithium-ion cell consists of three steps:
(1) electrode production, (2) cell assembly, and (3) cell formation (Oriim Aydin et al., 2023). The
phase that is most affected by the variation of the material size and its relative explosivity is that of
the electrode production. In fact, in this phase, the different pure powders of the active material and
the conductive agent, previously dosed, are placed inside the mixer and added to the electrode slurry,
the so-called binding solution. Subsequently, the mixture is degassed and then pumped out so as to
obtain a uniform, homogenous coating over the current collector. Finally, several drying steps are
conducted in the oven. The proposed procedure is general, as each manufacturer then applies different
operating conditions and/or different treatments. In any case, the transition from micro-materials to
NM requires an update of the technical procedure and/or instruments used. In particular, the tools
used during the mixing of pure NMs must be adapted to the pressure and must avoid the generation
of an ATEX atmosphere within the plant at any stage of the process.

3. Conclusions

On the anode side, to improve the performance of LIBs, nano-Si, nano-LTO and nano-C are the most
studied active materials, while nano-CB can be used as additive to enhance the conductivity. The
increase in the performance is accompanied by a potential increase in explosivity risk during the
manufacturing phases, which is strongly correlated with the decrease in particle size.

Firstly, a characterization of the materials, both at micro and nano size, was carried out to obtain more
detailed information on the granulometry of the particle in the powder, i.e., dso. Anyway, in the case
of NMs the evaluation of this parameter can be affected by an error, since the powders and relative
dusts of NMs can be difficult to disperse completely into primary particles and therefore behave as
coarser particles. So, the classical analytical technique, such as laser diffraction, needs additional
confirmation by DLS or TEM. An alternative mathematically method, based on the determination of
the VSSA, has been developed to observe the real differences in the PSD of the materials and to
confirm the classification of selected materials as NMs (VSSA > 6 m?*/cm?). By this mathematically
method the ambiguity between the experimental data and the data given in the relevant MSDS issued
by the manufacturer were solved.

In terms of explosion risk, the key parameters, i.e., MEC, Pmax and Ky, were evaluated according to
the relevant standard procedures. By reducing the size of the material, from micro- to nano-size, an
increase in explosion severity for all the NMs, except for LTO, was observed. This behaviour is
increasingly evident from nano-CB to nano-Si up to the extreme case of nano-C. In fact, regarding
the graphite, the micro-C does not show any explosive behaviour (MEC = 0 g/m?) while the nano-C
shows a weak explosive severity (Ks=63 bar m/s) associated to a MEC of 80 g/m>. Finally, both nano
and micro LTO showed zero risk of explosion due to the non-combustible nature of the material. In
conclusion, the increase in the risk of explosivity, due to the size reduction, is confirmed in terms of
sensitivity and severity of explosion by the determination of the explosivity parameters.

These assessments are fundamental both for a correct characterization of the materials during the
production and assembly phase of the cells and for a greater awareness of the risk of explosion of the
NDMs used in the process industries such as the gigafactories under construction all over the world as
in Europe.

A future application of this work could be to consider not only the pristine single materials but also
the coupled NMs, such as Si and CB together in the same formation ratio used in the Li-ion cell
anode. In fact, the anode will not consist of a single NM, but of the coupling of two or more NMs and
additives to achieve the best possible performance.
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