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Commercially available sodium-ion battery (SIB) cells, with energy
densities comparable to lithium-ion battery (LIB) cells based on
LiFePO,, were investigated regarding their safety behaviour under
thermal abuse conditions. Tests were carried out in an inert
atmosphere. The SIB-cells went into thermal runaway (TR),
intriguingly, even at a rather low state of charge of 30 %. The TR-
event was coupled with a pronounced jelly roll ejection, challenging
the interpretation of the TR-diagrams. These findings highlight the
necessity of incorporating SIB-cells into the ongoing safety
classification discussions for LIB-cells.

Introduction

Sodium-ion batteries (SIBs) are a promising alternative and
complementary technology to lithium-ion batteries (LIBs).! SIBs
are especially promising for stationary applications, however,
are also discussed for the use in power tools and even electric
vehicles.2 Compared to LIBs, active materials of SIBs generally
are more abundant and more geographically even distributed.?
For approximately the past two years, the first SIB-cells have
been accessible to private consumers in Europe, reflecting their
increasing availability in the private sector. State-of-the-art SIB-
cells reach energy densities of ca. 150 Wh kg1, approaching the
values of LIBs based on lithium iron phosphate (LiFePO,, LFP)
cathode technology. The second generation of commercial SIB-
cells of BYD (Naxtra battery), which is supposed to be produced
in series from December 2025 on, apparently reaches
175 Wh kg1.* Next to energy density and lifetime, one very
important aspect is the safety of battery cells. SIBs are generally
discussed to be safer than existing LIBs due to their lower full-
cell voltage and smaller energy densities, as observed for some
of the first prototype SIB-cells.>® However, as development
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aims for higher energy densities, an important question arises:
how safe are the currently available commercial SIB-cells?

Coinciding with the availability of SIB-cells for private
customers, several articles have been published analysing their
electrochemical properties, as well as the electrodes and
materials used in these cells.1%13 Regarding safety testing, LIB-
research has shown that the chosen abuse method can
significantly influence the test outcome.*16 Furthermore, the
safety behaviour of aged LIB-cells can differ substantially from
the results of begin-of-life cells depending on the ageing path.1”-
21 Currently, the Informal Working Group (IWG) of the Sub-
Committee of Experts on the Transport of Dangerous Goods
(TDG) of the United Nations (UN) develops a hazard based
classification system for batteries to be included in the
UN-Recommendations for the transport of dangerous goods.??
24 |In addition to developing the classification scheme, thermal
abuse test protocols are developed providing the experimental
criteria for this classification of cells and batteries.

To date, only a limited number of studies have investigated
the safety of currently available SIB-cells. Bordes et al. assessed
the vent gas of SIB-cells with Na3V,(PO,),Fs (NVPF) cathodes,
concluding that — in a simplified manner — the specific cell type
investigated showed similarities with LFP-cells in terms of the
nature and quantity of emitted gas.?® Like for LIBs, one of the
main challenges in drawing a general conclusion about “the
one” safety of commercial SIB-cells is their wide variety in active
materials and electrolytes. Especially, the cathode materials
differ quite a lot. The main classes are Prussian blue analogues,
layer oxide materials (e.g., NaNig33Fep33Mng 330, (NFMO)) and
polyanion materials (e.g., NVPF), which show very different
behaviour under thermal stress. Hence, it is not surprising that
SIB-cells comprising different cathode materials show different
properties during accelerated rate calorimetry (ARC) studies,
which was shown in the very recent work of Carter et al.26

The present study reports the behaviour of commercial
18650 SIB-cells upon thermal abuse in a nitrogen (N,)
atmosphere, as a function of their state of charge (SOC). The
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results are analysed regarding the occurrence of a thermal
runaway (TR), the temperature of TR-onset, the maximum cell
temperature and the maximum overpressure inside the test
chamber. Moreover, the determined values are compared to
the SOC-dependent behaviour of LFP-based 18650 LIB-cells with
a similar capacity. At full SOC, the SIB-cells demonstrated a
comparable behaviour to the LFP-cells with regard to the
majority of the analysed TR-parameters, however, causing
clearly larger overpressures. At a rather low SOC of 30 %, the
SIB-cell exhibited a mild TR during thermal abuse, whereas the
LFP-cell showed no detectable rapid increase in temperature,
even up to a cell temperature of 350 °C. In general, the herein
studied SIB-cell type showed a very strong tendency towards
jelly roll ejection, even though the cell holder tightly surrounded
the cell on all sides and was covered by a lid. Hence, TR-
identification based on only the cell’s surface temperature may
lead to misleading interpretations. Overall, the results show the
importance of establishing suitable abuse test protocols
applicable also for SIBs and to include SIB-cells in the planned
hazard-based classification system to complement the existing
minimum requirements for LIBs and SIBs in the international
dangerous goods regulations and the respective 38.3 tests in
the UN Manual of tests and criteria.?’

Results and discussion
Cell type characterization and description of tests

Prior to the abuse test, one of the commercial SIB-cells was
disassembled and analyzed by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) to gain
further safety-relevant information about the active material
basis of the cell (Fig.S1, ESIt). According to the EDX-
measurements, the composition of the cathode active material
is Na,Nig 33Feg 33Mng 330,, pointing to the layered sodium nickel
manganese iron oxide (NFMO111). As revealed by SEM analysis,
the anode consists of irregularly shaped particles with a broad
size distribution, ranging from approximately 1 to 12 um in
diameter, that appear to be fragments of a milling process.
Considering the particle size and shape, it can be speculated to
be a biomass based hard carbon (HC) material, similar to the
commercially available KURANODE® by Kuraray. According to
the work of Sander et al., conducting a multiscale analysis of a
very similar 18650 SIB-cell from the same supplier, it can be
assumed that the electrolyte is a mixture of organic
carbonates.?® The active material’s basis is reminiscent of
common LIBs (carbonaceous anode, layered metal oxide
cathode and organic carbonate electrolyte), therefore no
specifically adjusted risk assessment was needed.

As noted, current SIB-cells offer energy densities
comparable to LFP-based LIBs. Given that the nominal energy
density often indicates thermal event severity, commercial LFP-
cells with similar values were used as safety test references. The
properties of both cell types are summarized in Table 1.

The received SIB-cells were stored at 8 + 2 °C to minimize
the influence of calendric ageing on the safety performance.
Prior to safety testing, all cells were pre-cycled applying the

2| J. Name., 2012, 00, 1-3

Table 1 Summary of cell-characteristics of the SIB- and LIB-cells inveskiﬁgtegm e Online
DOI: 10.1039/D5SE00687B
parameter SIB-cell LIB-cell
henzh
shenz er'1. Heter Electronics Group
manufacturer Zhonghuajia Co. Ltd
Technology Co., Ltd v
HTCF18650-
model SIB-18650-1300mAh 1600mAh-3.2V
cell format 18650 18650
standard capacity 1300 mAh 1600 mAh
nominal voltage 3.0V 3.2V
cell weight 40 +/-2g 42g
specific energy 97.5 Wh kgt 122 Wh kgt
density
cathode active NaNig 33Feq33Mng 330, LiFePO,
material (NFMO111) (LFP)
anode active hard carbon (HC) graphite

material
based on organic
carbonates (inferred
from ref[28])

main electrolyte

not analyzed
components

standard conditions given in the respective data sheet, to
assure that the tested cells are no production outliers. The
respective values are given in Table S1, ESIT. Based on the last
full discharge cycle, the cell-specific capacity (C.i) and energy
(Ecen) at 100 % SOC were determined. This C.-value was also
used to determine the discharge time to reach —if required —an
SOC below 100 % for the abuse test.

Abuse testing was performed in a self-design, pressure tight
test chamber (Fig. S2, ESIT). The details of the test setup are
described by Bottcher et al.?® Briefly, the cell was placed in a
heat-insulated holder with a lid, and all tests were conducted
under N-atmosphere to prevent combustion of emitted gases.
The occurrence of combustion largely depends on oxygen
levels, and significantly influences the maximum overpressure
(pPax) observed during a TR.2° During the abuse test, the cell was
heated by a heating cartridge on one side with a constant
heating rate of 10 K min! until a TR occurred or until the cell
temperature (Te) surpassed 250 °C. Synchronously with Ty,
the cell voltage (U.), and the overpressure inside the test
chamber (p) were recorded. The test setup and protocol were
chosen in accordance with the discussions in the laboratory
testing group of the IWG-TDG. More detailed information about
the setup can be found in the supporting information (ESIt).

Three SOCs were selected for safety tests of the SIB-cells: i)
100 % SOC, representing the worst-case scenario, ii) 70 % SOC,
representing an intermediate state of charge, e.g., a typical SOC
in operation, and iii) 30% SOC, representing the allowed
maximum SOC of LIB- and SIB-cells as cargo in air transport,
according to the Dangerous Goods Regulation of the
International Air Transport Association / International Civil
Aviation Organization Technical Instructions (IATA/ICAO-TI).30
For the reference LIB-cell, only the two boundaries, thus 30 %
SOC and 100 % SOC, were chosen.

SOC-dependent abuse behaviour of SIB-cells vs. LIB-cells

The trend in T, Ucen, and pnax Of the SIB-cells at various SOCs
are depicted in Fig. 1. At a certain cell temperature, all cells

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Trends of a) cell temperature (T) and cell voltage (U.e), and b) Ty and overpressure (p) during the thermal abuse test of the SIB-cells at different SOCs. Photographs of the

SIB-cells after the thermal abuse test at c+d) 100% SOC, e+f) 70%SOC and g+h) 30% SOC

showed a very large drop in U during the test. This
temperature is herein discussed as Tyoit-arop- APparently, a lower
Ucen — thus, a lower SOC — leads to an increased T,qjt-arop- FOr an
SOC of 100 %, 70 % and 30 % the drop in cell voltage occurs at
79 °C, 88 °C and 103 °C, respectively.

Intriguingly, the trend of the maximum value of T during
the test, defined as Tigmax With respect to the SOC is
counterintuitive, showing values of 182 °C, 227 °C and 295 °C
with decreasing SOC from 100%, via 70% to 30%. An
interpretation of the fully charged SIB-cell based on the TR-
diagram only would indicate the absence of a TR, because of the
observed low Ttg max and the absence of a jump-like increase in
T.en- However, a video recorded during the actual test showed a
rather strong TR-reaction of this sample. Visual inspection of
the cells after TR revealed, that the tested SIB-cells show a very
strong tendency of jelly roll ejection, being more severe for
larger SOCs (see Fig. 1c-h and Fig. S3a-c, ESIT). At 100 % SOC,
the jelly roll ejection appears to occur rapidly, causing an
immediate drop in the cell can’s surface temperature where the
temperature sensor was placed. Notably, this ejection occurred
in the presence of a lid on the cell holder, which had previously
been sufficient to prevent jelly roll ejection in a wide range of
tested LIB-cell types.?® At 30 % SOC, the jelly roll remained
inside the cell can, indicating a valid determination of Ttg max.
Interestingly, the same trend of SOC-dependent jelly roll
ejection was also observed when repeating the tests under air-
atmosphere (see Fig. S3d-e, ESIT).

Next to T, the overpressure trend inside the test chamber
can disclose useful information regarding the TR (see Fig. 1b).3?
For all three cells, the chamber remained at ambient pressure

This journal is © The Royal Society of Chemistry 20xx

until a jump-like development of overpressure occurred. This
can be connected to the occurrence of a TR-event. Since the
tests were carried out under closed conditions, p stabilized,
after the significant increase during the TR, at a relatively
constant value. As jelly roll ejection leads to misinterpretation
when choosing T, to determine the TR-onset temperature
(T7r,0nset), the temperature at which the change in pressure (Ap-
rate) exceeded 3 mbar s! was defined as Trgonset in this study.
This identification parameter reveals that with decreasing SOC,
the Trronset increases from 182 °C, to 193 °C and finally to
218 °C. It should be noted that for samples with lower SOCs, the
heating rate commonly used in literature (e.g., 3 Kmin™) can
also be applied for determining the Tigonset: The resulting
values, 194 °C for an SOC of 70 % and 214 °C for an SOC of 30 %,
differ only slightly from those based on the Ap-rate. Hence, the
T1r,onset Values reported herein, based on the Ap-rate, can be
considered reliable. Moreover, larger SOCs lead to a higher pnay
value, i.e., 6 mbar, 90 mbar and 111 mbar for an SOC of 30 %,
70 % and 100 %, respectively.

Generally, the SOC trend is in line with literature results for
LIB-cells, showing a more severe TR, as indicated by larger pmax,
and a higher Trgonset, for larger SOCs.2% 3234 Furthermore, this
trend aligns with recent findings by Carter et al., who used ARC
to study the safety of various commercial SIB-cell types.2®
Intriguingly, their results revealed that one of their NFMO-
based SIB cell types exhibited a TR-onset even at very low SOCs,
i.e., 25 % and 0 %. Notably, the onset temperatures determined
by Carter et al., being in the range of 86 °C to 91 °C, are
significantly lower than the Tironset identified here, which may
be related to experimental differences between ARC-tests and

J. Name., 2013, 00, 1-3 | 3
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the herein used thermal abuse setup.® Furthermore, the
characteristics of the ARC test, e.g., a rather slow stepwise
heating, likely mitigated jelly roll ejection of this NFMO-cell
type, enabling the determination of peak temperatures ranging
from 275 °C to 442 °C for SOCs between 0% and 100 %. A
deeper understanding of the mechanisms behind jelly roll
ejection is of high interest and should be addressed in future
work.

Comparing the trends of T, and U for the SIB-cell and the
reference LIB-cell at the lowest SOC of 30 % reveals that the LIB-
cell does not show a significant increase in self-heating up to the
maximum temperature of 250 °C (see Fig. 2a and also Fig. S4,
ESIT). Moreover, the U -drop of the LIB-cell occurs at a higher
temperature, i.e., Tyoit-drop States 133 °C and 103 °C for the LIB-
and SIB-cell, respectively. The visible inspection confirms
therather undamaged state of the LIB-cell after the abuse test
(Fig. S4e-g, ESIt). To confirm that increasing the maximum
temperature did not affect the test outcome, an additional test
was conducted at a maximum temperature of 350 °C. However,
no TR was detected in the respective test for the LIB-cell at 30 %
SOC (see Fig. S5, ESIT). It should be noted that at 30 % SOC, the
LIB-cell still has a significantly higher E than the SIB-cell, with
values of 1.44 Wh and 0.89 Wh, respectively (cf. Table S1, ESIT).
At an SOC of 100 %, the LFP-cell does show a clear TR, with a
Ttronsets  TTRmax,» @nd pPmax Oof 264 °C, 359 °C, and 11 mbar,
respectively (see Fig. S4a+b, ESIT). In contrast to the SIB-cell, no
jelly roll ejection occurred for the LIB-cell, even at 100 % SOC
(see Fig. S4c+d, ESIT).

Discussion of intrinsic SOC differences of SIBs vs. LIBs

Based on the intuitive assumption that the SOC is directly
connected to the energy content of the cell, it is surprising that
a SIB-cell shows a TR at a rather low SOC of 30 %, and even at
0 % during an ARC test.?® However, the relation between the
energy content and the SOC is not that trivial and differs
between LIBs and SIBs significantly. The main reason for this is
that the anode potential curve differs notably between HC —
typically used in SIBs — and graphite — commonly used in LIBs.

a)

500 . 5

— SIB@30%S0C

400 4 “TTLB@30%SOC | 4
>
o 300- ‘g“‘
- S
15 200 4 °
]

0 o2 =10

L] L]
0 500 1000 1500
time/s

The crystalline nature of graphite results in 3. fatheroflat
potential profile over the entire SOC raRpél @ depictedsin
Fig. S6, ESIT.3> Hence, almost no lithium is left inside the
graphite anode when the full cell cut-off voltage is approached
during discharge. A full cell voltage plot, calculated based on the
respective half cell curves, illustrates this phenomenon (as
depicted in Fig. S6, ESIT).3> Expressed differently, the SOC of the
full cell (SOC.e) nicely mimics the SOC of the anode (SOC,node)
for an LFP-based LIB-cell with a graphite anode. In exact terms,
SOC;node States ca. 0.8% at an SOC. of 0 %, taking half cell
curves from literature and assuming a n:p-ration of 1.1:1.3°

Contrarily, the substantially sloping capacity profile of HC-
materials — due to the non-crystalline nature of HCs — results in
remaining sodium within the anode at the discharge cut-off
voltage of the SIB full cell (see Fig. 2b). The half cell profiles for
the anode and cathode are extracted from the data sheets of
commercial HC electrode sheets and NFMO-material,
respectively.3® 37 Assuming an n:p-ratio of 1.5:1, based on the
analysis of a very similar cell in the work of Sander et. al,
SOCinoge Still states ca. 6 % when SOC. =0 % (see Fig. 2b).28
This effect would even be more pronounced for pre-sodiated
systems.

Furthermore, for SIB-cells it must be considered that a
sloping anode also causes a pronounced shift in energy vs.
capacity content. More precisely, an E. of 30 % translates into
and SOC, of ca. 38 % and an SOC, 04 Of ca. 42 % for an SIB-cell.
On the contrary, for an LFP-cell, 30 % E.) converts to an SOC
and SOC,poge Of ca. 30 % and ca. 31 %, respectively.

The trends of Trronset, TTrR,max aNd Pmax Of all cells discussed
herein are summarized in Fig. 3. Compared to the LIB-cell at
100 % SOC, the fully charged SIB-cell evidently showed a lower
Ttroonset (182 °C vs 264 °C) and larger pmax (111 mbar vs.
11 mbar). This data indicate that the SIB-cell tested herein is less
safe than the LIB-cell chosen for comparison. It should be noted
that normalizing with respect to energy content would further
emphasize the lower safety of the SIB cell, given its lower energy
content, e.g., 3.65 Wh for the fully charged SIB-cell compared
to 4.86 Wh for the fully charged LIB-cell. However, other SIB cell

b) SOC,.,/ %
100 80 60 40 20 0
4+ SiB-cells e
cathode
3 (vs. Na*/Na) . ]

voltage /V
N
I\
voltage /V

full cell
. E anode
14 cut-off voltage (vs. Na*/Na) x|
0 L] L] L] L} 0
100 80 60 40 20 0
Socanode %

Fig. 2 a) Trends in cell temperature (T) and cell voltage (U.) for both the SIB- and the LIB-cell, each at an SOC of 30%. b) Theoretical full cell voltage profile of an SIB, based on the

respective half cell curves from the data provided for commercially available HC electrode sheets and NFMO-material in reference [36] and reference [37], respectively (n:p-ratio =

1.5:1, assumed initial coulombic efficiency of anode = 90%).
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Fig. 3 a) Summary of the SOC-dependent TR-behaviour, by means of Trg onset, Trrmax aNd Pmax OF the SIB- and LIB-cells investigated. The Trg max-Values of the SIB-cells at 70% SOC and
100% SOC are not reasonable due to the strong jelly roll ejection at these SOCs. CT-images of the top of b) the SIB-cell and c) the LIB-cell.

types may behave differently. Moreover, next to the behavior
of one single cell upon abuse, the occurrence of a TR-
propagation from cell to cell is of utmost importance for safety
ratings. In this respect, it may even be possible that a controlled
jelly roll ejection could help prevent TR-propagation and
thereby increase safety, provided the ejected material can be
intentionally directed away from other cells.

The cause of the very severe jelly roll ejection observed for
the SIB-cells is of particular interest. As known from Carter et
al., cells with different SIB cathode materials, behave quite
differently during ARC-tests.2® Furthermore, an NFMO cathode,
being a layered oxide type, is expected to show stronger TR-
effects than an LFP cathode — potentially even resembling, to
some extent, the behaviour of layered oxide cathodes in LIBs.
This is consistent with the comparison between Li,CoO,,
Li(NiyMn,Co,)0,, as well as LiNixCo,Al,O, (all layered oxides) an
LFP, a polyanion, in LIBs.?® A further explanation may be found
in the difference in manufacturing of the two cell types.
Intriguingly, in-house X-ray computed tomography (CT) studies
of the two cell types revealed that the predetermined breaking
point of the venting cap is quite differently designed (see Fig. 3b
and Fig. 3c). Whereas the venting cap of the SIB cell is carved on
its top surface, the venting cap of the LIB is carved on its bottom
surface. It is possibly that this difference causes rupturing at a
higher cell internal pressure of the SIB-cell, exacerbating TR-
effects.38 Nonetheless, the high tendency for jelly roll ejection
could be still attributed to other factors, such as the solely use
of aluminum current collectors in the SIB-cell, which can melt at
relatively low local temperatures compared to the anodic
copper current collector in LIB-cells, potentially influencing the
speed of cell internal propagation.

It is important to note though, that the presented safety
behavior is of course only valid for the specific SIB-cell type, and
even the specific manufacturing batch, investigated herein
Moreover, it should be recognized that SIB- offer distinct
advantages over LIB-cells in terms of resource availability,
sustainability, and reduced cost and weight, due to the solely
use of aluminum current collectors. This design allows for
reversible discharge to 0 V without irreversible damage, unlike
LIB-cells, whose anodic copper current collectors may corrode

This journal is © The Royal Society of Chemistry 20xx

at low voltages.3? As a result, SIB-cells can potentially be stored
and transported safely at 0 V, posing no risk of energy release
even if severely damaged. However, storage at 0 V may impair
cycling performance, highlighting the need for further research
on SEl-stabilization or reactivation strategies.*? 4!

Conclusions

In summary, the present study reveals that current commercial
SIB-cells must be classified alongside LFP-cells in terms of their
safety behavior as they can even undergo TR at a rather low SOC
of 30 %. This is herein connected to the discrepancy between
the SOC on cell level and the SOC on anode level — a difference
that is more pronounced in SIBs due to the extended sloping
region in the voltage profile of HC-anodes. Hence, even at an
SOCe0f 0 %, the SOC;,04e States ca. 6 %, indicating that there is
still Na stored inside the SIB-anode. At high SOCs, the TR event
in the tested SIB cell type was accompanied by pronounced jelly
roll ejection, complicating TR-identification based on cell
temperature alone. Understanding the underlying mechanisms
warrants further investigations.

Overall, the results clearly show that the wide-spread
assumption that SIB-cells are generally safer than LIB-cells is
oversimplified. Hence, it is important to incorporate SIB-cells
into the ongoing safety classification discussions for LIB-cells,
allowing their transport and thereby market access. At the same
SIB-cell
manufacturing present an opportunity to further optimize
passive safety features and material components to increase
SIB-safety in the future.

time the early stages of large-scale commercial
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