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This work delineates the thermal safety of full-scale sodium-ion
batteries (SIBs) by interrogating the material-level electrochemical
and thermal responses of micro and nano-structured tin (Sn) based
anodes and sodium vanadium phosphate (NVP) cathodes in suitable
electrolyte systems. Informed by these material-level signatures,
we delineate cell-level thermal safety maps cognizant of underlying
electrode—electrolyte interactions in SIBs.

Sodium-ion batteries (SIBs) have captured tremendous interest
due to advantages such as the abundance and uniform dis-
tribution of sodium (Na) resources, low cost, and environmen-
tal friendliness." While energy density, power density, and
lifespan are key features for market integration, batteries used
for electric vehicles and grid storage applications should also
exhibit high thermal stability.” The cell-level thermal runaway
(TR) is predominantly governed by choice of the electrode and
electrolyte materials and the spatio-temporal evolution of dif-
ferent chemical interphases in the cell.? In recent years, among
the several cathode materials for SIBs, the NASCION-type
sodium vanadium phosphate NazV,(PO,); (NVP) has been
extensively investigated due to its high ionic conductivity and
theoretical energy density.* Alloy-based materials such as sili-
con (Si), germanium (Ge), tin (Sn), and antimony (Sb), along
with their binary and ternary alloys, show significant promise
as anodes due to their high theoretical capacities and favorable
electrochemical behavior, are applicable to SIBs.>”® Amidst the
wide range of candidate anodes, the development of Sn-based
alloy-type anodes has garnered significant interest due to lower
cost and environmental impact, and various aspects such as
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Electrode—electrolyte interactions dictate
thermal stability of sodium-ion batteriesy
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their cycling stability, formation of solid electrolyte interphase
(SEI), alloying/de-alloying induced structural degradation, and
failure mechanism have been studied.'®™> Compared to com-
mercially viable anode materials for SIBs, such as hard carbon
and titanium-based materials, although Sn-based materials
suffer from volume expansion, efforts are being made to over-
come these challenges for future commercialization."*™*> While
major research efforts have focused on demonstrating the
electrochemical performance and overall lifespan of different
cathode/anode couples, the thermal stability of SIBs has
received relatively less attention.'®

Various electrode/electrolyte interactions (e.g., cathode/
anode vs. carbonate/glyme),"” the growth of interphases,®
mechanical degradations (e.g., cracking, deformation),’® and
electrolyte additives can potentially affect the TR propensity.
Importantly, while using Na metal in the system, the high
chemical reactivity of Na can result in rapid electrolyte decom-
position and the development of SEL>° necessitating the need
for an electrolyte-specific assessment of thermal stability for SIBs.
For instance, electrolyte additives such as fluoroethylene carbo-
nate (FEC) added to electrolyte salts (e.g:, sodium perchlorate
(NaClO,)) in carbonate-based electrolytes (e.g., ethylene carbonate
(EC), propylene carbonate (PC), diethyl carbonate (DEC)) have
been shown to stabilize the electrode/electrolyte interface for both
cathode®" and anode,* thus improving the cell longevity.”* How-
ever, the thermo-electrochemical interactions of FEC-based elec-
trolytes with the cathode/anode materials and their implications
on the overall thermal stability of sodium-ion cells are not fully
understood.

In this study, we first examine the electrochemical response of
micro(p)- and nano(n)-Sn-based electrodes in NaClO4:EC:PC:DEC
(base) and NaClO4:EC:PC:DEC:FEC (base + FEC) electrolytes
(Fig. S1 of ESI}). The cell fabrication details are described in
Section S1 of ESLf The charge/discharge voltage response in
Fig. 1a-d shows sequential stepwise plateaus for all the cases;
however, for both the electrolytes, p-Sn showed distinct plateaus
compared to the n-Sn. p-Sn in base electrolyte showed initial
sodiation and desodiation capacity of ~855 and ~731 mAh g '
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Fig. 1 Voltage profile of u-Sn based half-cell using the electrolytes of (a)
EC:PC:DEC-base, (b) EC:PC:DEC:FEC-base + FEC, and n-Sn-based half-cell
using the electrolytes of (c) EC:PC:DEC-base, (d) EC:PC:DEC:FEC-base + FEC.

with a coulombic efficiency of 85.49%. The 2™¢ and 4™ sodiation
cycles show a capacity of ~757 and ~674 mA h g~ ", indicating a
significant capacity loss of around 11% from the 2nd sodiation.
When p-Sn was dipped in the FEC-based electrolyte, although the
1% sodiation (~700 mA h ¢~ ') and desodiation (~542 mAh g™ ")
capacity were slightly lower than the previous case, the capacity
retention from 2" to 4™ discharge significantly improved
(~494 mA h g ' to ~484 mA h g7, loss around 2%). The
coulombic efficiency was around 77.42%, caused by the formation
of NaF-like SEI components under FEC decomposition.”® With
the n-Sn in the base electrolyte, 1% sodiation/desodiation capacity
was ~708/504 mA h g, indicating a coulombic efficiency of
71.18%. The loss from the 2™ to 4™ sodiation cycle for n-Sn in the
base electrolyte was around 12.09% (488 to 429 mA h g™ '). The
n-Sn in FEC containing electrolyte showed 1* sodiation/desodia-
tion capacity around 617 and 370 mA h g~'. The coulombic
efficiency for this system was approximately 60%, indicating the
lowest efficiency observed in the 1% cycle compared to all
other cases. The capacity during the 2™ to 4™ sodiation cycles
for n-Sn in an FEC environment decreases from 328 mA h g™ to
281 mA h g™, resulting in a loss of approximately 14.33%. Overall,
the sodiation/desodiation capacity in the 1% cycle was decreased
for n-Sn primarily due to its increased reactivity under the higher
surface area and agglomeration effects hindering electrical
contact,”** and with the addition of FEC, it was further reduced.
FEC is known to form a resistive interphase that limits the charge
transfer kinetics and inhibits the formation of some interme-
diated phases, resulting in a lower capacity for SIB anodes."
After the cycling of Sn-based half cells, their thermal stability
analyses were performed using an accelerating rate calorimetry
(ARC) following the heat-wait-seek (HWS) method (parameters
listed in Table S1 of ESIf). Fig. 2a and b show the ARC
temperature response of half cells with p-Sn and n-Sn in
base and base + FEC electrolytes. The TR characteristics
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Fig. 2 The ARC experiments to probe the thermal stability of the Sn
electrode. (a) Temperature response of p-Sn and n-Sn-based half-cell
using the electrolytes—base and base + FEC. (b) The temperature increase
and the corresponding self-heating rates (SHR) for all the cases.
(c) Thermal safety characteristics and (d) comparison of heat generation
of the p and n-Sn cases in two different electrolytes.

temperatures are defined in Table S2 of ESI.f The p-Sn in the
base electrolyte half-cell shows T; = 102.39 °C and T, =
250.38 °C; beyond that, it reaches T; = 311.38 °C at a signifi-
cantly higher heating rate (up to 2.69 °C min~"). While FEC was
added to the base electrolyte, pu-Sn showed almost slightly
higher T; =102.21 °C and T; = 313.27 °C; however, T, decreased
to 233.41 °C. When n-Sn was used in the base electrolyte, both
T, =91.85 °C and T, = 229.06 °C were reduced compared to the
p-Sn in the base electrolyte. The T; for n-Sn in the base
electrolyte increases to 320.76 °C. With the incorporation of
FEC in the base electrolyte, T; increases significantly to
104.81 °C, and T, decreases significantly to 181.55 °C. The
addition of FEC significantly contributes to stabilizing the
interface of n-Sn with a larger high reactive surface area,
leading to higher self-heating onset; however, as soon as the
SEI decomposes, it goes to TR rapidly. A significantly higher
self-heating rate (up to 16.08 °C min ') is detected, which
results in TR and a substantially larger T3 = 347.73 °C, corres-
ponding to the thermal decomposition of the interphases and
the reaction with molten Na. The spider charts in Fig. 2c
provide a comprehensive overview of the essential thermal
safety characteristics exhibited by the four Sn|Na systems in
different electrolytes.

In between T; and T3, the ARC thermal response of the Sn-
half cells can be segmented into six distinct zones based on the
change law in the temperature rate corresponding to specific
reaction mechanisms.>® The description of these different
zones and their start and end temperatures are summarized
in Fig. S5 and Table S3 of ESI.{ Fig. 2d compares the generated
heat in the p and n-Sn in base and base + FEC electrolytes due
to six significant reactions (R-1 to R-6). The total amount of heat
generated for n-Sn in base (2400.6 J) and n-Sn in base + FEC
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(2933.3 ]) cases was relatively higher than that of p-Sn in base
(2116.7 J) and p-Sn in base + FEC (2032.4 J) cases. All six
exotherms were distinctly identified for the Sn-based half cells
in different electrolytes except for p-Sn in the base + FEC
electrolyte. The R-1 and R-2 reactions were merged for pu-Sn in
the base + FEC electrolyte, and the net heat generation is higher
compared to the sum of the heat generation from R-1 + R-2 in
the base electrolyte half-cell. The heat generation from R-3 was
also extremely small for the p-Sn in the base + FEC electrolyte
compared to the base electrolyte, suggesting minor interaction
between molten Na and electrolyte containing FEC. Incorporat-
ing FEC significantly reduces both the heat generation from the
SEI decomposition of Sn (R-4) and Sn metal-electrolyte (R-5)
interactions for p-Sn. Moreover, the heat generated from R-6 is
comparatively higher for p-Sn in FEC-electrolyte. Interestingly,
we have noticed that the particle size of Sn also affects the
amount of generated heat due to the decomposed SEI-Na
reaction. The n-Sn in the base electrolyte displayed significantly
higher heat generation from R-1 and R-2 compared to the p-Sn
and is primarily caused by the larger high reactive surface area
in the nanoparticle. The addition of FEC to n-Sn further
increased the amount of R-1 and R-2. The R-3 reaction pro-
duced slightly lower heat for n-Sn in the base + FEC electrolyte
than the base electrolyte. This could be attributed mainly to the
fact that a considerable amount of electrolyte has been con-
sumed by n-Sn to produce the SEI layer with a larger surface
area, thus reducing the total amount of available electrolyte to
react with Na. Compared with p-Sn, a slightly lower heat
generation for n-Sn in the base electrolyte for the R-4 reaction
can be observed. The heat produced for R-5 in the n-Sn case
shows a similar trend as p-Sn; FEC reduces the heat generation
for the n-Sn-electrolyte reaction. Compared to p-Sn, the net
heat generation from R-4 and R-5 has significantly decreased
for n-Sn in FEC electrolytes, which can be attributed to
parasitic reactions primarily related to a higher amount of
SEI growth under an increased nanoparticle surface area.””
Finally, R-6 for n-Sn in FEC showed higher heat generation
than the base electrolyte, similar to the trend observed for the
u-Sn case.

To further understand the electrochemical and thermal
stability, X-ray photoelectron spectroscopy (XPS) analysis can
provide insights into the different compounds formed in the
SEI layer of the Sn-based half cells (Fig. S2 of ESIt).>® Fig. 3a
and b show the normalized percentage of each bond in the
carbon (C) and oxygen (O) elements for all cases. The addition
of FEC to the base electrolyte forms a thermally protective layer
on the Sn-based electrode surface, thus reducing the amount of
heat generated from the R-4 and R-5 reactions under the same
surface area. The interphase composition of Sn-based electro-
des cycled in FEC-based electrolyte has smaller peak intensities
corresponding to organic compounds and intense sodium
fluoride (NaF) peak, suggesting that the formation of inorganic
NaF suppresses the formation of organic species such as
carbonates (Na,COj3), esters (O—C-OR), and ethers (C-O-C),
etc. on the Sn surface and reduces the amount of heat genera-
tion. Conversely, the heat generated from R-6 is significantly
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Fig. 3 Normalized percentage of (a) C 1s and (b) O 1s with different
electrode and electrolyte combinations, as obtained by analyzing the XPS
data.

higher in FEC-electrolyte for Sn-based half cells. In the presence
of NaClO,, the interphase composition for the Sn-based elec-
trodes shows considerable CO evolution due to the decarbony-
lation process, suggesting a significantly higher decomposition
of FEC and larger heat generation compared to the base
electrolyte.>® The manifestation of such an exotherm in the
thermal stability of Sn-based half-cells in FEC-containing elec-
trolytes highlights the underpinning correlation between the
interphase interaction and thermal stability.

It is essential to understand the overall cell-level thermal
stability of a SIB. In the previous section, the p-Sn in the base +
FEC electrolyte depicted the least heat generation under the
ARC thermal response; henceforth, it was chosen as the anode
material to construct the SIB full-cell. A suitable material with
high capacity and the slightest structural changes during
sodiation and desodiation is desired as the positive electrode
material. NVP is a highly researched cathode due to its high
ionic transportation, theoretical capacity (118 mA h g~ *),*° and
excellent thermal stability at temperatures up to 450 °C.>" The
electrochemical and thermal response of fabricated NVP-based
half-cell with counter electrode Na metal in base + FEC electro-
Iyte is provided in Fig. S3 of ESLt The thermal signature of
NVP-half cells can be segmented into distinct reaction zones as
Sn-based half cells, depicting the NVP-electrolyte interaction
and electrolyte decomposition. The thermal signatures of the p-
Sn and NVP-based half-cells can be used to extract the thermo-
kinetic parameters of the individual p-Sn and NVP electrodes in
base + FEC electrolyte.”® Further description of the kinetic
parameter extraction from the ARC profiles is presented in
Section S2.1 and Fig. S6 and S7 in ESI;} the kinetic parameters
of the exothermic reaction for pu-Sn and NVP electrodes in base +
FEC electrolyte are summarized in Tables S4 and S5 (ESIt). This
information can be further utilized to develop the computa-
tional model capturing the cell-level thermal stability of SIB
based on the observed material-level response. The electroche-
mical and thermal response of fabricated SIB full-cell based on
the NVP cathode and Sn anode electrodes in base + FEC
electrolyte is provided in Fig. S4 of ESL{ The kinetics of the
material thermal reactions are combined to simulate the cell-
level ARC behavior of p-Sn|base + FEC|NVP full-cell, as shown
in Section S2.2 of ESL.f The simulated temperatures and
temperature rates fit well with the experimental results (Fig.
S8 of ESIT). The thermal model developed based on material
thermal analysis and detailed reaction kinetics can reasonably
predict the TR behaviors of full-scale SIBs.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Thermal safety phase map for the NVP-p-Sn-based SIBS under
different capacity and oven temperatures. The black line represents the
initiation of thermal runaway under oven conditions.

Using the developed cell-level TR heat generation model,
standard oven tests are initially conducted on 1 A h full-cell in
pouch format comprising p-Sn|base + FEC|NVP. Section S2.3,
Table S6, and Fig. S9 of ESIt provide details about the cell-level
oven test model. The thermal safety maps in Fig. 4 display the
maximum cell temperature observed during thermal abuse
scenarios, considering different capacities (1-5 A h) and oven
temperatures (150-300 °C). The phase map first identifies a safe
zone where the cell exhibits a stable temperature without experi-
encing an exponential rise, even within the designated operating
oven temperature. Then, the critical oven temperature for a TR is
displayed, which ranges from 220 to 230 °C, depending on the
pouch cell capacity. Once the critical value is surpassed, the cell
undergoes a rapid and exponential temperature increase, result-
ing in potential safety incidents marked as unsafe regimes. The
experimentally informed virtual TR analytics platforms can help
prevent cell-to-cell failures in SIB modules.

In summary, this study delineates the role of electrolytes in
modulating the thermal safety of full-scale SIBs by interrogat-
ing the material-level electrochemical and thermal responses of
p and n-structured Sn-based anodes and NVP cathodes in
different electrolytes. The ARC experiments identified that n-
Sn produced more exothermic heat than p-Sn under electrolytes
without FEC additives. The nanoparticles in n-Sn have a higher
surface area, thereby increasing their reactivity towards the
electrolyte to produce more SEI products and intense heat
release. On adding FEC to the electrolyte, the heat generation
for p-Sn decreased further as the formation of inorganic NaF
suppresses the formation of organic species on the Sn surface.
Informed by these material-level signatures, we developed a
computational model to capture the cell-level thermal stability
of SIBs comprising Sn-based anodes and NVP cathodes in FEC-
containing electrolytes. Our analysis delineates thermal safety
maps for SIBs based on simulated oven test signatures that
could prove decisive in deconvolving the innate thermal
instability signatures of electrode-electrolyte pairs in SIB chem-
istry. Building on the current study, future research directions
have been described in ESL.}
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