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The magnesium—sulfur (Mg-S) battery may be a safer alternative for the lithium-sulfur
battery because Mg plating usually proceeds without dendrite formation. Here, we correlate the
thermal runaway of Mg-S battery with the associated change of electrolyte vapour pressure via
battery testing calorimetery. Over-pressure builds up along with the programmed heating of the
cell, and as a result, the thermal runaway is triggered at 20 to 45 K over the electrolyte boiling
point, corresponding to 70 to 150 kPa pressure difference between the cell and the environment.
The distinct performance-safety-cost behaviours of three ether type of electrolytes stems from
the different CH2CH:2O chain lengths. Such molecular insight will serve as a fundamental
guideline in choosing and designing the desired electrolyte that simultaneously achieves a high

explosion limit and good electrochemical performance.



Efficient and reversible energy storage is a driving force to enable consumer electronics,
automotive propulsion, and to solve the intermittency of green electricity generation [1-5]. For
domestic applications, a key requirement is to safely charge and discharge the battery at high
energy densities [6,7]. One strategy to achieve high energy density is via the use of a Li-metal
anode due to its specific capacity and low potential [8,9]. Upon cycling, metallic lithium forms
needle-like dendrites, which impedes electrochemical performance over time and poses a fire
hazard due to short circuit [10,11].

The magnesium-sulfur (Mg-S) battery is proposed to mitigate this safety concern as the
production of magnesium dendrites is only seen at extreme condition with current density above
0.3 mA cm? [11-17]. Mg also has a high flash point, which is generally beyond the initial
thermal runaway temperature of the battery. In addition, Mg is the fifth abundant element in the
earth’s crust [11,18], with a price 1/24 to that of lithium [19], and has a potential of -2.37 V
relative to SHE. The divalent Mg?" enables two electrons transfer per Mg atom, providing a
theoretical specific mass capacity of 2,205 mAh g'! and a specific volume capacity of 3,832
mAh cm?™ [20-23]. While Mg-metal anode does not pose a potential risk due to the
plating/stripping process [24-26], the thermal stability of the organic electrolytes that are
employed in the Mg-S battery are a safety bottleneck of the whole system. So far, the thermal
stability of the organic electrolytes and their safety concerns during battery operation are largely
unknown [27-34]. A systematic methodology is required to perform battery safety evaluations
and to identify the key descriptor to understand the physical and chemical changes of the
electrolyte during thermal runaway [35-38]. Researchers have realized the importance of
battery thermal safety and have carried out research, Xu et al. reported on the multi-level
thermal safety of lithium batteries [39].

Here we evaluate the safety of three electrolytes by testing the Mg-S battery response to a
controlled failure scenario, they are: 1,2-dimethoxyethane (DME), diglyme (DEG) and

tetraglyme (TEG). The DME cell explodes at 403 + 4 K (45 K above the boiling point) with
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corresponding vapour pressure of 249 + 14 kPa. The DEG cell explodes at 455 £ 6 K (20 K
above the boiling point) with corresponding vapour pressure of 172 + 28 kPa. TEG has a higher
boiling point, and thus the cell does not explode within the temperature range of the test. The
result shows that the thermal runaway of the Mg-S batteries studied here is caused by the in situ
heating and vaporization of the electrolyte, while the Mg anode and S cathode stay completely
intact. Therefore, the vapour pressure of the electrolyte is the key descriptor of the overall
battery safety. This conclusion suggests a potential way of optimizing battery safety and
performance by molecular engineering new electrolyte systems with high ion conductivity and
low vapour pressure.

The overall evaluation of a battery electrolyte contains three criteria: electrochemical
performance, safety, and cost (Figure 1a). To study the electrolyte safety, the typical battery
thermal runaway process needs to be simulated. It usually contains three stages [31]: 1: The
onset of overheating in which the batteries arrive in an abnormal state with an increase of
internal temperature; 2: Gasification of the electrolyte as the result of the heat accumulation. 3:
Combustion and explosion of flammable electrolytes. To simulate this process, a programmed
temperature profile is applied to the Mg-S coin cell at a given heating rate, while the temperature
of the cell is monitored in situ in a battery testing calorimeter (BTC) (Figure 1d and SI,
Supporting Information). Such programmed temperature profile simulate heat generation when
a cell undergoes a hard internal-short circuit (Stage 1) (Figure 1f). As the temperature increases,
the accumulated heat within the cell vaporizes the organic electrolytes (Stage 2), and eventually
explosion occurs due to the over-pressure ordmeombustion (Stage 3). Such explosion will
introduce a positive or negative temperature jump (TJ) in the temperature profile (Figure 1d,e)
due to the heat exchange between the cell and the environment. The explosion can destroy or
deform the cell and the electrodes/separator layers will be scattered within the testing chamber
(Figure 1b,c). The objective of this study is to gain molecular insight into the structure derived

explosion behaviours of the electrolyte in Mg-S battery.
3



DME, DEG and TEG are selected as the target electrolytes for the performance, safety and
cost evaluation. They are linearly shaped ethers in the form of CH30(CH2CH>0),CH3 with n
equal to 1, 2 and 4, respectively. All of them reach the initial discharge capacity of 800 mAh g
! (Figure 2), while the first charge capacities are 800, 717 and 328 mAh g'! for DME, DEG and
TEG-cells, respectively. After three cycles the specific discharge capacities of DEG and TEG-
cells are 61% and 46% of DME-cell (491 mAh g!). In addition, the discharge plateaus of DME
and DEG-cells are at 1.0 V while that for TEG-cell is at 0.9 V. Such a difference in specific
capacity stems from the number of CH,CH>O groups in the molecular structure. A longer
molecule leads to reduced mobility of the electrolyte and thus higher resistance towards Mg?*
transportation [23,40]. As a result, the Mg?* diffusion towards the CMK-3/S cathode is limited,
causing insufficient charging and discharging.

Firstly, the fresh cells are tested in the BTC: a steady and linear temperature increase is
found for all three cells during heating (Figure 3a). Unlike the profile in conventional Li-ion
batteries [37,41-43], here no significant heat generation is found in the form of sharp
temperature spike, which suggests that combustion of Mg anode does not take place. Careful
examination of all three curves reveals small TJ for DME and DEG-cells at 400 K and 450 K,
respectively, indicating the explosion of the cell (Figure 3b). In comparison, no TJ is found for
the TEG-cell. Indeed, the DME-cell is completely destroyed during explosion, in which all six
components of the cell are all scattered in the testing chamber (Figure 3j and S2a, Supporting
Information). The DEG-cell remains largely intact but with a big crack, leading to the
evaporation of all the DEG electrolyte (Figure 3m and S2b, Supporting Information). The glass
fibre separator layer is found to ‘stretch’ outside the cell. During the fast gasification, part of
the glass fibre layer is carried outside the cell by the DEG electrolyte to release the over-pressure.
Finally, the TEG-cell remains fully intact (Figure 3p and S2c, Supporting Information) until

reaching the temperature of the testing limit (523 K).



The first derivatives of both TJs show negative peaks in the DME and DEG-cells (Figure
3c,d), indicating an endothermic process during explosion. This can be understood as the pure
thermal expansion of the vaporized electrolyte during the explosion, which absorbs heat from
the environment [44,45]. Therefore, the explosion of fresh DME and DEG cells is mainly a
physical process due to the over-pressure caused by electrolyte vaporization and expansion.

Next, the sample explosion test is applied to the cells after three discharge and charge
cycles. TJ is only recorded for the cycled-DME-cell, whereas those of the cycled-DEG-cell and
cycled-TEG-cell show a steady temperature profile (Figure 3f). This is also observed in the first
derivatives profiles, in which the cycled-DME-cell shows a positive peak (Figure 3g) whereas
the cycled-DEG-cell present a flat line (Figure 3h). The positive peak here indicates an
exothermic process for the cycled-DME-cell during explosion, which is different from its fresh
state. This can be understood as the unstable decomposition reaction of the intermediate product
MgS (Figure S3, Supporting Information) after cycles, which reacts as MgS + 2H,O —

Mg(OH): + H2S, AH = -133.5 kJ mol’!, releasing heat. Comparison of the SEM images of

cathode in the original states (Figure 3r) and the 3™ cycled state after explosion (Figure 3s, and
Figure S4, Supporting Information) shows a slight aggregation of S particles. This is because
of the dissolution and precipitation out of S during charging and discharging. On the anode side,
no significant cracking or damage is observed in the Mg foil, except for the deposition of the
glass fibres at the surface (Figure 3t,u and Figure S5, Supporting Information, which is likely
due to cell disassembly). Though there were no significant fluctuations in the time-temperature
curve for cycled-DEG-cell(Figure S6a-d, Supporting Information), cracks were observed after
the thermal runaway test. This indicates the leak of DEG during the heating (Figure So6e,
Supporting Information).

The explosion temperatures are 45 K and 20 K above the boiling points of DME and DEG
(Figure 3a,e), respectively. This may be caused by a thermal resistance from the chamber

environment to the inner cell. To examine this, a range of heating rates from 1 K-min™! to 20
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K-min! are tested. Surprisingly, the explosion temperatures for DME and DEG stay constantly
at403 +4 K and 455 + 6 K, respectively, regardless of the heating rate (Figure 4a). The pressure
of the cell is then calculated by using the vapour pressure equation and is plotted as the function
of time (Figure S7, Supporting Information). The calculated vapour pressures at the explosion
temperature are 249 + 14 kPa for DME and 172 + 28 kPa for DEG, respectively (Figure 4b).
Sulfur does not contribute to the inner pressure built up, as the calculated sulfur vapour
pressures at those conditions are 0.006 kPa and 0.11 kPa, respectively. Because the electrolyte
vapour is the main reason for the over-pressure in the cell, the calculated vapour pressure can
also reflect the real inner pressure of the cell. If decomposition of the electrolyte takes place, an
additional pressure is built up. This leads to the further decrease of the thermal runaway
temperature (Table S1 and Figure S8, Supporting Information). The sealing pressure of the coin
cell can also influence the explosion temperature. Raising the sealing pressure from 0.5 TON
to 0.75 TON increases the thermal runaway temperature from 393 K to 439 K (Figure S9,
Supporting Information) for DME based electrolyte. The explosion temperature is then
stabilized between 439 K and 451 K when the sealing pressure is further increased to 1.4 TONS.
At 0.5 TON of the standard sealing condition, DME-cell will only explode at 149 kPa over-
pressure from the environment, while the DEG-cell can explode with 72 kPa over-pressure
(albeit at different failure temperatures). This indicates the upper pressure limit of the CR2032
cell at 403 K and 455 K, respectively. The Nylon-6 O-ring that seals the cells become less
thermally stable above 423 K [46]. Its ability to withhold the over-pressure is then decreased.
To verify this, the Nylon-6 O-ring is tested in the BTC under the same temperature programme.
After test, the Nylon-6 O-ring has completely melted (Figure S10, Supporting Information).
The influence of cathode sulfur loading to the explosion temperature is further studied, in order
to examine if there can be any combustion of the sulfur. The result shows again the constant
explosion temperature at 403 + 4 K and 455 + 6 K for DME and DEG-cells, respectively,

regardless of the sulfur loading (Figure 4c). DME is further mixed to DEG or TEG at the volume
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ratios of 3:1, 1:1 and 1:3, respectively, to form the mixed solvent systems. The thermal runaway
temperature increases with the raising content of DEG or TEG (Figure S1la-c, Supporting
Information). The overall thermal runaway temperature shows a positive correlation with the
average carbon atom per molecule in the mixed electrolyte, suggesting the causal relations
between molecular structure and its explosion behaviour (Figure S12, Supporting Information).
The discharge/charge curves of various electrolytes show that the electrochemical performance
of mixed electrolyte (DME+DEG or DME+TEG) mixture is between that of pure electrolyte
systems (Figure S11d). These phenomena further confirm that thermal runaway and
electrochemical performance are closely tied to the chain length of the electrolyte. We further
studied Magnesium bis(hexamethyldisilazide) Mg(HMDS), as an organic non-nucleophilic
electrolyte [47—49] (Figure S13, Supporting Information). It is not soluble in DME but soluble
in DEG and TEG. Similar to the thermal runaway test with Mg(TFSI). electrolyte, a small TJ
is found for DEG solvent at 438 K with 3 K-min™!, whereas the TEG cell does not explode.
With the measured specific capacity, the explosion temperature and indicatives prices of the
three electrolytes in the Acros, a comprehensive diagram can be drawn to balance the
performance, cost and safety of the Mg-S batteries (Figure 5a). The DME-cell is clearly
favoured by performance and cost, whereas the safety of DME requires serious consideration.
In this regard, design of DME derivatives with higher boiling point and the same Mg?"
conductivity is suggested. The risk of combustion is high in DME-cells, in particular the
practical pouch cells. The trends of performance, safety and cost are directly related to the
number of repeating units in three CH;O(CH2CH20).CHj electrolytes (Figure 5b). In general,
longer chain length leads to 1) high boiling point, thus high explosion temperature; 2) high Mg?*
conduction resistance and low storage capacity; 3) long synthetic process and high separation
cost.

In conclusion, a general approach that evaluates the performance, safety and cost of the

electrolyte in Mg-S battery is developed. The combustion of the metal anode is not found in the
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Mg-S battery for all three electrolyte systems under the failure scenarios studied here, which
provides a compelling improvement compared with other alkali metal anodes. The explosion
temperature is positively correlated with the electrolyte vapour pressures and boiling points,
which are the key descriptor for the safety limits of Mg-S battery. The number of the repeating
unit in the electrolyte plays a decisive role in the overall battery evaluations. In general, small
chain ether based electrolytes with low boiling points have a low explosion temperature. In
contrast, the Mg?" mobility is higher in those small chain electrolytes, leading to a better charge
and discharge performance. Therefore, a potential method to realize the improvement of battery
safety, while at the same time maintaining or even improving the battery performance, is to
design small chain molecules with higher molecular weight or polarity, thus obtaining a higher
boiling point and low vapour pressure. It is also important to study the temperature distribution
within the batteries to understand the origin of the explosion. As the Mg-S technology matures,
the application of these methods to larger format cells will continue to provide useful insight to
benchmark its safety of compared with other cell chemistries.

Experimental section

Battery testing calorimeter: Thermal runaway testing was conducted inside a Phi-Tec
Battery Testing Calorimeter (BTC) (Figure S1, Supporting Information). The coin cell is taped
with the thermal couples to measure the temperature increase. The cell is placed into a protected
explosion chamber. Temperature programmed heating is set at various fixed rates to reach 523
K. The temperature of the cell is measured every 5 s. After the test, the chamber is opened and
the cell is examined. Each test is repeated at least three times.

Synthesis of CMK-3/S composites as cathode materials: The Mg-S battery tested in BTC
uses a CMK-3/S composite as the cathode. CMK-3 is an ordered mesoporous carbon material
with high surface area (1141 m? g') and large pore volume (1.38 cm?® g'!) (Figure S14,
Supporting Information). In a typical experiment to produce CMK-3/S composite, 0.5 g of

CMK-3 powder is physically mixed with 0.5 g of sulfur. The mixture is then transferred into a
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batch reactor under argon with subsequent heating at 428 K for 24 h. The sulfur melts and is
impregnated into the pore network of CMK-3. The diffraction peaks in the X-ray diffraction
pattern (XRD) are not obvious (Figure S15, Supporting Information), suggesting the formation
of quasi-amorphous S. The S is indeed impregnated into the CMK-3 channels, as uniform
distribution of S and C is observed in the energy-dispersive X-ray spectroscopy (Figure S16,
Supporting Information).

Electrolyte preparation: Three types of electrolytes were chosen and prepared in an Ar
filled glovebox by adding magnesium(II) bis(trifluoromethanesulfonyl)imide (Mg(TFSI),) into
the DME, DEG and TEG, respectively. After three hours of stirring, magnesium chloride
(MgClz) was added into the electrolytes and stirring overnight. The molar ratio of Mg(TFSI)2
and MgCl: is 1: 0.8. The concentration of the Mg?" is 1.8 mol L.

Four types of electrolytes were prepared in an Ar filled glovebox by adding magnesium(II)
bis(trifluoromethanesulfonyl)imide (Mg(TFSI),) into the pure DOL and different volume ratios
of DOL:DME. The different volume ratios of DOL and DME are 1:3, 1:1, and 3:1 respectively.
After three hours of stirring, magnesium chloride (MgCl») was added into the electrolytes and
stirring overnight. The molar ratio of Mg(TFSI), and MgCl; is 1: 0.8. The concentration of the
Mg** is 1.8 mol L1

Two types of electrolytes (Mg(HMDS), system) were prepared in an Ar filled glovebox.
1.24 g (3.6 mmol) of Mg(HMDS); was dissolved in 4 ml of DEG or TEG in a vial, then 0.96 g
(7.2 mmol) of AICIl; was slowly added and stirred for 24 h at room temperature. Subsequently
about 0.343 g (3.6 mmol) of MgCl, was added portionwise to the solution and stirred for 40 h.

Electrochemical measurements: All the electrochemical measurements were tested with
CR2032 coin cells with magnesium foil from Goodfellow as anode, previously prepared
electrolyte, Whatman glass fiber as separator and CMK-3/S cathode. This cathode was
fabricated by mixing CMK-3/S composite, super P, sodium carboxyl methyl cellulose (NaCMC)

and styrene butadiene rubber (SBR) in a weight ratio of 80: 10: 5: 5 in deionized water. The
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slurry was coated on carbon coated aluminium foil and dried at 60 °C overnight in vacuum oven.
Then, the electrode was roll pressed, and punched into round discs of 6 mm in diameter with
mass loading from 0.3 to 0.6 mgsuifur cm 2. The volume of electrolyte is 150 uL for all the cells.
Galvanostatic charge and discharge were tested in a voltage window of 0.4—1.8 V on a battery
measurement system (Neware).

Characterization and thermal runaway test: XRD measurements were performed using a
StadiP diffractometer from STOE, a voltage of 40 kV, at 30 mA, with Cu Ka radiation, scan in
the 20 range between 0° and 90° at a rate of 6° min™! with step size of 0.5°. Nitrogen
adsorption—desorption isotherms were recorded at 77 K using a Micromeritics 3Flex surface
characterization analyzer. Specific surface areas were determined according to the BET model,
with pore diameters, volumes, and distributions determined through the BJH method. Scanning
transmission electron microscopy (STEM) study was performed using a probe corrected (CEOS)
JEM ARM 200CF (JEOL, Japan) operated at 200 kV. Bright Field (BF) and High Angle
Annular Dark Field (HAADF) images were acquired simultaneously. EDS elemental mapping
was performed on the same microscope. Scanning electron microscopy (SEM) imaging and

related element mapping were performed on a JEOL JSM-7401F SEM.
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Figure 1. (a) Three criteria for battery evaluation. (b, ¢) Schematic diagram before and after

coin cells thermal runaway test. (d) Coin cells temperature change during thermal runaway test

and (e) the first-order derivative of (d). (f) Schematic of three battery stages in the explosion

test.

?_\1 8 /O\/\O/ 9\1 8 /O\/\O/\/O\ 2\1\5/\/0\/\0/\/0\/\0/
216 216 216

1.4 Si1.4 Si1.4

=12 DME | =12 DEG | =12 TEG
1.0 1st 1.0 1st 1.0 1st
©0.8 — 0.8 — 0.8 —

—2nd —2nd —2nd

806 3rd| 806 —3rd| 8oe ‘;—\\iyd
3045550400 600 800 S0 %0 200 400 600 800 S°40 200 400600 800

Specific capacity (mAh g') Specific capacity (mAh g7) SpeC|f|c capacity (mAh g)

Figure 2. (a, b, ¢) Charge and discharge curve of DME cell, DEG cell and TEG cell respectively.
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Figure 3. (a,e) Temperature profile during the simulated thermal runaway test for fresh and
cycled cells DME (green), DEG (red) and TEG (blue). (b,f) are enlarged views of (a,e). The

heating rate is 5 K-min™'. (c,d), (g,h) First derivatives of the TJs for (c,g) DME-cells and (d,h)

DEG-cells. (i-q) Digital photo of the DME, DEG and TEG cell before (i,1,0), fresh cells after
simulated thermal runaway test (j,m,p) and after cycles cells after simulated thermal runaway
test (k,n,q), respectively. (j,m) The six components after the test are presented in the order of
glass fibre, Mg foil, Ni foam, top cap, cathode, bottom cap. Scanning electron microscopy

images of the original states (Figure 3r,t) and the 3™ cycled state after explosion (Figure 3s,u).
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The safety of the MgS battery is mainly related to the vapour pressure of the electrolyte. The
over-pressure builds up along with heating of the cell and triggers the battery explosion. The
subsequent exothermic reaction between MgS and H>O caused a sudden temperature jump of
the battery. A modified DME with higher boiling point will be ideal of the MgS battery.

Keywords: magnesium-sulfur battery, electrolyte, safety, vapour pressure, thermal runaway
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Figure S1. Schematic of the device diagrams for the battery testing calorimeter.
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Figure S2. Digital images of the cell after explosion a) fresh-DME-cell; b) fresh-DEG-cell; ¢)

fresh-TEG-cell.
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Figure S3. Energy-dispersive X-ray spectroscopy of cathode (a) and anode (b) the 3rd cycled

state after explosion in DME cell.

24



Carbon Aluminium

Silicon

Florine |n Magnesium

Figure S4. Cathode EDS mapping of original (a-f) and the 3rd cycled state after explosion (g-

0) in DME cell.

25



a  Original anode b Magnesium | d

Figure S5. Anode EDS mapping of original (a-d) and the 3rd cycled state after explosion (e-k)

in DME cell.
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Figure S7. The pressure of the cell as the function of the heating time. The pressure is
calculated from the vapour pressure equation (from National Institute of Standards and

Technology) before explosion. After explosion, the measured pressure of the whole testing

champ is presented.
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Figure S8. The function graph of 7t (explosion temperature) and Pq (addition pressure) from
the decomposition of the electrolyte. The explicit equations of 7c and P4 are shown in supporting

information titled “calculated equation of the vapour pressure and temperature”.
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Figure S10. Digital photos about before and after heating test of Nylon-6 O-ring.

31



g Ar=5= ,\b Fresh-DME ]
X ¢ X
= Fresh-DME:DEG(1:1)  #° % = ]
9425 / DEG(1:1) 9450 o
= 2
I o
O] ()
8-400 g-
@ ©400 ]
2 @ 7 1393 K
2500 3000 2500__ 3000 3500
Time (s) Time (s)
C ~d
< ~ [DME:DEG 316
;440 g
5 [ (o))
420 =12
5 : 2’ DME:TEG(1:1)
Q 0.8 : :
sl L 2
10 31 11 13 g "0 200 400 600

Volume ratio Specific capacity (mAh g”)
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Scatter plots of DME:DEG and DME:TEG at different volume ratios. (d) The 2nd cycle of

charge and discharge curve of DME-DEG(1:1) and DME-TEG(1:1) cells.
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Figure S15. X-ray diffraction patterns of CMK-3 and CMK-3/S.
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Figure S16. (a,b) Bright field-scanning transmission electron microscopy images of CMK-3/S.
(c) High angle annular dark field-scanning transmission electron microscopy image. Element

mapping of carbon (d) and sulfur (e) within the selected region of (c).
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Calculated equation of the vapour pressure and temperature.

Inner pressure can be calculated based on the vapour pressure of the electrolyte. Along with the
heating programme, the inner pressure that is gained from vaporization of the electrolyte is

determined as the function of temperature:

B
log;o(P) = A — %

Where, P1 = vapour pressure (bar), 7= temperature (K) and the values of A, B, and C for
DME and DEG are listed in Table S1.
If the electrolyte decomposes, an addition pressure Pg is built up and this will reduce the

explosion temperature (7¢), which can by calculated by:

B
T, + C

logo(Py — Py) = A—

So,

B
T, = —C
¢ A —log,,(P; — Py)

The function graph in Figure SX of 7. (explosion temperature) and Pq (addition pressure) from

the decomposition of the electrolyte is based on this equation.

38



Table S1. Vapor pressure equation parameters [1,2]

Suitable Temperature A B C
range (K)
DME 225 -366 3.83775 1260.52 -37.322
DEG 286 - 433 4.87223 1922.137 -38.063
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