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Abstract

Rapid research and technological improvements on Na-ion batteries (NIBs) are making
them the most practicable complementary device for lithium-ion batteries (LIBS).
Moreover, the high Na-ion diffusion kinetics offers several fast charging electrode
materials that are attractive for high power applications. Lowering interphase and
charge transfer resistances via innovative electrolytes design, while not scarifying
lifetime, is however essential to secure such applications. Herein, we report the effect of
low viscous ester based co-solvents in improving the conductivity of Na-ion based
electrolyte. Our new electrolyte formulation shows excellent power capability charging
the 18650 cell to 84% state of charge (SOC) within ~10 minutes. Additionally it
improved low temperature cyclability, but with a slightly reduced high temperature
performance against our co-solvent free electrolyte. We believe that the guideline taken
here will pave the way towards finding a better compromise between ultrafast charging

and high temperature applications for reaching optimum performance.
1. Introduction

In recent times, lithium-ion batteries (LIBs) are playing a pivotal role in the
electrification of transportation and in enabling smarter power grids[1-4]. Improvements

in the manufacturing technology and supply-chain establishment have reduced the cost
of LIBs from over $1000/kWh to around $200/kWh[5]. However, manufacturing



advancements are reaching their limits[5,6] and a sudden upsurge in prices of lithium-
based precursors[7,8] questions electrochemical energy storage solely depending on Li-
based batteries. Moreover, the growing demand for low-cost batteries raises concerns
about the availability and geopolitical independence of lithium resources[6,9]. To this
end, sodium-ion batteries (NIBs) are emerging as attractive complementary energy
storage devices because of the low cost and demographic neutrality of sodium

precursors[9,10].

Further, fast-charging (FC) is the new Holy Grail in the advancement of battery
technology. In 2018, the US Department of Energy released over $19 million in funding
to enable ultrafast charging (XFC) with the goal of charging EV’s in only 15min or less
by 2028[11]. In this context, the Na-ion batteries can gain more importance as some of
the Na-ion electrodes and electrolytes are reported to exhibit faster Na-ion diffusion
kinetics than their lithium counterpart[12]. Especially, the positive electrodes such as
NasVz(POa4)2Fs (NVPF)[13] and Prussian blue analogs (PBA)[14] are capable of
(de)inserting sodium at a rate of, as fast as 10C (full capacity in 6 minutes). On the
other side, the most commonly used Na-ion negative electrode hard carbon (HC) exhibit
indirectly better rate capability than the Li-counterpart graphite due to its slightly higher
redox potential[15]. The higher redox potential of hard carbon allows Na-insertion at

faster rate without leading to a competing Na-plating process.

As important as both positive and negative electrode, the electrolyte transport
properties that play a decisive role in determining how fast a cell can be charged. The
polarization across the electrolyte and at the electrode-electrolyte interphase,
particularly at low temperatures and/or high rates, can result in limited deployable
capacity due to an early hitting of the cut-off voltage[16,17]. The more pronounced
effect of fast charging is a reduction in calendar/cycle lifetimes and in some extreme
cases rollover failure. In LIBs, the rollover behavior is attributed to unwanted lithium
plating on the negative electrode surface when large currents are applied[18,19].
Lifetime loss due to plating occurs via multifold routes[20-22]. Firstly, the plated metal
results from consuming the cell's active metal ion (Li*/ Na*) inventory, leading to
irreversible capacity loss. Secondly, the plated metal is not chemically stable and reacts

with electrolyte releasing byproduct gases and forming new solid-electrolyte interphase



(SED. Finally, in some extreme cases, this plated metal can form dendrites and create

shorts in the cell, raising some safety concerns.

Considering the Na-ion electrolytes, high Na-ion conductivity is reported due to
weaker solvation of the Na*-ion as compared to Li*-ion[23]. However, the interphase
formed is often reported to be poorly stable and necessitates the usage of electrolyte
additives that can increase the interphase resistance that in turn reduce the power rate
capability[24,25]. Hence, to achieve FC Na-ion cells, the electrolyte design needs,
besides having high ionic conductivity, to form both highly conductive and stable

interphases over a wide temperature range.

One way reported with LIBs to enable FC is to engineer electrode material with
coatings or smaller particle sizes that increase electrical and Li* conductive transport in
the material[26—29]. Another approach is to use salts/additives[30,31] like Lithium
bis(fluorosulfonyl)imide (LiFSI), Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) etc.
that reduces the interphase resistance. Finally, to circumvent the polarization (and
plating) issue and enable FC is to increase the ionic conductivity of the electrolyte by
incorporating low viscosity ester based co-solvents[32—-38]. It has been claimed that
ester based co-solvents help to reduce the depletion of Li* at the negative electrode
surface during insertion, hence decreasing the overpotential and consequently avoiding
associated metal plating during applied high currents[37,39-41]. However, the major
disadvantage of the organic ester based co-solvents is their poor electrochemical
stability. Therefore, in the present study, we explored the impact of adding methyl
acetate (MA) and/or ethyl acetate on the Na-ion electrolyte's conductivity and
electrochemical performance of our reference electrolyte containing 4 additives namely
sodium oxalato(difluoro)borate (NaODFB), vinylene carbonate (VC), succinonitrile (SN),
and tris-trimethylsilylphosphite (TMSPI). These additives form a good passivation film
and lead to good performance at room temperature and high temperature[42]. With the
incorporation of MA the charge transfer resistance is significantly reduced, thus less
polarization and greater capacity are achieved at low temperatures (0 °C). Finally,
18650 Na-ion NVPF/HC assembled with up to 20% of MA exhibited 84% of their full
capacity at 5C rate (full charge in 10-11 minutes). However, this co-solvent is still not



perfect as it induces some lifetime penalties at high temperatures as compared to a co-

solvent free electrolyte containing additives.
2. Experimental

lonic conductivity measurements: Bulk ionic conductivity of the electrolyte solutions was
measured using a Mettler Toledo S230 conductivity meter. For accurate measurements,
the conductivity meter was calibrated using a known standard solution of conductivity
12.88 mS cm™at 25 °C. 5mL of the electrolyte was taken in a 15ml polypropylene
centrifuge tube and was then placed in a thermostatic bath. Conductivity was measured
at -10, 0, 10, 25, 40 and 55 °C respectively. At each temperature step, a constant
temperature was maintained for at least 2 hours to allow the electrolyte temperature to
equilibrate with the bath temperature. Measurement was performed twice to confirm the
reproducibility of the data.

Electrochemical full cells testing: NasV2(POa4)2Fs and HC coated on Al foil were received
from TIAMAT, France. The electrodes were coated on one side of the foil with keeping
the mass loading the same as commercial 18650 cells. The electrode thickness, active
material to conducting carbon and binder ratio, porosity, etc. were maintained the same
as in 18650 cells. Before assembling the coin cells, electrodes of 12.7mm diameter
were punched and dried in a Buchi oven under vacuum (lower than 100 mbar) at 80 °C
for 12 h. The electrochemical performance of NVPF/HC full cells was evaluated in 2032-
type coin cells separated by two layers of glass fiber containing 150 pL of desired
electrolytes. All cells were galvanostatically cycled using MPG2 potentiostat or BCS
battery cycler (Bio-Logic, France), and the cycling rates were calculated with respect to
NVPF (1C = 128 mA g™1). For electrolyte preparation, classic organic solvents were
used throughout the paper namely ethylene carbonate (EC), propylene carbonate (PC)
and dimethyl carbonate (DMC) containing water amount less than 10ppm. The Control
electrolyte throughout the paper is 1M NaPFs in EC-PC-DMC (1:1:2 by vol %).
Electrolyte with Additives (or Add) contains 0.5% NaODFB, 3% VC, 3% SN and 0.2%
TMSPi. When MAJ/EA is added, the mentioned x% represents that x% of solvent was
replaced with MA/EA. Minimum two cells were assembled for each experiment to
confirm the reproducibility of the data.



Electrochemical Impedance Spectroscopy (EIS) measurements: A BioLogic MPG2
cycler was used to measure electrochemical impedance spectra of the full coin cells.
The spectra were collected over a frequency range of 20 kHz to 10 mHz with six points
per decade with a perturbation amplitude of 10 mV. Spectra were collected at 10°C,
25°C, 40°C, and 55°C. Two cells were assembled for each experiment to confirm the
reproducibility of the impedance data. Electrodes of 12.7mm diameter (and of 1.267 cm?

area) were used for impedance measurements.

3. Results and Discussions

3.1 Change in bulk ionic conductivity by ester co-solvents

The Control or mother electrolyte for the study was taken as 1M NaPFs in EC-PC-
DMC (1:1:2 by vol %). To test the change in conductivity after adding the ester co-
solvents, 20% of solvent was replaced with MA or EA, and named as 20% MA + Control
and 20% EA + Control, respectively. The bulk ionic conductivity of the Control
electrolyte was measured as a function of temperature and is shown in Fig. 1 and the
values are given in Supplementary Fig.1. A value of 11.65 mS/cm is observed at 25°C;
however, it decreases to 4.75 mS/cm at -10°C. A striking increase in conductivity was
observed by adding 20% MA to the Control electrolyte with conductivities of 13.65
mS/cm and 7.07 mS/cm at 25°C and -10°C, respectively. For the blend with EA,
intermediate conductivity between MA-containing and Control electrolyte was observed,
most likely due to the high viscosity of EA (0.46 cP at 25°C) in comparison to that of MA
(0.40 cP at 25°C)[43]. Nevertheless, both MA and EA have a relatively low dielectric
constant of 6.68 and 6.0, respectively[44].
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Figure 1. lonic conductivity of the electrolyte blends Control (1M NaPFs in EC-PC-DMC 1:1:2 by
vol %), 20%MA + Control (1M NaPFs in EC-PC-DMC-MA 1:1:2:1 by vol %) and 20%EA + Control
(1M NaPFg in EC-PC-DMC-EA 1:1:2:1 by vol %) measured at -10°C, 0°C, 10°C, 25°C, 40°C and 55°C.

In general, cyclic carbonates (EC, PC, etc.) possess high dielectric constant and
high viscosity, on the contrary linear carbonates (DMC, EMC, DEC, etc.) have low
dielectric constant and low viscosity. In an ideal scenario, high ionic conductivity is
observed in solvent blends having both high dielectric constant and low viscosity[45—
47]. According to these observations, as the dielectric constant of the solvent blend
decreases, it can create ion association, which reduces ionic conductivity. In our case,
60% of the solvent (40%DMC and 20%MA) are having the low dielectric constant, still
we see increase in the ionic conductivity. It was observed by Logan et al. [48] that as
low as 30%EC is sufficient for the prevention of ion association, even at high salt
concentrations. In the present study, nearly 40% of cyclic carbonates (EC-PC) have
been used that effectively separates the anions and cations. Hence, the bulk ionic
conductivity of the electrolyte has increased significantly by the simple addition of small
amount of low viscosity co-solvent (MA/EA). In summary, a noteworthy increase in ionic
conductivity was observed here with the addition of MA/EA is ascribed to the low drag
force experienced by ions (which were already well dissociated by EC-PC) during their

migration.



3.2 Electrochemical stability of electrolyte with ester co-solvents
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Figure 2. Voltage vs. Capacity profile for the first cycle of NVPF/HC coin cells using Control, 4%MA +

Control and 4%EA + Control electrolyte blends. The arrow in the figure represent the irreversible
capacity loss in the first cycle.

The electrochemical stability of the ester co-solvent containing electrolytes was
tested in Na-ion full cells having NasV2(POa4)2Fs (NVPF) and hard carbon (HC) as
positive and negative electrodes (Figure 2) respectively. At first, co-solvent
incorporation of as low as 4% MA/EA was tested without using any electrolyte additives.
The experiments were done at high temperature (55 °C) to check for eventual
degradations. The cycling curves are shown in Figure 2 together with Control electrolyte
having no ester co-solvent. The first cycle irreversibility increases with the addition of
ester co-solvent indicative of a huge Na* inventory loss during the formation of
interphase. In addition, 4%EA+Control has more irreversible loss than 4%MA+Control.
This finding is similar to what has been reported in the literature for LIBs with namely EA
and MA having poor oxidative/reductive stabilities hence most likely the same origin for
the observed irreversibility and poor cyclability of the ester containing electrolytes in
NVPF-HC full cells (potential window 2- 4.3 V).
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Figure 3. Electrochemical performance of NVPF/HC coin cells of five different electrolyte blends,
Control, 4%MA+Control, 4%EA+Control, 4%MA+Additives, 4%EA+Additives cycled in 55°C oven at
C/5 rate. (a) Discharge capacity (%) vs. cycle number for electrolytes. (b) Self-discharge (%) and
recovery (%) of the cells with electrolytes during the one week storage at 100% SOC. (c) Polarization
(AV) development as a function of cycle number for different electrolytes. (d) NVPF and HC slippage for
electrolytes after 12 cycles.

In order to improve the electrochemical stability of MA/ EA containing electrolyte, the
mixture of 4 additives namely, 0.5% NaODFB, 3% VC, 3% SN and 0.2% TMSPi,
recently studied by our group[42] is added into the MA/ EA co-solvent containing
electrolytes. The electrolyte formulations thus obtained with these additives are
mentioned hereafter with the extension 'Add ' in their name for simplicity purposes. The
MA/ EA containing electrolytes formulated with or without electrolyte additives together
with the Control (having neither MA/ EA nor additives) electrolyte were tested for their
stability in NVPF-HC cells at 55°C. The typical 55°C testing protocol (explained in
Supplementary Fig.S2) starts with 10 cycles at C/5 and then charging the cell to 4.3 V
(100% SOC) and storing it for 1week at 55°C. After storage, the cells were continued to

cycle and the values of self-discharge (Quischarge-11/ Quischarge-10 X 100) and recovery



(Quischarge-12/  Quischarge-10 X 100) give the quantification of parasitic reactions during
storage[49,50], which hamper the cell calendar life (described in Supplementary
Fig.S3). Further, the continuous cycling (capacity retention) gives an idea of the cell
cycle life. Moreover, the polarization of the cell or AV is calculated as average discharge
voltage subtracted from average charge voltage, which suggests impedance growth in
the cell[51]. The slippage values of NVPF and HC electrodes indicate the parasitic
reactions and (or) mass losses at the respective electrodes, and its calculation method

is described elsewhere[42,52].

In Fig. 3a, 4%MA+Add and 4%EA+Add retained more capacity than
4%MA+Control and 4%EA+Control, respectively. In the presence of additives, the
polarization (Fig. 3c) decreases as well as the capacity loss during self-discharge (Fig.
3b) and the slippage amplitude of NVPF and HC electrode are decreased. This
indicates that additives passivate the electrodes preventing side reactions and
resistance growth. Moreover, the 4%MA+Add shows very similar behavior to that of
Control electrolyte in terms of capacity retention, polarization, self-discharge and
slippage. The MA concentration was increased up to 20% and similar stability at high
temperature cycling (55 °C) is observed indicating the interphase stability is mainly
controlled by the additives (Supplementary Fig.S4). Overall, we confirmed from 55 °C
testing that MA is much more stable than EA and it could be stabilized further using the
additives. Hence, further studies hereafter focus solely on MA co-solvent containing 4
additives. For the sake of completion, note here that, the same 4 additives while using
in electrolyte without organic esters (MA/ EA) showed much better stability at 55 °C
(supplementary Fig.S5). We suspect such behavior can be associated with the possible

degradation of MA at high temperature.



3.3 Long term cycling at ambient temperature
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Figure 4. Electrochemical performance of NVPF/HC coin cells of three different electrolyte blends,
Control, 4%MA+Additives, 20%MA+Additives, cycled at ambient temperature with C/5 rate. (a)
Discharge capacity (%) vs. cycle number for electrolytes. (b) Self-discharge (%) and recovery (%) of the
cells with electrolytes during the one week storage at 100% SOC. (c) Polarization (AV) development as a
function of cycle number for different electrolytes. (d) NVPF and HC slippage for electrolytes after 150
cycles.

The long term cycling stability of the MA together with 4-additives containing
electrolytes were tested at room temperature using the same protocol of cycling
described in Supplementary Fig.2. Fig. 4a and Fig. 4c show the discharge capacity and
polarization evolution with cycle for Control, 4%MA+Add and 20%MA+Add. All the cells
containing additives show better capacity retention and less polarization than cells
based on our Control electrolyte. After one-week of storage, recovery (Fig. 4b) was the
lowest for the Control electrolyte while it is comparable for electrolytes with additives
and different amount of MA. Slippage of NVPF and HC electrodes plotted after 150
cycles shows the same trend with more slippage for electrolyte without additives. Here,
recovery (after one-week storage at 100% SOC) and slippage (calculated after 150

cycles) gives qualitative comparison of calendar life and cycle life of the cell,



respectively, with namely a similar degradation for 4% and 20% of MA. This further
confirm that the additives play a major role in forming the stable interphase. At this
stage, the role of additives has been mainly observed while the function of MA co-
solvent is not clear. To throw some light on this issue, the cycling behavior of the MA
containing electrolytes were tested at low temperature to enhance the effect of

electrolyte resistance.

3.4 Electrochemical behavior of MA containing electrolytes for low temperature

applications
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Figure 5. Electrochemical performance of NVPF/HC coin cells of four different electrolyte blends,
Control, Additives, 4%MA+Additives, 20%MA+Additives, cycled at 0°C with C/5 and C/3 rate. (a)
Discharge capacity (%) vs. cycle number for electrolytes. (b) Voltage vs. Q-Qo profile of the second cycle.
(c) Polarization (AV) as a function of cycle number for different electrolytes. (d) dQ/dV vs. V of the
second cycle represented in (b)



Fig. 5a and Fig. 5¢ show the discharge capacity and polarization evolution for
cells with Control, Add (with additives and no ester co-solvent), 4%MA+Add and
20%MA+Add electrolyte at 0°C. At a C/5 rate, the capacity of all the cells is comparable
but polarization trend differs as “Add > 4%MA+Add > 20%MA+Add > Control”. The
charging profile of the cells is shown in Fig.5b. The cell with Add (red curve) in the inset
of Fig. 5b shows signs of sodium platting during charge and stripping during discharge.
More evidently, the dQ/dV of the charging profiles presented in Fig. 5d shows a clear
signature of sodium plating and stripping. When the rate increased to C/3, the trend for
polarization (Fig. 5c) is same with higher magnitude. Still the cells having more
polarization resulted in less capacity due to an early hitting of the cut-off voltage and the
trend of capacity changed to “Control ~ 20%MA+Add > 4%MA+Add > Add”. In this
scenario, the 20%MA was very efficient in reducing the polarization and consequently
achieving higher capacity at C/3 with no sign of sodium platting than the cells with only
Additives (Add). Previously, in Li-ion batteries, it was claimed that high conductivity
coming from MA reduces the concentration polarization at the negative electrode
interphase and by the same token reduces the chances of metal plating. To check
whether the same is true with NVPF-HC sodium-ion cells, we studied next the
impedance behavior of the cells containing different electrolyte formulations, with or

without MA co-solvent.
3.5 Charge transfer resistance identification

A difficulty here resides in the correct identification of the resistances associated
with ionic/electronic transports, cell components and interfaces of the electrodes/current
collectors from the charge transfer resistance. To overcome this difficulty, we used the
strategy of blocking and non-blocking electrodes state reported elsewhere[53]. During
PEIS, in the blocking state, there is no sodium insertion/extraction from the
electrodes[54] but there is sodium migration in the electrolyte due to voltage pulse.
Conversely, in non-blocking state there is sodium insertion/extraction in addition to
sodium migration in the electrolyte. Here, the blocking state is identified as 0 % SOC
and for convenience, non-blocking state is taken as 100% SOC. Fig. 6a shows the
impedance plot of the NVPF-HC cells in blocking and non-blocking state at 25 °C. Cells

in blocking state show only one semi-circle at high frequency but non-blocking state



shows two semi-circles at both high and low frequency. A similar nature of impedance
spectra was observed in case of lithium-ion cells[53].Thus, the low frequency semi-
circle in non-blocking state corresponds to only the charge transfer and the high
frequency semicircle corresponds to all the other resistances. Interestingly, when
temperature is lowered to 0 °C (Fig.6b), the relation between blocking and non-blocking
state remains the same but there is huge increase in the charge transfer semicircle and
very slight increase in the other resistances. This indicates that at low temperature,
charge transfer impedance contributes to the majority of cell impedance. The
impedance model and details of corresponding resistances are given in Supplementary
Fig. S6. Rs (solution resistance) cumulates the electrode electronic resistance and the
electrolyte ionic resistance. On the other hand Rcontact €ncompasses all the coin cell
contacts and the CPE parallel to it represents constant phase element (from imperfect
capacitive effects) from all the interfaces like electrode film and current collector etc.
Lastly, the desolvation of Na*, its travel across interphase and into the electrode particle
is denoted as Recharge transfer and the CPE parallel to it is from the double layer capacitance
at the electrode interface.
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Figure 6. Electrochemical impedance spectroscopy in blocking and non-blocking configuration of the
NVPF/HC cells containing electrolyte with additives at (a) ambient temperature and (b) 0°C with
equivalent circuit model for non-blocking configuration. The scale of X and Y-axis are in 1:1 ratio and
electrode area is 1.267 cm?.

Now, to compare the charge transfer resistance, four electrolytes, namely
Control, Add, 4%MA+Add, 20%MA+Add are used. The protocol used for impedance



includes two cycles at 55 °C, 40 °C, 25 °C, 10 °C respectively and PEIS at 100% SOC
during those cycles. Fig.7 shows the impedance curves at various temperatures for
different electrolytes. It is important to note that we start to see the charge transfer
resistance only at the 25°C, thus for our system, at temperatures higher than 25°C it is
challenging to fit and get reliable charge transfer resistance value. The impedance
curve of electrolytes at 25°C and 10°C was fitted and the values of Rs (solution
resistance), Rcontact (COntact resistance) and Rcharge transter (Charge transfer resistance) are

given in Supplementary Fig.S7.
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Figure 7. Electrochemical impedance spectroscopy in non-blocking configuration and 100% SOC of the
NVPF/HC cells containing four different electrolytes, namely Control, Additives, 4%MA+Additives,
20%MA+Additives at 55°C, 40°C, 25°C and 10°C. Scale of X and Y-axis are not in 1:1 ratio and
electrode area is 1.267 cm?

Charge transfer resistance in Fig.7 at 10°C was the lowest for Control (14.4 Q)
and highest for electrolyte having 4-additives with no co-solvent (Add, 75.28 Q). With



the addition of MA co-solvent, the charge transfer decreased, for 4%MA+Add it was
42.24 Q) and 20%MA+Add was 33.45 Q. Two possible reasons could account for the
decrease in charge transfer with MA. Firstly, with MA the ionic conductivity was
increased and during the voltage pulse of PEIS there will be less depletion of sodium
ions from electrode interphases because of the fast sodium migration in electrolytes
with MA as compared to electrolyte without MA. Secondly, MA could participate to the
primary/secondary solvation sheath of sodium and this is changing the (de)solvation
energy during insertion/extraction. Both of these phenomena are complicated and
intertwined thus it is difficult to differentiate which of them is affecting the charge

transfer, and to what extent.

Conclusively, it seems here that Control electrolyte is the best choice for high
power and low temperature commercial applications. However, the total cell resistance
(Rcharge transfer + Rcontact) for temperatures equal to or higher than the 25°C is largest for
the Control electrolyte (Fig.7). Additionally, the stability of the electrolyte at ambient
temperatures is the least for Control electrolyte (Fig. 4a). Finally, it was convenient to
use additives that will increase the cell lifetime at ambient/high temperatures and reduce
the impedance at low temperatures as done in the case of MA co-solvent. On this note,
next we try to check the effect of MA on the power performance of commercial NVPF-
HC cells containing additives.

3.6 Power performance and high temperature stability in 18650 cells

In short, MA co-solvent reduces the charge transfer resistance and increases the
ionic conductivity hence supporting the better Na-ion conduction at low temperatures.
However, the improvement in electrolyte conductivity does not significantly influence
room/ high temperature applications when the cells were cycled at slower C/5 rates
(Figure 2-4). Hence, next we studied the cycling performance of the MA containing
electrolytes by increasing the charge/discharge cycling rates. Towards this purpose, we
filled NVPF-HC based dry 18650 cells from TIAMAT Energy with either control (with no
additives) or 20% MA+ Add electrolyte. The cells were formatted using the TIAMAT
formation protocol and impedance analyses, once the cell formation achieved, were
carried out at 25°C at 100% SOC (Fig. 8a) as well as at 50 % SOC (supplementary Fig.



S8). Comparatively lower impedance was observed for 20% MA+ Add electrolyte
containing cells in both SOC. This supports the impedance experiments performed in
coin cells at 25°C and 4.3V since the lowest cumulated Rcharge transfer + Rcontact resistance
was observed for 20%MA + Add electrolyte (cf. Fig.7). Fig. 8b compares the initial
cycles at C/5 where the 1C or 1D defined in reference to a reversible capacity of ~105
mAh/g of NVPF (720 mAh in the used 18650 cell design). The 20% MA+ Add shows
higher reversible capacity than the control indicating larger electrolyte decomposition
during formation cycles. It should be noted here that, though the full capacity is
observed with 20% MA+ Add electrolyte, the cycling profile shows an average
polarization of ~85 mV with the higher voltage gap observed in the low voltage region
(<3.6 V) than the high voltage one (>3.6 V). Such polarization is mainly associated with
the electrode materials as both NVPF and HC exhibits voltage hysteresis [55,56] of
thermodynamic nature (e.g zero-current voltage gap; see Supplementary Fig. S9 for
more details)) with the one for HC being the larger in the low voltage regions. Upon
increasing the cycling rates, the voltage gap between charge and discharge increases
(inset of Fig. 8c) and reaches a maximum of ~270 mV at 5C rate for both control as well
as 20% MA+ Add electrolytes. The cycling profile in Fig. 8c shows nearly similar
polarization for both, with however a less capacity for the control electrolyte, which

could be because of the initial poor capacity after the formation.

The capacity retention at each rate for control as well as 20% MA+ Add
electrolytes are cumulated in Fig. 8d and 8e respectively, with the percentage capacity
retention (charge) plot in Fig. 8f. A slow rate (C/5: D/5) cycling is carried out every fifth
cycle (before moving from one rate test to another) in order to reduce the possible heat
formed during fast charge-discharge cycles. Further, when going from C/5 to 3C, the
capacity difference observed between control and 20% MA+ Add electrolytes is large.
However, the change in capacity is almost negligible on moving from 3C to 4C or 5C
(Fig. 8f). As a result, nearly 79% capacity is retained at 5C for control and a maximum
of 84% is retained for 20% MA+ Add. This is counter intuitive and we do not yet have an

explanation to account for this finding.
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Figure 8. The electrochemical performance of cylindrical 18650 NVPF/HC cells filled with Control or
20%MA+Add electrolytes (a) Impedance spectra taken at 100% SOC or 4.3V of the cell at 25 °C. (b)
Charge profiles at C/5 and 25 °C. (c) Charge profiles at 5C and 25 °C with inset containing cell’s average
polarization at different rates. (d) Rate behavior of the Control electrolyte in absolute capacity vs. cycle
number (e) Rate behavior of the 20%MA+Add electrolyte in absolute capacity vs. cycle number (f) Rate
comparison of Control and 20%MA+Add electrolytes in terms of charge capacity(%) vs. cycle number.
(g) Capacity retention of the cells containing Control and 20%MA+Add electrolytes at 45 °C with the (f)
corresponding cycling profiles for 1- 25 cycles.

Overall, both control and 20% MA+ Add electrolyte exhibit excellent rate
capabilities close to 80% while charging the cell as fast as 10 min (5C). The added
advantage with 20% MA+ Add comes from its cycling stability as ~98% of its initial
capacity is retained on moving back to C/5 after all the rate capability tests while the
Control electrolyte recovered only 96% of its initial capacity on moving back to C/5.
Moreover, upon additional cycling at high temperature (45 °C; Fig. 8g), we note a better
stability of 97.5% with 20% MA+ Add than the Control electrolyte (94.8% retention) after
25 cycles. The cycling profile of the cells at 45°C (Fig. 8h) also indicates reduced
charge/ discharge endpoint slippage for 20% MA+ Add (charge endpoint slippage: 98



mAh; discharge endpoint slippage 107mAh) in comparison to Control (charge endpoint
slippage: 217 mAh; discharge endpoint slippage 238mAh). Such difference in charge/
discharge endpoint slippage also hints towards less parasitic reactions and better
interphase stability of 20% MA+ Add electrolyte indicating better cycle life at high
temperature. The Long cycling performance at 25° C of fresh 18650 cell using 20%
MA+ Add electrolyte, confirm the ambient temperature stability as mentioned in
Supplementary Fig. S10.
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Figure 9. Summary of the relative comparison of the different observables that are the key for evaluating
battery performance and safety. Control is the mother electrolyte, Add is the electrolyte containing
additives and MA+Add is the electrolyte containing both additives as well as MA co-solvent.

The various test parameters studied till now were cumulated together in table (in
Fig. 9). The electrolyte properties at different temperatures were compared for three
different electrolytes namely, Control, with additives (Add) and with additives and MA
co-solvent (MA+ Add). Among the three, the Control electrolyte with poor cycling
stability at medium/ high temperature is least favored though it exhibit high power
performance and low temperature applications. In contrary, the electrolyte ‘Add’ exhibit
high cycling stability at medium/ high temperature and suits well for high temperature
applications. However, the power performance and low temperature applications are
limited mainly due to the interphase resistance. Now, the MA co-solvent added

electrolyte exhibit intermediate properties with good low temperature performance,



comparatively better power performance and cycling stability. It shows the suitability of
MA co-solvent for improved power and low temperature applications. However, one has
to remember that the high temperature performance is relatively compromised with MA
co-solvent and the electrolyte need to be selected based on the application
requirement. Overall, extraordinary charging capability of 84% at 5C (charged in 10-11
min) together with the improved cycling stability observed with 20% MA+ Add is very
encouraging and is very close to meet the “extreme fast charging” (XFC) goal of the
automotive market[57]. For a perspective, further improvement in power performance of
the MA+ Add electrolyte can be achieved by optimizing the electrolyte additives to form
low resistive/ highly stable interphases. The efforts are ongoing to find suitable co-
additives, which will decrease the low/medium temperature impedance without affecting
high temperature stability. By combining such electrolyte additives in parallel with the
incorporation of MA co-solvent, the aim is to reach 80% capacity in 5min charging time

together with long cycle life without compromising the safety of the cells.
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