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A B S T R A C T   

Ethyl acetate (EA) was identified as a promising electrolyte solvent for sodium-ion batteries (SIBs), exhibiting 
low viscosity, cost-effectiveness, and low toxicity. Despite a significant portion of aggregation being linked to the 
weak solvation of Na+/EA as revealed by molecular dynamics (MD) simulations, pulsed-field gradient nuclear 
magnetic resonance (pfg-NMR) analysis identified a noteworthy Na+ diffusion coefficient of 3.95×10−10 m2 s−1 

at 25◦C in the presence of 1 m NaPF6 salt. Employing fluoroethylene carbonate (FEC) as a film-forming additive 
to create electrode-electrolyte interphase, this electrolyte surprisingly made ~210 mAh Na0.97Ca0.03[Mn0.39

Fe0.31Ni0.22Zn0.08]O2 (NCMFNZO)/hard carbon (HC) pouch cells achieve a lengthy cycling lifetime of 250 cycles 
with ~80 % capacity retention, cycled up to 4.0 V at 40◦C. X-ray photoelectron spectroscopy (XPS) revealed 
increasing interphasial organic species over cycling, augmenting charge transfer resistance on both cathode and 
anode, particularly during fast charging or low temperatures (<10◦C), promoting Na plating. Gas 
chromatography-mass spectrometry combined with density functional theory identified CO2 as the major gas 
generated from charged cathode/electrolyte interactions, exhibiting temperature/voltage dependence.   

1. Introduction 

Decreasing atmospheric greenhouse gas levels is crucial to mitigate 
climate change impacts like wildfires, extreme weather, and ocean 
acidification. Transitioning from fossil fuels to renewable energy sources 
is a key priority. Lithium-ion batteries (LIBs) play a significant role in 
this transition, widely used in grid-scale energy storage and electric 
vehicles (EVs) due to their durability, high energy density, and 
decreasing costs [1,2]. However, the rapidly increasing energy demands 
highlight the needs for reliable, cost-effective electrochemical energy 
storage systems to alleviate the lithium and other rare transition metal 
resource constraint [3,4]. 

Sodium-ion batteries (SIBs) have emerged as promising alternatives 
to complement LIB technology, especially in applications where cell 
energy density is not the primary concern, such as grid energy storage 
systems and low speed vehicles. The abundance of sodium and the 
development of electrode materials using inexpensive and widely 
available elements like carbon, copper, manganese, and iron contribute 
to the appeal of SIBs [5–7]. To better meet the requirements of grid 
energy storage systems and low-speed vehicles, SIBs must be engineered 
to have longer calendar life, extended cycling lifetime, wider tempera
ture operation range, and reduced cost. Achieving these enhancements 
may involve incorporating new cathode and/or anode materials, as well 
as implementing rational electrolyte design strategies [8–11]. However, 
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most demonstrations of these material and strategy modifications are 
confined to coin cell tests [12,13], lacking validation in multilayer 
pouch cells. This limitation makes it challenging to identify cell failure 
mechanisms such as gas evolution [14,15] and sodium plating [16,17], 
effectively turning them into black boxes. 

Esters, particularly ethyl acetate (EA), have garnered significant 
research interest in LIBs as co-solvents or even sole solvents [18–22]. 
This is because they can enhance the physical properties of traditional 
carbonate-based electrolytes by offering low freezing points and low 
viscosity. Esters have been explored for their potential in 
low-temperature applications of Li-ion cells, and they also offer 
cost-effectiveness [20,21]. However, the utilization of known 
film-forming additives like vinylene carbonate (VC) [18,23] and fluo
roethylene carbonate (FEC) [24,25] in combination with these esters is 
essential to passivate the graphite anode and ensure the proper func
tioning of LIBs. Despite these advancements, there has been no 
demonstration of the use of sole ester solvents in SIBs, and there is a lack 
of understanding regarding relevant failure mechanisms in this context. 

Here, we utilized FEC as a representative film-forming additive at 
different concentrations (2 wt%, 5 wt%, and 10 wt%) to demonstrate the 
feasibility of using EA as the sole weakly solvating solvent in ~210 mAh 
Na0.97Ca0.03[Mn0.39Fe0.31Ni0.22Zn0.08]O2 (NCMFNZO)/hard carbon 
(HC) pouch cells. Despite containing a significant proportion (>50 %) of 
contract ion pair (CIP) and aggregate (AGG), this electrolyte exhibited 
exceptional conductivity of 5.28 mS cm−1 and a Na+ diffusion coeffi
cient of 3.95×10−10 m2 s−1 at 25◦C. With the formation of solid elec
trolyte interphase (SEI) and cathode electrolyte interphase (CEI) derived 
from FEC, NCMFNZO/HC cells achieved a long cycling lifetime of 250 
cycles with ~80 % capacity retention cycled between 1.5 and 4.0 V at 
40◦C. The increase in the charge transfer resistance (Rct) leading to Na 
plating was identified as the primary cause of Na inventory loss during 
the long-term cycling, triggering thermal stability concerns at elevated 
temperatures, particularly during fast charging or at low temperatures. 
Severe gas generation with CO2 as the major component was observed 
using Archimedes’ principle during high voltage and high-temperature 
storage and long-term cycling. Density functional theory (DFT) calcu
lations were employed to identify potential pathways for generating CO2 
through the decomposition of FEC or EA. We find that the majority of gas 
generation after formation results from the reaction between the cath
ode and electrolytes, and it is influenced by temperature and upper 
voltage. Higher temperatures and cutoff voltages lead to increased gas 
generation. 

2. Experimental 

2.1. Electrode and electrolyte preparation 

NCMFNZO/HC dry pouch cells with a capacity of 210 mAh, manu
factured by Lifun Technology (Zhuzhou, Hunan), were acquired. 
Detailed information about the cells can be found in previous reports 
[25,26]. The active materials of cathode and anode (Figure S1) are 
loaded at 16 mg cm2 and 9.47 mg cm2, respectively. Both electrodes use 
aluminum foil as the current collector, and the active electrode area is 
approximately 99.58 cm2. To obtain the electrodes for symmetric cells 
fabrication, pouch cells were carefully cut open and the jelly roll was 
extracted and unrolled to separate the cathode and anode. To obtain 
single side coated cathodes, N-methyl pyrrolidone (NMP) was used to 
remove electrode materials from the current collector inside the glove
box. Cathode and anode samples, each sized for coin cells (0.95 cm2), 
were punched out. Afterward, symmetric 2032-coin cells were assem
bled using these electrodes, with a single piece of polypropylene blown 
microfiber (BMF) as the separator, and ~150 μL of electrolyte was 
dispensed into each cell. Molality was used to prepare the electrolytes. 
1 m NaPF6 (> 99.0 %, Capchem) in EA (H2O < 20 ppm, Sigma-Aldrich) 
was used as a control electrolyte in this work. Electrolytes containing 
additives were created by dissolving FEC (H2O < 20 ppm, Gotion) into 

the control electrolyte at various ratios. 

2.2. Electrochemical measurements 

The dry pouch cells were filled with 1 g of electrolyte and sealed 
using a compact vacuum sealer (MSK-115A-111, MTI Corp.). The sealing 
process was conducted under a gauge pressure of −85 kPa, with a 
sealing temperature of 165◦C and a sealing time of 5 seconds, all per
formed inside an Ar-filled glove box. During the formation step, all cells 
were moved to temperature-controlled chambers set at 40 ± 0.1◦C 
(using Neware Battery Testing System, Shenzhen) and allowed to rest for 
3 hours before charging to 4 V at a rate of C/20. Subsequently, the cells 
were discharged to 3.1 V at C/20 for degassing. After formation, the cells 
underwent two cycles of discharging to 1.5 V and charging to 4.0 V at a 
rate of C/20 and 40◦C, followed by a 500-hour storage at open circuit 
voltage. After storage, the cells underwent long-term cycling testing 
between 1.5 V and 4.0 V at 40◦C with a rate of C/3 in constant current 
constant voltage (CCCV) mode with a C/20 cut-off current. Additionally, 
a check-up cycle was conducted every 50 cycles at C/20 to examine 
capacity loss caused by Na inventory loss. In this work, cells designated 
for testing fast charging capability or low temperature performance 
commenced cycling immediately after the formation process. Fast 
charging testing was conducted at 25◦C using various charging rates, 
including C/3, 1 C, 2 C, 3 C, and 4 C, while the discharging rate 
remained at C/3. Each cell underwent 10 cycles under each charging 
rate condition. For low temperature screening testing, the cells were 
subjected to the same CCCV conditions as in the long-term cycling step, 
with temperatures set at −10◦C, 0◦C, and 10◦C. Following screening 
testing, the cells were cycled at 10◦C within the voltage range of 1.5 V to 
3.8 V to prevent electrolyte oxidation, employing different charging 
rates of C/5 and C/2.5 to observe the impact of Na plating on cell failure. 
Each cell underwent 40 cycles under each charging rate, with C/3 
during discharge. The electrochemical impedance spectroscopy (EIS) 
data, obtained with a Biologic VMP3, included ten data points per 
decade spanning from 100 kHz to 100mHz. The signal amplitude was set 
at 10 mV, and measurements were conducted at 25◦C. 

2.3. Cells and materials characterization 

The gas generated in the pouch cells or pouch bags during formation, 
storage, and cycling was quantified using Archimedes’ principle, as 
outlined in the study by Aiken et al. [27]. Gas chromatography–mass 
spectrometry (GC-MS) was used to analyze the gases generated in the 
pouch cells. The gas extraction and analysis procedure can be referred to 
the previous report [28]. 200 μL of the gas was injected into an Agilent 
7890 gas chromatograph coupled to an Agilent 5977B 
single-quadrupole mass spectrometer for analysis. During accelerating 
rate calorimetry (ARC) measurements, two pouch cells were wrapped 
around the thermocouple of an accelerating rate calorimeter (EV+, 
Thermal Hazard Technology). ARC testing was monitored under adia
batic conditions, triggered when the sample’s self-heating rate (SHR) 
exceeded 0.02 ◦C/min. Data collection for ARC was performed within 
the temperature range of 50◦C to 315◦C, with a heating step of 
5.0◦C/step. Experiments were programmed to halt automatically if the 
temperature exceeded 350◦C or if the SHR surpassed 10 ◦C/min. 
Infrared (IR) spectra were collected for selected electrolytes in an 
attenuated total internal reflection (ATR) geometry using a Spectrum 
100 spectrometer (PerkinElmer) with a diamond ATR setup. The spectra 
were the average of 64 scans collected at a resolution of 2 cm−1. The 
self-diffusion coefficients of 1H, 19F, 23Na (DH, DF, and DNa, respec
tively), related to the hydrogen in the EA or propylene carbonate (PC), 
the fluorine in the PF6

- anion, and the sodium ion, were measured with a 
Varian/Agilent 300 MHz WB NMR spectrometer equipped with a DOTY 
z-gradient probe, with Larmor frequencies at 300 MHz, 282.4 MHz, and 
79.4 MHz, respectively. A spin-echo sequence was used with gradient 
pulse durations (δ) of 2 ms, diffusion delay durations (Δ) of 5–10 ms, and 
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gradient field strength (g) varied from 3 to 900 G cm−1 as needed. 
The electrolyte conductivity was measured at room temperature 

using conductivity meters (Mettler Toledo) after routine calibration 
with 1.68, 4.00, 7.00, and 10.00 pH solutions. The viscosity of selected 
electrolytes was assessed at room temperature using an Ostwald 
viscometer (Sibata, Japan). As the Ostwald viscometer functions as a 
comparative instrument and cannot directly measure viscosity, water 
was employed as a calibration standard under atmospheric pressure. 
NCMFNZO or HC electrodes were obtained from pouch cells in an argon 
filled glovebox, rinsed with anhydrous dimethyl carbonate (DMC) and 
dried in an antechamber under vacuum overnight, then transferred into 
XPS system by a sealed vacuum transfer setup. The XPS data was 
collected by using a combination of survey scan (pass energy 224 eV, 
step size 0.4 eV) and high-resolution scan (pass energy 55 eV, step size 
0.05 eV). Surface neutralization was achieved using a low energy Ar-ion 
flow and an electron neutralizer. The X-ray with a power of 25 W was 
focused to a spot size of 100 μm. XPS spectra peak was fitted with 70/30 
Gaussian/Lorentzian line shapes on a Shirley background via PHI’s 
Multipak software v. 9.6. All XPS spectra were adjusted relative to the 
binding energy of 284.8 eV (C1s sp3) to correct for any surface charging 
offset during the measurement. 

2.4. Theoretical modeling 

Density functional theory (DFT) calculations of EA and FEC decom
position were performed with Gaussian 16 rev. C.02 [29] package using 
ωB97XD functional and CBSB7++ basis set with all the complexes being 
immersed in implicit solvent represented by the SMD(ether) polarized 
continuum model, denoted as SMD(ether)/ωB97XD/CBSB7++. In some 
instances the SMD(ether)/G4MP2 composite model chemistry is used as 
well. Potentials are computed via the half-cell reaction equation, 
assuming 4.44 V for the absolute potential of the standard hydrogen 
electrode, Er/o = ±

ΔG(A±) − ΔG(A)
nF − (4.44 − 2.71). Here, ΔG(A±) is the 

free energy of the reduced or oxidized species taken from DFT, ΔG(A) is 
the free energy of the species before reduction or oxidation also taken 
from DFT, F is Faraday’s constant, n is the number of electrons trans
ferred. The potentials reported are the highest (reduction) or lowest 
(oxidation) computed, in total ~1300 calculations were performed 
sampling different conformers and complex geometries. The bulk of 
these were prepared using Crest and the extended tight binding method 
[30]. 

Molecular dynamics (MD) simulations were performed on the 1 m 
NaPF6 in EA, 1 m NaPF6 in EA + 5 wt% FEC and 1 m NaPF6 in PC 
containing 64 NaPF6 and 726 EA, 726 EA+64 FEC and 426 PC solvent 
molecules. The density of 1 m NaPF6 in EA and 1 m NaPF6 in PC are 1.01 
(MD) 1.02 (exp) g cm−3 and 1.30 (MD) 1.25(exp) g cm−3, respectively. 
Two replicas were created for each electrolyte in a gas phase followed by 
a shrinking simulation box over 1 ns at 333 K for 40 ns. Then, temper
ature was decreased to 298 K and seven replicas were created by taking 
different configurations from 333 K runs. Each replica was equilibrated 
from 8 to 12 ns at 298 K followed by 96 ns – 240 ns runs with total 
simulation time of 1317 ns for 7 replicas. Two replicas were simulated 
for 1 m NaPF6 in EA + 5 wt% FEC for 280 ns and PC/NaPF6 for 40 ns at 
298 K. Pure EA and PC solvents were simulated for 20 and 12 ns, 
respectively. For EA density was 912 (MD) and 902 (exp, wiki) 
1196 kg m−3, heat of vaporization 8.67 (MD) and 8.51, 8.3 ± 0.4 (exp 
[31]) kcal mol−1, viscosity 0.465 (MD) and 0.423 (exp [31]) mPa*s. 

PC density was 1196 kg m−3 (MD) and 1198.8 kg m−3 (exp [32]), 
heat of vaporization 14.3 (MD) and 14.7 (exp [33]) kcal mol−1, viscosity 
2.4 (MD) and 2.512 (exp [32]) mPa*s, self-diffusion was 5.4 (MD) and 
5.8 (exp [34]) in 10−10 m2 s−1. 

A many-body polarizable APPLE&P force field [35–38] was extended 
by refitting Na+/O(carbonyl) repulsion parameters to be between 
MP2/aug-cc-pvTz and G4MP2 QC values as shown in Figure S2 as was 
previously done for the carbonate/LiPF6 force field. It also shows that 

Na+ binding energy to PC is significantly higher than to EA and FEC. 
A time reversible (RESPA) integrator with three-time steps was used 

in MD simulations: i) bonds and angles to the forces were calculated at 
any 0.5 femtoseconds (fs), ii) dihedrals and non-bonded forces within 
7 Å cut-off was updated at any 1.5 fs, and iii) the remainder of the forces 
(reciprocal space Ewald using k=83 vectors) and non-bonded forces 
within 12 Å cut-off was updated at any 3fs, while larger 14 Å cutoff was 
used PC/NaPF6. Nose-Hoover thermostat was used for temperature 
control with the associated frequency of 0.01 fs−1. The induced dipoles 
(μ) were found self-consistently at each 3fs timestep. Self-diffusion co
efficients, viscosity and conductivity were extracted previously 
described methodology [39] as shown in Figure S2(g-j) yielding the 
following self-diffusion coefficients: 12.6 (EA), 5.4 (PF6

- ), 4.7 (Na+) in 
10−10 m2 s−1 before hydrodynamic correction of 1.3 0−10 m2 s−1, con
ductivity of 7.6 mS cm−1 and viscosity of 0.96 mPa*s for EA-NaPF6 at 
298 K. For PC/NaPF6 MD simulations yield self-diffusion coefficients of 
1.4 (PC), 1.1 (PF6

- ) and 0.68 (Na+) in 10−10 m2 s−1
. 

Instead of directly extracting conductivity using Einstein relation 
given below (Eqs. 1 and 2), the degree of ion uncorrelated motion 
(ionicity or inverse Haven ratio) was αd = H−1

R was determined as shown 
in Figure S2(g) the average of 7 replicas and used together with un
correlated conductivity σuncorr determined from self-diffusion co
efficients (Eq. 3) to determine conductivity using Eq. 4. 

σ = lim
t→∞

e2

6tVkBT
∑N

i,j
zizj

〈
([Ri(t)−Ri(0)])([Rj(t)−Rj(0)])

〉
(1)  

σ = σself
+ + σself

− + σd
+++ σd

−−−2σ+− (2) 

where e is the electron charge, V is the volume of the sample, kB is 
Boltzmann’s constant, T is the temperature and n+ and n− are the 
number of cations and anions, respectively. 

In the case when all ions are dissociated, and their motion is un
correlated the off-diagonal components could be neglected, i. e. 
σd
+++ σd

−−− σ+− = 0 and one recovers Nernst-Einstein equation for the 
uncorrelated conductivity σuncorr: 

σuncorr =
e2

VkBT
(n+D+ + n−D−) (3) 

Thus, the ratio of conductivity to σuncorr characterizes the degree of 
ion uncorrelated motion that is also called ionicity or inverse Haven 
ratio: 

αd = H−1
R =

σ
σuncorr.

=
σself
+ + σself

− + σd
+++ σd

−−−2σ+−

σself (4) 

Figure S2h shows that the degree of ion uncorrelated motion αd is 
0.23 from MD simulations in accord with experimental value of 0.20. 
Low αd is due to significant cation – anion correlations σ+−=0.28 as 
shown in Figure S2i. 

The full matrix of the charge displacement contributions to con
ductivity could be decomposed to the self-diffusion contributions com
ing from the diagonal terms σself

+ + σself
− , the off-diagonal terms arising 

from the correlation of distinct cation – cations and anion – anion mo
tion σd

+++ σd
−− and the off-diagonal distinct anion – anion motion. 

Transference number in the center of mass frame of reference was 
estimated from the positive contribution to the full matrix of displace
ments and is shown in Figure S2h 

tCOM
+ = [σself

+
+ σd

++− σ+−]
/

σ (5) 

Figure S2 indicates t+COM around 0.3. In our experience, t+COM requires 
the longer simulations to converge compared to αd as shown in 
Figure S2. 

Due to stronger Na+/PC binding energy compared to Na+/EA, PC/ 
NaPF6 electrolyte had much higher fraction of free ions (~50 %) 
compared to around 8.3 % observed for EA/NaPF6. 
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3. Results and Discussion 

The bulk electrolyte structure of EA-based electrolyte was explored 
using the Fourier transform infrared (FTIR) spectra (Fig. 1a and S3) in 
combination with molecular dynamics (MD) simulations (Fig. 1b-g and 
Fig. S2, 4). The C––O stretching mode of EA (~1750 cm−1 for EA) was 
observed and contrasted with the C––O peak originating from the 
interaction between Na+ and carbonyl. A trivial Na+ C––O peak sepa
rations can be observed (Fig. 1a), which is consistent with previous FTIR 
result [40]. Upon the inclusion of 5 wt% FEC additive, a minor red shift 
was observed in the C––O stretching mode of FEC (~1830 cm−1 [41], 
Figure S3), indicating potential interaction between FEC and Na+. This 
interaction was further validated through MD simulations (Fig. 1d and 
S4). Radial distribution functions (RDFs, Fig. 1d) show that Na+ prefers 
to coordinate carbonyl oxygens of EA with significant contributions 
from carbonyl oxygens from FEC and fluorine atoms from the PF6

- an
ions. The Na+ cation coordination with non-carbonyl (ether like-) oxy
gens denoted as EO is rarely observed in accord with quantum chemistry 
(QC) results (Figure S2). Most EA exist in the trans – trans conformer 
(Figure S2) that is also the most energetically favorable complex in the 
gas-phase. Higher probability for Na+ to coordinate EA compared to FEC 
is also consistent with a slightly stronger binding of Na+ to EA vs. FEC in 
gas-phase that is also accurately captured by the force field. A strong 
Na+-P(PF6

- ) is consistent with strong CIP and AGG formation. In fact, 
Fig. 1e shows that only around 8 % of ions exist as free ions that do not 
have counter ion within 5 Å. Most ions ~50 %, according to MD simu
lation, exist as CIPs and do not contribute to ion transport. Yet, a com
bination of ~10 % of free ions and ~16 % of three ion AGGs contribute 
most to conductivity of 8.56 mS cm−1 in MD and 5.28 mS cm−1 from 

experiments for 1 m NaPF6 in EA. A combination of pfg-NMR (i.e. Na+

diffusion coefficient of 3.95×10−10 m2 s−1, Figures S5-6) and conduc
tivity (i.e. 5.28 mS cm−1) yields degree of ion uncorrelated motion [42] 
that is often called ionicity of 0.20 from experiments and 0.23 from MD 
simulations (Figure S2g). As a comparison, much higher ionicity of 0.6 
was observed experimentally with a conductivity of 5.65 mS cm−1 for 
1 m NaPF6 in PC (Figure S7), which is a common electrolyte for SIBs, due 
to strong dissociation of NaPF6 salt in PC as a result of much stronger 
Na+/PC binding energy compared to Na+/EA (Figure S2). The com
parison of ionicity between 1 m NaPF6 in PC and 1 m NaPF6 in EA could 
also be inferred using the Walden plot (Figure S8). Further examination 
of RDFs (Fig. 1d) also indicates that there is small peak around 2.3 Å for 
Na+-F(FEC) resulting in 0.11 of F(FEC) being found near Na+. Such 
configurations are important for enabling reduction of Na+-FEC dis
cussed below. MD simulations predicted 1 m NaPF6 in EA viscosity of 
0.96 mPa*s in excellent agreement with the experimentally observed 
value of 0.83 mPa*s further validating accuracy of the developed force 
field. Here "weakly solvating electrolyte" is defined by a prevalence of 
cation-anion pairs (CIP and AGG) rather than a dominance of dissociated 
species caused by Na+-EA interaction. RDFs for PC/NaPF6 show much 
smaller Na-F and Na-P peak magnitudes compared to EA/NaPF6 
(Figure S4f, g) 

Leveraging NCMFNZO/HC pouch cells, the effect of EA-based elec
trolytes on cell formation was identified. Different concentrations of FEC 
including 2 wt%, 5 wt%, and 10 wt% were selected as film-forming 
additives. With the addition of FEC additive, a charge capacity of 
~240 mAh was observed during the first charging cycle up to 4.0 V. The 
irreversible capacity percentages were measured at 15.5 %, 14.9 %, and 
15.3 % for FEC concentrations of 2 wt%, 5 wt%, and 10 wt%, 

Fig. 1. The analysis of bulk structures of EA-based electrolytes. (a) FTIR analysis of the carbonyl region of selected electrolytes as labeled. (b) A snapshot of MD 
simulation box of 1 m NaPF6 in EA with EA solvent shown as wireframe and Na+ (purple), PF6

- ions (orange and green) as ball and stick; (c) a simulation box of 1 m 
NaPF6 in EA showing only the solvent and anions in the first coordination shell of Na+ cations (5.0 Å); (d) radial distribution functions (RDFs) of 1 m NaPF6 in EA +
5 wt% FEC; (e) probability for an ions to belong to an ion aggregate of size N, N=0 denotes free ions, N=1 denotes ion pairs; (f-g) representative solvates of 1 m 
NaPF6 in EA. Additional solvates of 1 m NaPF6 in EA + 5 wt% FEC are shown in Fig. S4. 
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respectively (Fig. 2a). Conversely, in the absence of FEC, no discharge 
capacity was evident after the initial charging cycle (Fig. 2a). Upon 
closer examination of the differential capacity versus cell potential (dQ/ 
dV vs. V, Fig. 2b), FEC containing cells exhibit a distinct peak around 
1.6 V (HC potential around 1.5 V vs Na/Na+) [26], which is consistent 
with the DFT calculations on the ring-opening and defluorination re
actions of FEC in the 1.7 – 1.8 V range (vs Na+/Na, Figure S9). 
Conversely, in the absence of FEC, such a peak is absent. This observa
tion suggests the reduction of FEC occurring on the surface of the HC 
anode. According to Le Châtelier’s principle, chemical reactions are 
more likely to occur when the concentration of reactants is increased. 
Therefore, the reduction peak shifts to a lower cell potential (HC at 
higher potential versus Na+/Na) as the concentration of FEC increases. A 
distinct peak at ~2.3 V is noticeable in the EA cell without FEC, sug
gesting continuous reduction of EA at the HC surface and the absence of 
a protective SEI formation. Because NaPF6 salts tend to aggregate within 
EA-based electrolytes (Fig. 1), DFT calculations were conducted to 
determine the reduction potential of the positively charged aggregate 

species [Na2PF6]+ (Figure S9). It was observed that this potential is 
shifted from 0.5 V in the neutral ion pair to 1.77 V (vs Na+/Na). How
ever, it seems that the PF6-derived SEI, if any, may not provide adequate 
passivation for the HC anode to ensure its functionality. Consequently, 
the addition of FEC is required to enhance the SEI’s effectiveness. 

The gas volume generated during the first charge to 4.0 V was 
quantified using Archimedes’ principle [27]. NCMFNZO/HC pouch cells 
filled with electrolyte containing different concentrations of FEC pro
duced a significant amount of gas, around 3.5 mL, during this initial 
charge (Fig. 2c). The absence of a stable SEI without FEC leads to sub
stantial gas generation, damaging the cell and rendering the quantifi
cation of gas volume infeasible. Further investigation is necessary to 
understand the origin of this gas, which likely stems from a combination 
of reduction and oxidation processes [27]. It may result from the 
reduction of the electrolyte and/or additive (Figure S9), leading to SEI 
formation at the HC anode, as well as the oxidation of the electrolyte 
and/or additive at the NCMFNZO cathode, contributing to the passiv
ation of the cathode. This work will focus on elucidating the impact of 

Fig. 2. Evaluation of the effects of FEC additive on the formation process of NCMFNZO/HC pouch cells. (a) Cell potential vs. cumulative capacity; (b) differential 
capacity vs. cell potential; (c) gas evolution measured at 3.1 V after formation up to 4.0 V; (d) Nyquist plot of the area specific impedance of NCMFNZO/HC pouch 
cells at 4.0 V after cell formation. Nyquist plot of the half of the area specific impedance of (e) NCMFNZO/NCMFNZO symmetric cells ((+/+)/2) and (f) HC/HC 
symmetric cells ((-/-)/2) reconstructed from NCMFNZO/HC pouch cells at 4.0 V after formation. All impedance measurements were performed at 25 ◦C. Experi
mental data are shown as solid line and fitted data are shown as triangle symbol. Each spectrum are the average results of two cells measurement. XPS spectra of F 1 s 
for (g-i) NCMFNZO cathode corresponding to (e). XPS spectra of F 1 s for (j-l) HC anode corresponding to (f). 
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upper cut-off voltage and temperature on gas evolution post-formation, 
which will be elaborated upon in subsequent discussions. 

Evaluating the impact of different concentrations of FEC on the 
charge transfer resistance (Rct), which signifies the resistance encoun
tered by Na+ ions as they pass through the SEI/CEI and enter the active 
material, was achieved using EIS at 25◦C (Fig. 2d-f). In this study, both 
blocking and non-blocking electrodes, along with an equivalent circuit 
(Figure S10), were utilized to differentiate between the contribution of 
Rct and contact resistance. Blocking electrodes are those at 0 % state of 
charge (SOC), where sodium ions are prevented from intercalating into 
the electrode material, thus inhibiting charge transfer via faradaic re
actions [43,44]. Conversely, non-blocking electrodes, representing 
charged electrodes, facilitate sodium ion transfer into the active elec
trode material, enabling faradaic reactions. While temperature has 
minimal impact on contact resistance, the resistance to charge transfer 
demonstrates a significant temperature dependency. Through temper
ature variation, the contact resistance of the NCMFNZO cathode and HC 
anode has been determined to be 8 Ω×cm2 and 6 Ω×cm2, respectively 
(Figure S11). According to the Nyquist plot (Fig. 2d) with equivalent 
circuit fitting (Figure S10, Supplementary Table 1) using the combina
tion of contact resistance value of NCMFNZO cathode and HC anode, the 

Rct of 10 wt% FEC containing cell is much larger compared to that of 
2 wt% and 5 wt% FEC containing cells after formation. To detect if the 
difference of Rct primarily stems from the cathode or anode, EIS with 
equivalent circuit fitting was employed for symmetric cells (Fig. 2d-e, 
Supplementary Table 1). Two symmetric cells were constructed for each 
electrolyte composition to showcase the repeatability of the results. 
Upon increasing FEC from 2 wt% to 10 wt%, the primary increase in Rct 
originates from both the NCMFNZO cathode and the HC anode side 
simultaneously. 

To gain insight into and compare the effects of different concentra
tions of FEC additive on the electrode/electrolyte interphases, as well as 
to understand their correlation with the corresponding electrochemical 
performance, XPS analysis was carried out for both the NCMFNZO 
cathode (Fig. 2g-i) and HC anode (Fig. 2j-l) after formation. According 
to the previous report [45], the C 1 s core spectra of NCMFNZO elec
trodes are predominantly influenced by the presence of PVDF and car
bon black. This is attributed to the covering effect of the PVDF binder on 
the active material and the substantial surface area of the carbon. In the 
fresh NCMFNZO cathode, the peak observed at 284.5 eV is assigned to 
sp2-C originating from the carbon black, whereas the peaks at 286.1 and 
290.0 eV correspond to –CH2 and –CF2– like carbons present in the 

Fig. 3. Evaluation of the effects of FEC additive on the electrochemical performance of NCMFNZO/HC pouch cells. (a) Voltage vs. time during 500 hours storage 
testing at 40◦C and 4 V; (b) gas evolution during 500 hours storage testing; (c) the Nyquist plot after 500 hours storage measured at 3.1 V and 25◦C; (d) discharge 
capacity, and CE vs. cycling No. during long-term cycling between 1.5 and 4 V at 40◦C with a rate of C/3 in CCCV mode with a C/20 cut-off current. C/20 was 
performed every 50 cycles. (e) Nyquist plot of the area specific impedance of NCMFNZO/HC pouch cells at 4.0 V after long-term cycling in (d). Nyquist plot of the 
half of the area specific impedance of (f) NCMFNZO/NCMFNZO symmetric cells ((+/+)/2) and (g) HC/HC symmetric cells ((-/-)/2) reconstructed from NCMFNZO/ 
HC pouch cells at 4.0 V after long-term cycling. All impedance measurements were performed at 25 ◦C. Experimental data are shown as solid line and fitted data are 
shown as triangle symbol. Each spectrum are the average results of two cells measurement. XPS spectra of F 1 s for (h-j) HC anode corresponding to (g). 
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PVDF binder, respectively (Figure S12) [45]. After formation, the peaks 
at 287 and 288.9 eV, deconvoluted from the C 1 s core spectra 
(Figure S13), are potentially attributed to COx-like species resulting 
from the degradation of the FEC additive. This observation aligns with 
the findings from the O 1 s core spectra analysis (Figure S12-13). In 
addition to organic species, the F 1 s core spectra (Fig. 2g-i) suggests the 
formation of NaF2 in the CEI. When examining the fresh HC anode, the C 
1 s core spectra can be broken down to reveal the characteristic peaks of 
sp2–C (284.5 eV), C–C/CH2– (285.4 eV), and C–O (286.2 eV) [46], 
while the absence of the F 1 s spectra is due to the absence of a fluorine 
containing binder (Figure S14). Following formation, the presence of a 
sharp peak at ~289 eV (Figure S15) indicates the formation of a ma
jority of –CO3 and –CHF–O–CO2– within the SEI, aligning with previous 
findings [24,47]. As per the F 1 s spectra (Fig. 2j-l), it is apparent that 
NaF was produced within the SEI during formation, with varying con
centrations of FEC. 

Following formation, the cells underwent two cycles at C/20 before 
being stored under open circuit voltage conditions for the subsequent 
500 hours at 4.0 V and 40◦C. Cells containing 5 wt% and 10 wt% FEC 
exhibit comparable voltage drops during storage (Fig. 3a). Nonetheless, 
these voltage drops are slightly smaller than that observed in the 2 wt% 
FEC containing cell. This suggests that the CEI in cells with 5 wt% and 
10 wt% FEC performs better in preventing electrolyte oxidation at the 
cathode side. The volume of gas produced was recorded after 500 hours 
of storage at 40◦C, as shown in Fig. 3b. Notably, regardless of the con
centrations of FEC additive, all cells exhibited a significant amount of 
gas production (>3 mL). Fig. 3c shows the post-storage Nyquist plot 
measured at 3.1 V and 25◦C. In comparison to the Rct observed after 
formation at 3.1 V (Supplementary Table 2), the Rct values for 2 wt%, 
5 wt%, and 10 wt% increased by 38.48 Ω×cm2, 67.51 Ω×cm2, and 
93.15 Ω×cm2, respectively, during storage. 

To evaluate the impact of the newly developed EA-based electrolyte 
systems on the cycling lifespan of SIBs, the pouch cells were subjected to 
testing with a rate of C/3 in CCCV mode with a C/20 cut-off current 
between 1.5 and 4.0 V at 40◦C with periodic C/20 check-up cycles every 
50 cycles. All the cells show 250 cycles with ~80 % capacity retention 
(Fig. 3d). Cells with different concentrations of FEC additive display 
similar capacity fade trends (Fig. 3d), despite having distinct Rct values 
prior to cycling (Fig. 3c). This consistency is further confirmed by the 
plot of normalized discharge capacity versus cycling number 
(Figure S16). Importantly, all cells exhibit similar capacity retention 
during each slow check-up cycle, minimizing the effect of impedance 
(Figure S16). This suggests the presence of a universal failure mecha
nism driving the capacity degradation across all cells in this study. In 
order to comprehend the failure mechanism of these cells, EIS coupled 
with equivalent circuit fitting was utilized to examine the changes in Rct 
values during long-term cycling (Fig. 3e). A notable increase in Rct is 
observed for cells containing 2 wt% FEC (222 Ω×cm2), 5 wt% FEC (226 
Ω×cm2), and 10 wt% FEC (350.7 Ω×cm2) even at 25◦C. To unravel the 
source of impedance growth, symmetric cells were constructed to 
analyze the changes in Rct at both the NCMFNZO cathode (Fig. 3f) and 
HC anode (Fig. 3g). With 10 wt% FEC, the highest Rct values were 
recorded at both the cathode and anode compared to those of 2 wt% and 
5 wt% FEC containing cells. As a side note, the significant impedance 
changes on the cathode side during cycling (Figs. 2e and 3f) resemble 
those observed in lithium-ion layered oxide cathodes. These changes 
could be attributed to surface reconstruction and chemical evolution 
[48]. Further studies on sodium-ion layered oxide cathodes are 
encouraged to deconvolute Rct and better understand the impedance 
contributions. Interestingly, severe sodium plating was observed across 
all HC anodes (Figure S17), despite varying Rct values (Fig. 3g), when 
the cells were opened to fabricate symmetric cells. The deposited sodium 
metal has the potential to react with electrolyte, leading to the con
sumption of active sodium and electrolyte. Consequently, this results in 
the capacity degradation across all the cells studied here. Given that 
undesirable sodium plating may arise from an elevated resistance of the 

SEI and sluggish charge transfer kinetics [49,50], XPS analysis was 
conducted on the HC anode post-cycling (Fig. 3h-j, S18) to understand 
the interphasial chemistry changes. In comparison to the SEI chemistries 
observed after formation (Fig. 2j-l), the proportion of C-F is greater than 
that of NaF across all samples after cycling (Fig. 3h-j). This observation 
suggests that organic species begin to accumulate in the SEI during 
cycling, which could be a contributing factor to the increased Rct values. 

Gas evolution issues during cycling or storage at the pouch cell level 
are a common challenge faced by SIBs [26]. By utilizing the developed 
simple electrolyte system consisting of 1 m NaPF6 in EA with 5 wt% 
FEC, the source of gas evolution at various temperatures, including 
−18◦C, 25◦C, and 40◦C, was identified using pouch bag methodology 
[51] to isolate cathode and anode (Fig. 4a-b, S19). Gas evolution pri
marily occurs due to the interactions between the cathode and electro
lytes (Fig. 4a). At a temperature of 40◦C, ~ 6.5 mL of gas was produced 
after 100 hours of storage, maintaining this level consistently 
throughout the 500-hour testing period. As the temperature drops to 
25◦C, the rate of gas generation slows down, eventually resulting in the 
gradual production of ~ 6 mL of gas after 500 hours of storage. At a 
temperature of −18◦C, there is virtually no gas generated. This dem
onstrates that temperature significantly influences the rate of gas evo
lution, with higher temperatures accelerating the process and lower 
temperatures impeding it. In contrast, no gas generation is observed 
from the reactions between the sodiated HC anode and electrolytes 
(Fig. 4b). When comparing to 25◦C, the volume of the pouch bag ex
hibits a negative value at both −18◦C and 40◦C, indicating a decrease in 
pouch bag volume. This reduction in volume is easily understandable at 
−18◦C, as objects typically shrink at lower temperatures. The decrease 
in volume at 40◦C could be attributed to the consumption of sodium and 
electrolyte during the increase in side reactions at higher temperatures. 

To further investigate gas evolution in relation to the upper-cutoff 
voltage, cells containing 1 m NaPF6 in EA with 5 wt% FEC were held 
at various voltages for 5 hours each. The subsequent evolution of gas 
volume was then measured. Surprisingly, no significant amount of gas 
was generated until the voltage reached 4.0 V (Fig. 4c). CO2 and DMC 
are identified as the major gas components using GC-MS analysis 
(Figure S20). It is highly probable that DMC originates from the residue 
of the GC column due to previous battery electrolyte analysis 
(Figure S20), rather than being generated by the reactions between 
electrode and EA-based electrolyte, as there is a lack of methoxide to 
convert EA to DMC. DFT calculations were performed (Fig. 4d-g), 
focusing on a chosen set of reactions occurring at a comparatively low 
oxidation potential, aiming to achieve a mechanistic understanding of 
the pathways leading to CO2 generation. An interesting mechanism 
involving hydrogen transfer from FEC or EA to carbonates is postulated 
(Fig. 4d, e, g). The mechanisms in Fig. 4d and g show only the hydrogen 
transfer step, the radical may then undergo oligomerization or other 
downstream processes. Fig. 4e is noteworthy in that FEC is converted to 
VC. NaF and a bicarbonate radical (confirmed by spin densities) are 
generated in this process as well. The bicarbonate radical decomposes to 
CO2 and the extremely reactive hydroxyl radical. It is also found that the 
FEC after hydrogen transfer may be susceptible to ring-opening and 
elimination of CO2. Additional reactions are covered in Figure S21, 
which examine hydrogen transfer between homodimers (EA-EA, FEC- 
FEC) and heterodimers (EA-FEC, EA-PF6, FEC-PF6). Intrinsic oxidation 
potentials for EA (6.44 V vs Na+/Na) and FEC (7.45 V vs Na+/Na) are 
reported as well, further emphasizing the importance of the consider
ation of chemical processes occurring in concert with oxidation. It is 
noteworthy that the gas generated from pouch cells (Fig. 4c) is notably 
less than that from cathode-electrolyte reactions (Fig. 4a), indicating gas 
consumption by the HC anode, aligning with prior findings [26]. 

As an exploratory study, the impact of EA-based electrolyte systems 
under extreme conditions, including fast charging and low tempera
tures, was investigated. Using 1 m NaPF6 in EA with 5 wt% FEC as a 
representative electrolyte, fast charging tests were conducted at 25◦C 
with various charging rates including C/3, 1 C, 2 C, 3 C, and 4 C. 
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Discharging was performed at C/3 for each cycle, with a C/20 check-up 
every 10 cycles to assess any sodium inventory loss potentially caused by 
sodium plating during fast charging. Upon reaching a charging rate of 
2 C, a notable capacity loss, including during the check-up cycles, was 
observed (Fig. 5a). This suggests the occurrence of sodium plating on the 
HC anode, which was confirmed by opening cells after cycling at 2 C 
(Fig. 5b). ARC was subsequently conducted to examine the impact of 
sodium plating on the thermal stability performance of the cell (Fig. 5c). 
Two tests were carried out for each specimen to ensure repeatability. 
Cells exhibiting sodium plating were obtained by subjecting them to 10 
cycles with a charging rate of 2 C after formation. In comparison to cells 
after formation without sodium plating, those with sodium plating dis
played a significant exothermic peak at around 100◦C (Fig. 5c). Subse
quently, their self-heating rate (SHR) was found to be similar to that of 
cells without sodium plating. This indicates safety concerns associated 
with sodium plating in SIBs. 

Subsequently, 1 m NaPF6 in EA with 5 wt% FEC was employed as a 
representative electrolyte to investigate the low-temperature perfor
mance, including conditions at 10◦C, 0◦C, and −10◦C, within the voltage 
range of 1.5–4.0 V at C/3 (Fig. 5d). A significant capacity loss, possibly 
induced by sodium plating, was observed starting at 0◦C (Fig. 5d). 
Cycling at 10◦C appeared to be manageable at C/3. It is noteworthy to 
further examine the occurrence of sodium plating at 10◦C with varying 
charging rates. Cells with varying Rct values including 170.9, 232.8, and 
277.6 Ω×cm2 were obtained by using different concentrations of FEC 
additive (Fig. 5e). Two different charging C-rates, C/5 and C/2.5, were 
chosen for cycling up to 3.8 V at 10◦C (Fig. 5f), as electrolyte oxidation 
and transition metal dissolution at the cathode side are negligible under 
these conditions [52]. Thus, any rapid capacity loss during cycling at 
10◦C would likely be attributed to unwanted sodium plating. Dis
charging was conducted at C/3 for each cycle. During the initial 40 
cycles at C/5, there was minimal capacity loss observed. However, sig
nificant capacity loss occurred when the charging rate was increased to 
C/2.5, irrespective of the initial Rct values. No further capacity loss was 
observed once the charging rate was reduced back to C/5 to mitigate 
further sodium plating. It is probable that the initial Rct values across all 
the cells had exceeded the threshold for sodium plating. To mitigate 
sodium plating, further exploration of additives in the future to further 
decrease Rct, particularly on the HC anode side, may be warranted to 

extend cell lifetime during fast charging or at low temperatures. 

4. Conclusions 

In this work, the successful cycling of NCMFNZO/HC pouch cells 
filled with EA as the sole solvent with FEC as film-forming electrolyte 
additives, has been demonstrated. FTIR, MD simulations, and pfg-NMR 
analyses confirmed the weakly solvating structure of Na+ ions with EA, 
along with a competitive diffusion coefficient of 3.95×10−10 m2 s−1. By 
incorporating various concentrations of FEC additive, these EA-based 
electrolytes achieved a lifetime of 250 cycles with ~ 80 % capacity 
retention when cycled up to 4.0 V at 40◦C with C/3. Utilizing this 
straightforward EA-based electrolyte system facilitated an in-depth ex
amination of SIBs failure mechanisms, particularly focusing on imped
ance growth, sodium plating, and gas evolution. Significant growth in 
Rct was observed on both the NCMFNZO cathode and HC anode. 
Particularly, as more organic species formed in the SEI, the increase in 
Rct at the HC anode side led to the occurrence of sodium plating. Such 
plating adversely affected cell lifespan, particularly during room tem
perature fast charging exceeding 2 C or cycling at low temperatures 
below 10◦C. Severe exothermic reactions around ~100◦C in SIBs with 
sodium plating were identified by ARC. Regarding gas evolution, almost 
all the gas primarily comprised CO2 resulting from reactions between 
the NCMFNZO cathode and electrolytes. The quantity of gas demon
strated a correlation with the upper cutoff voltage and temperature. 
Higher voltages or temperatures resulted in increased gas generation. 

This work unveils a novel class of low-cost ester-based solvents that 
facilitate the operation of SIBs. Further advancements in engineering to 
fine-tune the interphasial chemistry are necessary to mitigate imped
ance growth and gas evolution. This holds significant promise for future 
SIBs with exceptionally long lifetimes, catering to grid energy storage 
applications. 
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