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Sodium-ion batteries (SIBs) is a promising technology for next-generation energy storage. However, their
performance is limited at low temperatures due to the inferior bulk and interfacial resistance of current
electrolytes. Here we present a systematic study to evaluate carboxylate ester-based electrolytes for SIB
applications, due to their favorable properties (i.e., low melting point, low viscosity and high dielectric
constant). The effects of salt, concentration and solvent molecular structure were systematically
examined and compared with those of carbonate-based electrolytes. By combining electrochemical
tests with spectroscopic characterization, the performance of selective carboxylate ester-based
electrolytes in hard carbon/Na and NazV,(PO,4)3/Na half-cells was evaluated. We found carboxylates
enable high electrolyte conductivities, especially at low temperatures. However, carboxylates alone are
inadequate to form a stable interphase due to their high reactivity, which can be addressed by choosing

a suitable anion and facilitating anion-rich Na* solvation by increasing salt concentration. Fundamental
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obtained, and their benefits and pitfalls were thoroughly discussed. These discoveries and knowledge will
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Introduction

The progressive greenhouse effect is having a discernible
impact on the earth's climate, giving rise to increasingly
extreme weather patterns. A significant contributor to this
problem is CO, emissions. Among various economic sectors,
transportation and electricity generation are the two primary
sources of CO, emissions. To decarbonize these sectors, we
must phase out the internal combustion engine in favor of
electric vehicles and scale up renewable electricity generation
from solar and wind. Both require high-performance and cost-
effective energy storage technology. Rechargeable batteries are
a promising solution for this need, but the mainstream Li-ion
batteries (LIBs) are expensive (the current price is $151 per
kW h)* due to the usage of costly metals such as Li, Co and Ni.>*
Due to their potentially lower cost and better sustainability, Na-
ion batteries (SIBs) are attracting increasing attention as an
alternative to LIBs.

The development of SIBs faces several challenges.® First,
most anode materials have a low initial coulombic efficiency
(ICE) of 30-70%.° Such low ICE means that a large portion of
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Na' extracted from the cathode during the first charge is
consumed by side reactions, which significantly compromises
the energy density and cycling stability. Second, their rate
capability and cycling stability are inferior to those of LIBs. The
sluggish diffusion of the large Na* leads to a poor rate capa-
bility. The huge volume changes upon Na insertion and the
unsatisfactory surface passivation at the anode/cathode surface
compromise cycling stability.”® Thirdly, they have poor low-
temperature performance. Researchers have explored various
types of solvent to compose SIB electrolytes (Table S1t),
including carbonate, ether, phosphate, etc. Among them, the
state-of-the-art (SOA) SIB electrolyte, typically made of 1 M
NaClO, or NaPF, dissolved into a blend of cyclic carbonate and
linear carbonate (Table S2t), generally has the highest
conductivity, and has potential application at low temperatures.
However, such carbonate-type SOA has a minimum operating
temperature of ca. —20 °C. This cannot satisfy the needs for
stationary energy storage applications, especially for regions at
high altitudes and/or latitudes where outdoor temperatures can
fall below —20 °C or even —30 °C during the winter. At such low
temperatures, SIB electrolytes can crystallize or even freeze,
thus causing battery failure.® Despite a lot of work having been
done to address the first two challenges, less attention has been
given to resolving the low-temperature shortcomings.

Among various battery design factors, electrolytes play
a pivotal role in governing low-temperature performance for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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three reasons: (1) they determine the concentration of free ions
and their mobility, thereby regulating electrolyte conductivity;
(2) their decomposition dictates the composition of the
cathode/solid electrolyte interphase (CEI/SEI), thereby regu-
lating the interphase resistance; (3) they determine the solvent-
cation interaction, thereby regulating the de-solvation energy
during the interfacial charge transfer reaction.

The poor low-temperature performance of current SIB elec-
trolytes can be attributed to their inferior bulk and interfacial
properties. The main solvent, EC, has a high melting point (37 °
C) and it becomes very viscous or even solidifies at low
temperatures, which significantly reduces electrolyte conduc-
tivity and increases interfacial resistance. For example, at —20 ©
C, the conductivity of 1.0 M NaPF4EC/EMC (EC: ethylene
carbonate; EMC: ethyl methyl carbonate) reduces to 1.4 mS
em™ ", and the charge transfer resistance increases by two orders
of magnitude from 322 Q to ~31 000 Q.*° Such a dramatic loss of
performance can be seen in other SIB electrolytes, as summa-
rized in Table S3.}

To address this challenge, many strategies have been
explored. Adding a co-solvent with a low melting point and low
viscosity can prevent electrolytes from freezing and increase
their conductivity at low temperatures. For example, adding
25% methyl acetate (MA) into 1 M LiPFs-EC/DEC/DMC (1:1:1)
(DEC: diethyl carbonate; DMC: dimethyl carbonate) can
increase its conductivity at —60 °C by one order of magnitude
from <0.1 mS ecm™ ' to ~1 mS em™.** This design is effective,
but it compromises the compatibility of electrolytes with elec-
trodes at high operating temperatures (such as 45 °C).*>*?
Another approach involves suppressing the solvent-cation
interaction by using weakly polar solvents'*'® to decrease
charge transfer resistance. For example, the Li*-solvent binding
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energy can be reduced by ~25% when the polarity of ethyl
acetate is weakened by grafting two F atoms to the acetyl
group.'® However, this strategy leads to poor salt dissociation”
and low conductivity due to the reduced solvent polarity.

From the perspective of solvent selection, the ideal solvent
for low-temperature electrolytes should have: (1) a low melting
point so it does not freeze at low temperatures; (2) a high
dielectric constant and a low viscosity to ensure good conduc-
tivity; (3) a low donor number (DN) that leads to weak solvent-
cation binding and fast charge transfer kinetics. Among various
solvent families, linear carboxylate esters are a promising one
that satisfies all the above requirements with low melting points
(below —70 °C), low viscosities (<0.6 cP), high dielectric
constants (above 5.6) and low DNs (~16 kcal mol ") (Table S47).
Motivated by these benefits, carboxylate esters have been widely
used as co-solvents in electrolyte formulation to enhance LIBs'
low-temperature performance. For example, adding 20%
carboxylate ester into 1 M LiPFs-EC/EMC can significantly
enhance the low-temperature performance of LIBs."” In a few
studies, they are explored as the main solvent.” For example,
Dahn et al.”® studied MA based electrolytes and found that they
can double the electrolyte conductivity and reduce the Li* de-
solvation energy compared to carbonate ester-based electro-
Iytes. Consequently, this carboxylate ester-based electrolyte
increases the capacity of LIBs by three times at low
temperatures.

Despite their promising potential, carboxylate esters are
seldom used in the formulation of SIB electrolytes. To the best
of our knowledge, only one study™ investigated a carboxylate
ester as the co-solvent (20%), and there are no studies exploring
carboxylate esters as the main solvent (=90%). Previous studies
on LIBs found that carboxylate esters generally cannot form
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Carboxylate is a promising solvent for low temperature operation.
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Scope of this work. The structures of hard carbon?® and NazV,(PQ,)s *° are cited from the literature.
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a stable SEI because of their high reactivity."** For this reason,
they were always used as the co-solvents (less than 60%).'>1%>1>
However, the salt effect was seldom taken into consideration
when evaluating carboxylates during electrolyte engineering.
Many recent studies have revealed that by tuning the solvation
shell structure, it is possible to enable anions to participate in
SEI formation.”**® This opens the possibility of curbing the
reactivity of carboxylate esters by forming anion-derived SEIs
and utilizing them as the main solvent for low-temperature
electrolyte design.

In this work, we aim to comprehensively explore linear
carboxylate esters (Table 1) as the main solvent for SIB elec-
trolyte design and assess their potential in enhancing the low-
temperature performance (Fig. 1). A systematic study that
includes salt screening, concentration optimization and
comparison with carbonates was performed to examine the
multiple design freedoms of carboxylate ester-based electro-
lytes. By combining electrochemical tests with spectroscopic
characterization, we evaluated the performance of selective
carboxylate ester-based electrolytes in hard carbon (HC)/Na and
NazV,(PO,4); (NVP)/Na half-cells and correlated their perfor-
mance with their structure and properties (both transport and
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interfacial). Fundamental knowledge of the chemistry—-prop-
erty—performance correlation of this new family of electrolytes
was obtained, and their benefits and pitfalls were thoroughly
discussed. These discoveries and knowledge will shed light on
the potential of carboxylate ester-based electrolytes and provide
the foundation for further electrolyte engineering.

Results
Physical properties

Common linear carboxylate ester (abbreviated as carboxylate
hereafter) molecules are given in Table 1 and compared with
carbonate esters (abbreviated as carbonate hereafter). Struc-
turally, a carboxylate (formula: RC(=O)OR’, where R and R’ are
alkyl groups) contains a carbonyl group in which the C atom is
singly bonded to a second oxygen atom, while a carbonate
(formula: ROC(=O0)OR’) consists of a carbonyl group flanked by
two alkoxy groups. Specifically, methyl acetate (MA), ethyl
acetate (EA) and n-propyl acetate (NPA) have the same CH;C(=
O)OR; structure with different R, groups. Methyl propionate
(MP) and ethyl propionate (EP) have the same CH;CH,C(=0)
OR, structure with different R, groups. EA and MP are isomers,
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Fig.2 Physical properties. (a) Melting point, (b) viscosity, (c) dielectric constant and (d) donor number. The dielectric constant of MIB and IPA, as
well as the donor number of MB and MIB, are not available in the literature. (e) The benefits of carboxylates compared to carbonates.
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and NPA, isopropyl acetate (IPA), EP, methyl butyrate (MB) and
methyl isobutyrate (MIB) are isomers.

Among different properties, the melting point, the dielectric
constant and viscosity, and the donor number (DN) respectively
determine the liquid range, the conductivity, and the de-
solvation energy of the electrolyte, thereby influencing the
low-temperature performance. These properties are plotted
against the number of carbon atoms in the molecules in Fig. 2,
S1 and Table S4,f and compared with the corresponding
carbonate. Generally, all carboxylates have melting points below
—70 °C, lower than those of carbonates and far below those of
SOA electrolytes (—30 °C).° Their viscosities are in the range of
0.36-0.69 cP, lower than those of carbonates. Due to the
asymmetry of the molecular structure, they are much more
polar than carbonates, with dielectric constants above 5.6. Their
donor numbers, around 16 kecal mol ™, are comparable to those
of carbonates except for EMC and MP. As the chain length
increases, the melting point and viscosity increase due to the
larger intermolecular interaction, while the dielectric constant
decreases due to the larger molecular size and, consequently,
higher molecular polarizabilities. Overall, compared with
carbonates, carboxylates have lower melting points and viscos-
ities, higher dielectric constants, and comparable donor
numbers. These features make them ideal candidates for
making low-temperature electrolytes. Among all carboxylates,
MA stands out because it has the lowest melting point, the
lowest viscosity, and the highest dielectric constant. Therefore,
in the below discussion, we choose MA as the representative
carboxylate for a systematic study. A carbonate with the same
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chain length as MA, i.e., DMC, is used for comparison whenever
possible.

Salt effect

Previous studies on linear carboxylate-based electrolytes are
limited to NaPFg salt,'*** whereas other salts have never been
studied. Here, a systematic screening was performed to identify
the best salt(s) for making carboxylate-based electrolytes. Six
commercially available Na salts (Table 2) were compared in
terms of solubility and conductivity. In addition, their
compatibility with the SOA SIB anode material, hard carbon
(HC), was also compared.

The room-temperature solubility of these Na salts follows the
order of NaBF, < NaOTf <« NaClO, < NaTFSI < NaPF¢ < NaFSI
(Table 2). The salt solubility depends on a comparison of the
lattice energy and the solvation energy. The former depends on
the sum of the anion and cation radii, whereas the latter has
separate anion and cation terms. Since the solvation of smaller
ions (Na' here) dominates the salt solvation energy, the differ-
ence in salt solubility here is mainly related to their lattice
energy: salts with higher lattice energy have lower solubility.**
Owing to their extremely low solubilities, NaBF, and NaOTf
were excluded from further study. At a salt concentration of 1 m,
the conductivity of MA electrolytes made with different Na salts
follows the order of NaClO, < NaTFSI < NaPF, < NaFSI (Fig. 3a).
For all salts, the conductivity shows a non-monotonic depen-
dence on salt concentration and peaks at an intermediate
concentration of 1-3 m due to the competing effect of charge
carrier concentration and viscosity. NaFSI enables the highest

Table 2 Structure of different Na salts and their room-temperature solubility in MA

Salt NaBF, NaOTf NaClO, NaTFSI NaPFq NaFSI
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Fig. 3 Salt effect. (a) The conductivity of MA-based electrolytes with different Na salts and (b and c) CV curves of the HC/Na cell using 1 m and 4

m MA-based electrolytes with different Na salts.
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Fig. 4 Concentration effect of NaFSI-MA electrolytes. Salt concentration in molality (x=0.5, 1, 2, 3, 4, 8, 11.4). Discharge and charge rates: 0.1C.
(a) Charging and discharging profiles of the 2nd cycle; (b) specific discharge capacity vs. concentration; (c) EIS after the 5th cycle; (d) Ropm and Rint
vs. concentration; (e) CE (top) and capacity (bottom) vs. cycle number; (f) ICE (left) and average CE (21st—30th) (right) vs. concentration. (g and h)
FT-IR profiles of NaFSI-MA with different salt concentrations; (i) C and (j) F atomic percentage of the SEI on the cycled HC anode surface

characterized by XPS.
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conductivity among different salts, showing a maximum
conductivity of 14.1 mS cm ™" at a concentration of 3 m.

The compatibility of different salts with HC was examined by
conducting cyclic voltammetry (CV) in HC/Na cells (Fig. 3b and
¢). During the cathodic scan, both Na" intercalation into HC and
electrolyte decomposition can happen. If there is a reversible
reaction, an anodic peak is expected during the subsequent
anodic scan. For NaFSI-MA electrolyte, there are both reduction
and oxidation peaks at a normal salt concentration (1 m) and
a high concentration (4 m). In contrast, no oxidation peaks are
observed for NaClO,-MA, NaTFSI-MA and NaPFs-MA at either 1
m or 4 m, suggesting the reduction reaction in these electrolytes
is likely only irreversible electrolyte decomposition. This
difference can be explained by the well-known nature of FSI™ to
form a stable anion-dominated SEI upon reduction’ that can
prevent continuous electrolyte decomposition.

Summarizing the salt effect study, NaFSI stands out among
all six sodium salts due to its highest solubility, highest
conductivity, and compatibility with HC. Therefore, NaFSI was
selected as the salt for further study as discussed below.

Salt concentration effect

Salt concentration plays an important role in determining the
bulk and interfacial properties of electrolytes by regulating the
cation solvation shell, as evidenced by recent studies on high
concentration electrolytes®**** and ultralow concentration elec-
trolytes.> Here, we study how the salt concentration of the
NaFSI-MA electrolyte affects the performance of HC/Na half
cells. Specifically, the capacity, CE and cycling stability were
characterized and correlated with interfacial properties and
electrolyte structures.

The charge-discharge profiles of the HC/Na half cells
(Fig. 4a) show a typical slope-plateau curve, where the slope
corresponds to Na' insertion into parallel graphene layers of
HC, while the plateau corresponds to Na' insertion into HC
nanopores.*>” The capacity is non-monotonically dependent
on salt concentration (Fig. 4b), and a maximum capacity of 176
mA h g7' is observed at a concentration of 3 m. The electro-
chemical impedance spectra (EIS) were collected (Fig. 4c), and
the ohmic resistance (Ronm) (Fig. 4d, left) and interfacial resis-
tance (Rint) (Fig. 4d, right) were obtained by fitting EIS with an
equivalent circuit (Fig. S21). Here the interfacial resistance
includes both the charge transfer resistance (R.) and the SEI
resistance (Rgg;), but they cannot be deconvoluted from only one
semi-circle in the EIS. Both R.,, and R;, show a non-
monotonic dependence on salt concentration and reach the
minimum at 3 m, consistent with the capacity-concentration
correlation. This suggests the capacity's dependence on
concentration can be explained by the internal resistance, i.e.,
cells with higher internal resistance are more prone to reach
cut-off voltage under constant-current operation, therefore
delivering less capacity. Another key observation is that Ry, is 2—
3 orders higher than R, indicating the internal resistance is
dominated by interfacial resistance. The coulombic efficiency
(CE) is compared in Fig. 4e and f. The ICE shows a non-
monotonic dependence on salt concentration and 4 m

9230 | Chem. Sci, 2024, 15, 9224-9239
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electrolyte shows the maximum ICE (55.00%). After 30 cycles,
high concentration electrolytes (=3 m) all demonstrate average
CE of >99.4%, suggesting the formation of a stable SEIL In
contrast, low concentration electrolytes (=1 m) cannot form
a stable SEI as indicated by the fast capacity decay, the low ICE
(<25%) and low average CE. Correspondingly, they show much
higher interfacial resistance than other electrolytes.

The CE's dependence on salt concentration can be explained
by considering the solvation structure of Na' ions in these
electrolytes. The Na' solvation structure was examined by
Fourier-transform infrared spectroscopy (FT-IR). The peak at
1710-1770 em ™ (Fig. 4g) is assigned to the C=O0 stretching in
MA,*® in which the feature at 1740 cm™ " corresponds to unco-
ordinated (free) MA. Its intensity decreases gradually, while
another band attributed to solvated MA emerges at ~1730 cm ™
and increases with salt concentration. This observation indi-
cates that the fraction of free MA molecules decreases with salt
concentration. The peak at ~574 cm™" (Fig. 4h) is assigned to
the 3,50, of FSI™,* and is attributed to free FSI™ and/or FSI™
within a solvent-separated ion pair (SSIP) without direct coor-
dination to Na'. As NaFSI concentration increases, this peak
shifts from 574 to 567 cm ™, indicating the coordination of FSI~
with Na*. When the FSI™ anion coordinates with Na*, different
local structures® include contact ion pair (CIP) and aggregate
(AGG) forms. The results show there are fewer free anions and
more Na-anion coordination as salt concentration increases.
Such coordination of FSI~ with Na" in a concentrated electrolyte
lowers the lowest unoccupied molecular orbital (LUMO) level of
FSI", rendering it more prone to reduction compared to free
FSL.* Given the high reactivity of MA, free MA molecules are
susceptible to reduction at the HC anode, but their decompo-
sition does not form a stable SEI The change of Na' solvation
structure in high-concentration electrolytes suppresses the
reduction of MA while promoting the reduction of FSI™, thus
allowing the formation of a stable SEI. This hypothesis is sup-
ported by X-ray photoelectron spectroscopy (XPS) results (Fig. 4i
and j and S37). In the SEI on cycled HC, the amount of organic
components, an indicator of MA decomposition, decreases with
salt concentration (Fig. 4i). In contrast, the amount of inorganic
components, indicative of anion decomposition, increases with
the salt concentration (Fig. 4j). In summary, increasing salt
concentration leads to an anion-rich solvation shell, which
favors anion decomposition that can form a stable SEI on the
HC anode. In addition, 3 m NaFSI-MA electrolyte shows the
highest capacity due to its lowest internal resistance.

Solvent effect: carboxylates vs. carbonates

To understand the uniqueness of carboxylate chemistry, we
conducted a systematic comparison of carboxylates and
carbonates. Of particular interest is how the minor difference in
molecular structure between carboxylates and carbonates
affects their physical properties and solvation structure, thus
governing their electrochemical performance. As a representa-
tive linear carbonate, DMC is widely used as a co-solvent to
reduce electrolyte melting point and viscosity. Structurally, it
has a symmetric molecular structure compared to the
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asymmetric structure of MA, making it less polar but more
resistant to reduction. Here, we first compared the conductivity,
solvation structure and electrochemical performance of MA and
DMC in both HC/Na and NVP/Na cells, and then examined the
influence of chain length and molecule configuration.

Physical properties. NaFSI-MA electrolytes show much
higher conductivity than NaFSI-DMC electrolytes at both 25 °C
and —20 °C (Fig. 5a), which can be attributed to MA's lower
melting point, lower viscosity and higher dielectric constant.
Specifically, 1 m NaFSI-MA shows a room temperature
conductivity of 10.72 mS cm " and it decreases to 8.06 mS cm "
at —20 °C, whereas 1 m NaFSI-DMC has a room temperature
conductivity of 7.82 mS cm ™' and it decreases dramatically to
0.61 mS cm™ " at —20 °C. The FT-IR profiles (Fig. 4¢ and h and
S4t) of both electrolytes were measured and the solvation
number, i.e., the average number of solvent molecules coordi-
nated to Na', was calculated and compared in Fig. 5b (methods
shown in the ESIT). At all measured concentrations, NaFSI-MA
electrolytes have a lower solvation number than NaFSI-DMC
electrolytes, similar to what was observed in the Li system."
At 3 m, the solvation number of NaFSI-MA is 1.92, while that of
NaFSI-DMC is 3.07. This result indicates there is less solvent
and more anions in the Na' solvation shell of NaFSI-MA
compared to NaFSI-DMC.

HC anode performance. The cell with NaFSI-MA delivers less
capacity than that with NaFSI-DMC (176 mA h g~ " vs. 207 mA h
g7 1), and both show lower capacities than SOA electrolyte (218
mA h g7') (1 M NaPF4EC/DEC 1:1 by volume was chosen to
represent SOA electrolyte) (Fig. 6a and b). This is consistent with
the impedance study (Fig. 6¢ and d), which shows NaFSI-MA has
higher ohmic (4.9 Qvs. 2.7 Q) and interfacial resistance (2000 Q
vs. 416 Q) than its carbonate counterpart. Notably, the interfa-
cial resistance of NaFSI-MA is almost 10 times higher than that
of SOA electrolytes (182 Q), suggesting the highly resistive SEL.**
Cells with NaFSI-MA and NaFSI-DMC show comparable ICE
(50.03% vs. 53.16%) and average CE (99.52% vs. 99.57%) (Fig. 6e
and f), both lower than those of SOA electrolyte (75.99% and
99.69%). EC, an indispensable component in SOA electrolyte,
can form an alkyl carbonate (sodium double alkyl carbonate,
NEDC)* in the SEL Such alkyl carbonate is believed to play a key
role in forming a stable SEI in SOA electrolyte.*® The inferior CE
of NaFSI-MA and NaFSI-DMC can be attributed to their solvent
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reactivity at low potential®»** and inability to form a stable SEI.
The lower ICE of NaFSI-MA than NaFSI-DMC can be explained
by the different Na" solvation structures. As previously dis-
cussed, the anion-rich solvation shell of NaFSI-MA leads to
more anion decomposition, as confirmed by XPS (Fig. 6g and
S51). In general, the SEIs formed in the two electrolytes have
similar organic and inorganic species. However, NaFSI-MA
shows stronger peak density of Na 1s, S 2p, F 1s, N 1s and C
1s in SEJ, indicating more electrolyte decomposition, consistent
with its low CE and higher interfacial resistance. Moreover, the
SEI in NaFSI-MA has more NaF (Fig. 6h), a decomposition
product of FSI", than its carbonate counterpart. These findings
demonstrate that the anion-domain solvation shell in NaFSI-
MA gives rise to an inorganic-rich SEI on the HC surface, and
the low ICE and high interfacial resistance suggest stable SEI
formation needs more electrolyte decomposition.

Molecule structure effect. Building on the understanding of
MA and DMC, next we studied how the chain length and
structure of the carboxylate affect their electrochemical perfor-
mance. For both the carboxylate and carbonate, cell capacity
decreases as the solvent chain length increases, and cells with
carboxylate show less capacity than their carbonate counter-
parts (Fig. 6a and b) due to their larger internal resistance
(Fig. 6¢c and d). Additionally, the internal resistance is domi-
nated by the interfacial resistance, which increases with solvent
chain length probably due to the decreasing cathodic stability.™
Of particular interest is that the interfacial resistances of the
carboxylate electrolyte are one order of magnitude higher than
those of the carbonate-based -electrolyte, suggesting the
decomposition products from the carboxylate are much more
resistive to Na* conduction. Cells with carboxylate-based elec-
trolytes show lower ICE, but the average CEs become compa-
rable with cycling (Fig. 6e and f). This suggests the carboxylate
can form a stable SEI on the HC anode, albeit at the expense of
more electrolyte decomposition. In addition, the difference in
ICE becomes larger as solvent chain length increases, suggest-
ing the carboxylate molecules become much more reactive as
they are longer."* Their compatibility with hard carbon was
further assessed by CV (Fig. S61), which shows molecules with
shorter chain length are more compatible with HC. After 30
cycles, cells using carboxylate-based electrolytes lose more
capacity than their carbonate counterparts (Fig. 6e). For
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Fig. 5 Solvent effect on bulk electrolyte. (a) Conductivity and (b) solvation number of NaFSI-DMC and NaFSI-MA electrolytes.
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Fig. 6 Solvent effect on anode performance (solvent = carboxylate (MA, EA, NPA) or carbonate (DMC, EMC, DEC). Representative SOA elec-
trolyte: 1 M NaPFg-EC/DEC 1:1 by volume). Discharge/charge rate: 0.1C. (a) Charging and discharging profiles of the 2nd cycle; (b) specific
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example, the cell with NaFSI-MA exhibits a capacity retention of
55.39%, whereas the cell with NaFSI-DMC shows a capacity
retention of 89.90%. This confirms our conjecture that the
carboxylate needs to decompose more to form a stable SEI
Interestingly, the capacity retention becomes worse as solvent
chain length increases both for carboxylate and carbonate-
based electrolytes, indicating smaller molecules exhibit
greater stability in performance.

We also compared various isomers of carboxylate (Table
S5t). Their consistent electrolyte conductivity means the solvent
configuration has a negligible effect on electrolyte conductivity.
For example, 5-carbon carboxylates with different configura-
tions all exhibit a conductivity of approximately 7 mS ecm™ .
Electrolytes using acetate show higher capacity and CE than
those using propionate and butyrate, which means acetates are
most stable in HC/Na cells. For example, the electrolyte using
EA delivers higher capacity (63 mA h g ' vs. 44 mA h g ), ICE
(32.70% vs. 25.28%) and CE (99.10% vs. 98.75%) than electro-
lytes using its isomer, MP. For carboxylates with branched
chains (IPA and MIB), they are incapable of completing 30
charge-discharge cycles, highlighting the adverse effect of
branched chains on forming a stable SEIL

In summary, NaFSI-carboxylate electrolytes show lower
capacity, lower CE and lower capacity retention than NaFSI-
carbonate electrolytes in HC/Na half-cells. While carboxylate-
based electrolytes do possess better bulk properties (conduc-
tivity), their electrochemical performance is greatly limited by
their inferior interfacial properties, including higher internal
resistance and more electrolyte decomposition. Furthermore,
both the chain length and configuration of the carboxylate
affect its performance. The capacity and ICE worsen as solvent
chain length increases. Molecules with the same formula but
different configurations display similar conductivity, but
acetates show the best performance.

NVP cathode performance. So far, our systematic study on
salt and solvent suggests that NaFSI-MA stands out among all
carboxylate-based electrolytes. Next, we assess its anodic
stability and compatibility with the battery cathode by exam-
ining NVP/Na half cells.

The anodic stability of the electrolyte, ie., the resistance
against oxidation under high voltage, was examined by linear
sweep voltammetry (LSV) in Na/Al half-cells (Fig. 7a). 3 m NaFSI-
MA and 3 m NaFSI-DMC start to oxidize at 3.2 V and 3.6 V,
respectively, suggesting that MA-based electrolytes are less
resistant to oxidation than DMC-based electrolytes. Conse-
quently, 3 m NaFSI-MA electrolyte failed in NVP/Na cells
(Fig. 7b) and cannot be charged beyond 3.5 V. A long plateau at
~3.3 V is observed which indicates continuous electrolyte
oxidation. Apparently, the electrolyte decomposition fails to
form a stable CEI on the cathode surface. By increasing the
concentration to 4 m the anodic stability of NaFSI-MA can be
improved to 3.5 V (Fig. 7a) and it enables a successful charge to
3.6 V (Fig. 7c). However, a lower capacity (93 mA h g~ " vs. 113
mA h g™") is observed (Fig. 7d), consistent with its higher
internal resistance (Fig. 7e and f). It also exhibits a lower
capacity retention (79.46% at the 30th cycle) than that of NaFSI-
DMC (97.23% at the 30th cycle) (Fig. 7g). Meanwhile, 4 m NaFSI-
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MA electrolyte shows lower ICE (77.41%) and average CE
(59.59%) compared to its DMC counterpart (95.98% and
84.81%) (Fig. 7g and h), suggesting more electrolyte consump-
tion during charging, consistent with its inferior anodic
stability. As evidenced by the XPS results (Fig. 7i and j), the CEI
of NaFSI-MA electrolyte shows more anion decomposition
product, NaF, than that of NaFSI-DMC electrolyte. Furthermore,
we conducted the same charge-discharge process for higher
NaFSI concentration (8 m NaFSI-MA) using NVP/Na cells. The
results (Fig. S71) show improved CE, demonstrating that high
salt concentration can inhibit side reactions like electrolyte
decomposition. While the 8 m electrolyte shows lower capacity
in the first four cycles, its capacity increases in the following
cycles and stabilizes at around 90 mA h g™, which is higher
than that of the 4 m electrolyte (around 68 mA h g™ '). These
results indicate salt decomposition contributes to the CEI
formation, and the anion-derived CEI is evolving with cycling in
the high concentration electrolyte. Although the 8 m electrolyte
shows lower conductivity than the 4 m electrolyte, its superior
interface can offset that. Overall, we can draw a similar
conclusion to the HC/Na half-cell studies: despite carboxylate-
based electrolytes possessing better bulk properties than their
carbonate counterparts, their electrochemical performance is
compromised due to their inferior interfacial properties,
including the poor ability to form an interphase, more electro-
lyte decomposition, and the resulting high interfacial
resistance.

Low temperature performance

Finally, we examined the low temperature performance of
NaFSI-MA and compared it with that of NaFSI-DMC and SOA
electrolyte in HC/Na half cells (Fig. 8a). Respectively, at —20 °C
they keep 6.2%, 44.3% and 16.5% of their room-temperature
capacity. The unsatisfactory low temperature capacity of SOA
electrolyte can be explained by its low conductivity, which
decreases from 10.42 mS cm ™" at room temperature to 0.79 mS
em~ ' at —20 °C (Fig. 5a). In contrast, NaFSI-MA shows the worst
capacity retention at low temperatures because of its highest
interfacial resistance (Fig. 8b). Meanwhile, NaFSI-DMC shows
a moderate conductivity (2.43 mS cm ™) at low temperatures
and interfacial resistance, which leads to the highest low-
temperature performance.

Discussion

In summary, we presented a systematic investigation of
carboxylate-based electrolytes for SIBs and examined the effect
of salt chemistry, concentration, and molecular structure on the
electrochemical performance of both HC/Na and NVP/Na half-
cells. Carboxylate-based electrolytes demonstrate better trans-
port properties (conductivity) at both room and low tempera-
tures than their carbonate counterparts due to their lower
melting point, lower viscosity and stronger polarity, as well as
comparable CE after SEI formation. However, they are more
reactive, which leads to low ICE, larger interfacial resistance,
and lower capacity. The interfacial resistance of the HC/Na half-
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Fig. 7 Solvent effect on cathode performance. (a) LSV of NaFSI-MA and NaFSI-DMC in an Na/Al cell; (b) voltage—time profile of an NVP/Na cell
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cells in the carboxylate-based electrolytes is 5-8 times higher
than that in the carbonate-based electrolytes, and 1-2 orders of
magnitude higher than that in the SOA SIB electrolyte. The large
interfacial resistance in the carboxylate-based electrolytes is
likely a result of the thick and resistive SEI due to a large
amount of irreversible electrolyte decomposition. This hypoth-
esis is confirmed by the low ICE and a linear correlation
between the accumulated lost capacity and the total interfacial
resistance (Fig. 9a and b). Our study also shows that carboxylate-
based electrolytes can form a stable SEI after cycling with
comparable average CE to carbonate-based electrolytes and SOA
electrolytes. However, this can only be achieved when an anion
participates in SEI formation at a salt concentration >2 m.

To understand the difference between carboxylates and
carbonates, the reductive decomposition mechanisms of MA*
(representative carboxylate), DMC***’ (representative carbonate)
and EC* (indispensable component in SOA electrolytes) are
reviewed and compared. As shown in Fig. 9c, they follow
different reaction routes and generate different products. Alkyl
carbonates formed by EC decomposition, such as NEDC in SIBs
and LEDC in LIBs, are believed to be the key ingredient to form
a stable SEI, because of their propensity to form a multimer
conformation network.** In contrast, extensive studies have
demonstrated that carboxylates,"*® including linear carbon-
ates,”** are incapable of forming a stable interphase. This
deficiency implies that their decomposition products are less
effective in inhibiting continuous electrolyte reduction, evi-
denced by the lower ICE and higher interfacial resistance in MA-
and DMC- based electrolytes than those of SOA electrolyte. In
addition, considering that carboxylates exhibit higher dielectric
constants than their carbonate counterparts, it can be inferred
that their SEI is more prone to dissolve. Consequently, the SEI
formed in a carboxylate may experience continuous dissolu-
tion-regeneration, which results in larger interfacial resistance
and continuous capacity loss. This provides a plausible expla-
nation for the lower CE of carboxylate electrolytes than their
carbonate counterparts.

Since carboxylates alone cannot form a stable interphase, the
role of salt becomes crucial. We demonstrate that by using
NaFSI salt, it is possible to make carboxylates compatible with
HC and achieve high CE. In contrast, electrolytes with other
salts are not compatible with HC and exhibit irreversible elec-
trolyte decomposition. Previous studies® have shown that the
organic content (mainly formed by solvent decomposition) of
the SEI on sodiated hard carbon decreases in the order: NaPFy >
NaClO, > NaTFSI > NaFSI, which suggests that the first three
anions are less effective in contributing to SEI formation
compared to NaFSI. This further explains the capability of FSI™
to form a stable SEI compared to other salts. A notable obser-
vation in our results is the improvement of ICE and capacity
with NaFSI concentration. This enhancement can be ascribed to
the unique feature of high concentration electrolyte. As the salt
concentration increases, more anions enter the solvation shell,
driving the LUMO shift from the solvent to the anion and
making anions more prone to decompose.>” As a result, the SEI
formed in high concentration electrolytes exhibits an inorganic-
rich, anion-derived composition.
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So far there has been no single solvent that can simulta-
neously possess a low melting point (to prevent freezing at low
temperatures), high dielectric permittivity and low viscosity (to
facilitate ion transport), while still enabling both a stable SEI
and CEI. Carboxylates have shown potential to provide superior
mass transport properties in the bulk at both room and low
temperatures. Their poor ability to form a stable interface can
potentially be addressed by mixing co-solvent and/or additives,
which will be the topics of future research.

Conclusion

In conclusion, to evaluate the potential of carboxylate-based
electrolytes in enhancing the low-temperature performance of
SIBs, we systematically examined the effect of salt, concentra-
tion and solvent molecular structure and compared the results
with those of carbonate-based electrolytes. We found carboxyl-
ates enable high electrolyte conductivities, especially at low
temperatures, due to their favorable properties (i.e., low melting
point, low viscosity and high dielectric constant). However,
carboxylates alone are inadequate to form a stable interphase
due to their high reactivity, leading to low CE and fast capacity
degradation. By facilitating anion-rich Na' solvation via
increasing salt concentration, it is possible to leverage anion
decomposition to form an inorganic-rich SEI that can stabilize
the interface, thereby permitting stable cycling of SIBs.
However, the large extent of electrolyte decomposition leads to
very large interfacial resistance, which significantly compro-
mises the low-temperature performance of the carboxylate
electrolytes.

At a fundamental level, the comprehensive results presented
in this work establish a clear chemistry-property-performance
correlation of carboxylate-based electrolytes for SIB application.
Despite the studied system not offering great electrochemical
performance, the obtained knowledge sheds light on the
fundamental nature of the unique advantages and limitations
of carboxylate-based electrolytes, which provides valuable
insights for rational design. Based on the discovery, future
efforts on carboxylate electrolyte design should focus on inter-
phase engineering to curb their poor ability to form a stable
interphase and utilize their advantageous bulk transport prop-
erties. Experience from LIB electrolyte design, including co-
solvent and additive engineering, can be leveraged to accel-
erate progress in this endeavor.

Methods

Electrolytes and electrodes

The electrolytes were prepared by dissolving sodium fluo-
roborate (NaBF,, 99.9%,  Aladdin), sodium  tri-
fluoromethanesulfonate (NaOTf, 99.5%, Solvionic), sodium
perchlorate (NaClO,, 98%, Thermo Scientific Chemicals),
sodium hexafluorophosphate (NaPFg, 99+%, Thermo Scientific
Chemicals),  sodium  bis(trifluoromethanesulfonyl)imide
(NaTFSI, 99.5%, Solvionic), and sodium bis(fluorosulfonyl)
imide (NaFSI, 99.9%, Solvionic) respectively as per the required
concentrations in various carboxylate and carbonate solvents in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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an argon-filled glovebox. All the salts were dried in a vacuum at
100 °C for 24 h, and the solvents were dried over fresh 3 A
molecular sieves for three days. The representative SOA elec-
trolyte, 1 M NaPFs-EC/DEC 1:1 by volume, was bought from
Canrd, China.

The hard carbon anode was prepared as follows: a slurry
made up of 90 wt% hard carbon powder (Kureha Co), 5 wt%
carbon black, and 5 wt% poly(vinylidene fluoride) in N-methyl-
2-pyrrolidone solution was pasted onto Al foil. This electrode
was dried overnight at room temperature, and then punched
into circles with a 5/16-inch diameter. The HC loading amount
was 1.2-1.8 mg cm ™2, and its theoretical capacity was 250 + 30
mA h g on the weight basis of the HC active material. The NVP
powder was purchased from Kejing Star Technology Co., Ltd
(Shenzhen). Then, it was well mixed with poly(vinylidene fluo-
ride) and carbon black (8:1:1 wt%), and further coated on
aluminum foil. This electrode was dried overnight at room
temperature, and then punched into circles with a 5/16-inch
diameter. The NVP loading amount was 1.2-1.4 mg cm .
Both the HC anode and NVP cathode were dried in a vacuum at
100 °C overnight before use.

Electrochemical tests

All experiments were conducted using 2023-type coin cells
assembled in an argon-filled glovebox, where both the moisture
and oxygen contents were maintained at below 1 ppm. The coin
cells used a glassy fiber membrane as the separator and thick
Na foil as the counter electrode, and 40 pl of electrolyte. The CV
tests were conducted using a Gamry Interface 1010T. The scan
range is within 0.001-1 V with a 0.5 mV s ' scan rate. The
charge-discharge performances were carried out on a Landt
CT3001A battery test system. For the HC/Na half-cell cycling,
a 0.1C rate charging and discharging protocol was used within
the voltage range of 0.001-2 V. 1C rate corresponds to 300 mA h
g~ ! on the weight basis of the HC active material. Each sample
was tested twice in parallel to ensure the accuracy of the results.
For low temperature testing of HC/Na, cells were discharged
and charged for 5 cycles at 0.1C rate at room temperature first,
and then soaked in a low-temperature thermostatic bath to
maintain them at —20 °C for 2 hours. Subsequently, the as-
made cells were cycled at 0.1C rate. For NVP/Na half cells,
cycling was performed at 2.0-3.6 V at 1C rate.

The conductivity of the electrolyte was assessed using elec-
trochemical impedance spectroscopy (EIS) using a Gamry
Interface 1010T. Symmetrical cells (SS|electrolyte|SS, SS denotes
stainless steel) were assembled with one piece of glass fiber
membrane soaked with electrolyte (40 pl) and two pieces of
stainless steel. This cell was used for conducting a potentio-
static EIS test in the frequency range of 1 to 200 000 Hz. The
ionic conductivity of the electrolyte was estimated using the
following equation: ¢ = (1/R) x (1/S), where R is the resistance, S
is the area of the membrane, and ¢ is the ionic conductivity. For
the low-temperature conductivity test, the cell was held in an oil
bath capable of cooling down to —20 °C.
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Characterization

Fourier-transform infrared spectroscopy (FT-IR) was performed
using a Nicolet iS50 FTIR spectrometer with a diamond ATR
crystal, on which the electrolyte was placed directly on the
window testing holders during the test. All FTIR spectra were
deconvoluted with the Gauss Amp function using PeakFit
software.

X-ray photoelectron spectroscopy (XPS) and argon sputtering
were performed using a Kratos Axis Ultra DLD. Samples were
transferred through the antechamber to avoid any air contact.
An area of 300 pm x 700 um was irradiated using a filament
voltage of 15 kV, an emission current of 8 mA, and a pass energy
of 40 eV for high-resolution scans and 160 eV for the low-
resolution survey scans. For the XPS sputter depth profiling
measurements, a sputter crater of 3 mm x 3 mm area was
produced by the Ar" ion beam using an emission current of 20
mA and a filament voltage of 4 kV. The XPS spectra were cali-
brated by referencing sp> carbon to 284.0 eV.
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