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Enhancing Sodium-lon Battery Performance: The Role of
Glyoxylic Acetal-Based Electrolytes in Solid Electrolyte
Interphase Formation and Stability

Mariana Gasko, Christian Leibing, Lukas Fridolin Pfeiffer, Peter Axmann, Andrea Balducci,*

and Maider Zarrabeitia*

This study systematically investigates the feasibility of replacing
conventional sodium hexafluorophosphate (NaPFg) in carbonate-
based electrolytes with sodium bis(fluorosulfonyl)imide (NaFSI)
and sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) in a
1,1,2,2-tetraethoxyglyoxal (TEG):propylene carbonate (PC) solvent
system tested with hard carbon (HC) anode materials for sodium-
ion batteries (SIBs). The influence of electrolyte composition and
cycling conditions on the evolution of the solid electrolyte inter-
phase (SEI) and overall electrochemical performance of the HC is
comprehensively evaluated by means of electrochemical imped-
ance spectroscopy and X-ray photoelectron spectroscopy.
The SEI chemical composition, transport properties, and stability
are thoroughly characterized. The results demonstrate that the

1. Introduction

The rapid expansion of renewable energy sources, the increasing
electrification of transportation, and the rising use of portable elec-
tronics have unequivocally heightened the demand for efficient,
sustainable, and cost-effective energy storage solutions.™ To date,
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HC tested in NaFSI/TEG:PC electrolyte exhibits superior performance
compared to both the conventional NaPF4/ethylene carbonate (EC):
PC system and the NaTFSI/TEG:PC-based alternative, achieving
higher initial coulombic efficiencies (ICEs), lower interfacial resis-
tance, and enhanced Na* transport properties. The improved
electrochemical stability of the HC in NaFSI/TEG:PC electrolyte
is attributed to the formation of a bilayered SEI, comprising an
inorganic-rich inner layer and an organic-rich outer layer. These
findings underscore the pivotal role of electrolyte formulation
in enhancing the HC SEI characteristics and cycling performance,
thereby positioning NaFSI in TEG:PC chemistry as a promising
electrolyte candidate for next-generation SIBs.

lithium-ion technology has dominated the global market due to
its high energy density, superior long-term cycling performance,
and lower self-discharge compared to other battery systems.™
However, concerns over the availability and geopolitical implica-
tions of lithium (Li) and cobalt (Co) resources have prompted
researchers to seek promising, sustainable, and cost-effective
alternatives. Post-lithium battery systems, such as sodium-ion
and potassium-ion batteries (PIBs), are attracting increasing atten-
tion due to their advantages over Li technology. Sodium (Na) and
potassium (K) are more widely distributed and readily available
within the Earth’s crust and the ocean.* Moreover, unlike Li,
which forms alloys with aluminum (Al), using lightweight and
cheaper Al current collectors, as opposed to copper (Cu), is feasible.
These benefits collectively facilitate reductions in both total cell
mass and materials cost while simultaneously enhancing the over-
all energy density of the cell® Although PIBs are currently in the
early stages of development, the Group 1 company has already
released the 1st PIB prototype.® Regarding sodium-ion batteries
(SIBs), Natron Energy has initiated their production at a commercial
scale in the United States, while Faradion, Tiamat, HiNa Batteries,
and CATL are the leading companies commercializing SIBs in
the EU and China, respectively.”" Researchers anticipate that
Na-based technology might exhibit superior performance relative
to Li systems in terms of electrochemical stability and operational
safety, demonstrating greater potential for long-term reliability, as
well as being sustainable and cost-effective. Currently, SIBs com-
monly utilize hard carbon (HC) as anode material and non-aqueous
electrolytes that contain sodium hexafluorophosphate (NaPF¢) as
the conducting salt in a blend of carbonate-based solvents, such
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as ethylene carbonate (EC), diethyl carbonate, dimethyl carbonate
(DMCQ), or propylene carbonate (PC).'*'? These solvents are
typically combined in a specific ratio to take advantage of their
high dielectric constants and low viscosity, which aids the move-
ment of Na™ and provides broad electrochemical stability."”’

Despite their benefits, recent studies suggest that the decom-
position byproducts of carbonate-based Na electrolytes exhibit
increased solubility, potentially leading to continuous parasitic
reactions and thickening of the solid electrolyte interphase
(SEI)."* This phenomenon limits the transport properties and
negatively impacts the long-term performance of SIBs, hindering
the widespread application. Current research focuses on substi-
tuting carbonate-based solvents with ether-based ones to create
a stable and compact SELI'¥ Their utilization has resulted
in enhanced chemical compatibility with the active materials,
ultimately leading to a favorable SEI with superior Na* migration
properties.['>7'7!

In this context, the potential of using 1,1,2,2-tetraethoxy-
glyoxal (TEG) as an electrolyte component appears promising.
TEG is a commercially available glyoxal-based solvent that offers
several advantages, including higher boiling and flash points
compared to linear carbonate-based solvents, as well as lower
viscosity in comparison to cyclic carbonates.['®'? These character-
istics enhance operational safety and facilitate Na* diffusion. The
effectiveness of glyoxal-based solvents in various energy storage
devices, such as electrochemical double-layer capacitors,
lithium-ion batteries (LIBs), and PIBs, has already been success-
fully demonstrated."®-?" Furthermore, TEG has shown improved
interface-forming properties on carbon-based electrodes for LIBs,
underscoring its potential.*? Recently, its use in SIBs has also
been reported.”® However, a comprehensive analysis of the
chemical composition of the SEl on HC for SIBs, its stability during
cycling, and a fundamental understanding of how electrochemical
cycling conditions influence SEl formation have yet to be conducted.
Given the challenges in predicting SEI formation, an in-depth
study of the various parameters that affect SEl is essential.

Hence, this study aims to investigate the composition and
chemical stability of the SEl and its impact on the electrochemical
performance of commercial HC anode material for SIBs. For this
purpose, half-cells containing HC as the active material and vari-
ous electrolytes were utilized. The electrolytes under investiga-
tion include 1M NaPFg in EC:PC (1:1 vol.%), which is considered
the standard electrolyte for this study. The potential for partially
replacing carbonate-based solvents with alternative electrolyte
systems, such as 1M sodium bis(trifluoromethanesulfonyl)imide
(NaTFSI) and 1M sodium bis(fluorosulfonyl)imide (NaFSl), both
in a mixture of TEG and PC (3:7 wt.%), is examined in detail.

2. Results and Discussion

In this study, Na-based half-cells containing commercial HC as the
working electrode and three different electrolyte formulations,
including 1M NaPFg in EC:PC (1:1 vol.%), 1M NaTFSI in TEG:PC
(3:7wt.%), and 1M NaFSI in TEG:PC (3:7 wt.%), were studied.
The mass ratio of TEG to PC was established at 3:7 wt.% based
on prior research conducted by our group.?¥ This formulation
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has demonstrated optimal physicochemical properties, particularly
in terms of ionic conductivity and viscosity, as reported in the liter-
ature. Moreover, incorporating PC into the NaTFSI in TEG:PC elec-
trolyte has been previously investigated, showing an increase in the
positive potential limit to 4.3V versus Na*/Na, whereas the pure
TEG electrolyte exhibited an upper cutoff voltage of only 3.9V
versus Na™/Na.”®? A similar trend is observed with NaFSI in the
TEG:PC electrolyte, which demonstrates anodic stability up to
45V versus Na*/Na (see Figure S1, Supporting Information).
Meanwhile, the cathodic stability is unaffected by the addition
of TEG or the replacement of NaFPg salt with NaTFSI or NaFSI.
This finding highlights the potential for enhancing the electro-
chemical stability window of these systems, making them
suitable for full cells, such as using sodium transition metal oxides
as a cathode that requires an upper cutoff potential exceeding
4V versus Na*/Na.

The primary parameters altered in this study were the C-rate
applied during the SEI formation and the electrolyte chemistry.
The current rate applied during the 1st cycle is critical, as it
directly influences the electrolyte decomposition and thereby
governs the formation of the SEI, ultimately affecting the overall
electrochemical performance of the battery. Excessively high
currents can lead to incomplete SEl formation, resulting in insta-
bility and diminished performance over cycles.”” Conversely,
choosing a too low initial C-rate prolongs the time required
for forming the SEI, resulting in higher electrical energy con-
sumption. This is particularly significant in large-scale battery
production, where reducing the time required for SEl formation
can lower energy consumption, and consequently, decrease
overall production costs.”® The herein-chosen current densities
for the SEI formation cycle are 4 and 10 mA g, which equals
C/50 and C/20 (considering 1C =200 mAh g~"). The electrolytes
used in this work comprise a conventional formulation acting as
a comparative standard (1 M NaPF4 in EC:PC (1:1 vol.%)) and two
novel electrolytes that provide improved safety characteristics
(1M NaTFSI and 1 M NaFSI, both in a mixture of TEG and PC
(3:7 wt. %))

2.1. Electrochemical Performance of HC Anodes with
Different Electrolytes

Figure 1a,b depicts the 1st charge/discharge cycle at current
densities of C/50 and C/20 for HC systems based on 1M NaFSI
in TEG:PC and NaTFSl in TEG:PC electrolytes. The typical potential
profile of HC is visible for both systems, exhibiting the character-
istic_high-voltage sloping region (>0.1V vs Na*/Na) and low-
voltage plateau (<0.1V vs Na*/Na). These regions correspond
to the well-documented Na™ storage mechanisms in HC, which
include the adsorption of Na™ at defect and edge sites, and the
insertion of Na* into micropores.”®?! The HC systems utilizing
NaFSI/TEG:PC, and NaTFSI/TEG:PC demonstrate similar Na™ storage
behavior to the standard NaPFs-based electrolyte (Figure S2,
Supporting Information), with slope/plateau capacities yielding
approximate values of 144/185, and 146/180 mAhg™' at C/50,
and 131/164, and 134/171mAhg™" at C/20, for the HC tested
in NaFSI/TEG:PC, and NaTFSI/TEG:PC electrolytes, respectively
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Figure 1. 1st potential profiles of HC tested in a) 1 M NaFSI in TEG:PC, and b) 1 M NaTFSI in TEG:PC electrolytes at two different C-rates, e.g., C/50 (light

color) and C/20 (dark color). Contribution of slope and plateau capacity of the 1st discharge and ICE of HC electrodes using both electrolytes at rates of

¢) €/50 and d) C/20.

(Figure 1c¢,d). Increased capacity is anticipated to be observed at
lower C-rates, as a reduced C-rate prolongs the duration of both
discharge and charge cycles. This extended time frame facili-
tates greater penetration of Na® into the microstructure of
HC, subsequently enhancing its storage capabilities. The compa-
rable performance of the HC in NaFSI/TEG:PC and NaTFSI/TEG:PC
electrolytes, compared to the well-documented NaPF4/EC:PC,
suggests good compatibility between the HC and the novel
electrolytes developed, regardless of the initial C-rate. This
compatibility is further evidenced by the high initial coulombic
efficiency (ICE) of HC, which remains consistent across the
different electrolytes used.

The ICE of HC when the formation cycle was conducted at C/50
decreases in the following order: NaFSI/TEG:PC > NaPFs/EC:PC >
NaTFSI/TEG.PC, yielding values of (90 +2)%, (884 2)%, and
(87 £ 2)%, respectively. The same trend is observed for the C/20
formation cycle of HC, with the obtained ICEs being (92 + 1)%,
(89 4+ 1)%, and (86 £ 2)% when tested in NaFSI/TEG:PC, NaPFy/
EC:PC, and NaTFSI/TEG:PC, respectively. It can be inferred that
increasing the C-rate from C/50 to C/20 would enhance the ICE
of HC by reducing the kinetics of electrolyte decomposition.
This would mitigate the loss of Na* resulting from electrolyte
consumption. However, the herein-presented findings reveal no
significant differences between the C-rate applied during the
formation cycle for HC systems employing NaPFs/EC:PC, NaFSI/
TEG:PC, and NaTFSI/TEG:PC electrolytes. This suggests that the
discrepancies in ICE are primarily influenced by the microstructure
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of HC itself rather than by the electrolyte used or the applied
C-rate. This can be attributed to the inherently disordered structure
of HC, which affects pore accessibility, and consequently, influences
the achievable charge and discharge capacities. Thus, modifying
the precursor used in the synthesis of HC or the pre-treatment
steps primarily impacts its microstructure, thereby affecting its
interaction with the electrolyte and overall electrochemical perfor-
mance (such as delivered specific capacity, cycling stability, and
rate performance). This has been previously observed by our group
using different bio-waste precursors or modifying the synthetic
parameters, but with the same precursor.?°3%

The rate performance of HC electrodes in the chosen electro-
lytes was further evaluated by first conducting an initial formation
cycle at current densities of either C/50 or C/20. This was followed
by five cycles at progressively increasing rates: C/10, C/5, C/3, C/2,
and 1C. Then, returning to C/5 and concluding with a test at C/2
to assess cycling performance (Figure 2). The measurements
were performed three times, and the standard deviation was
calculated following Equation (S1) provided in the Supporting
Information.

Firstly, it is noted that the CEs of the HC, regardless of the
initial C-rate and electrolyte chemistry, range from 99.75 to
99.99%. This suggests strong reversibility of the Na™ (de) insertion
mechanism in HC for both electrolytes. Among the evaluated sys-
tems, the incorporation of NaFSI in TEG:PC enhances the HC rate
performance compared to the NaTFSl-based system, regardless
of the C-rate applied during the formation cycle. Specifically,
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Figure 2. Rate capability and cycling performance of HC tested in a) 1M NaFSI in TEG:PC, and b) 1 M NaTFSI in TEG:PC electrolytes after the 1st cycle at
C/50 (light color) and C/20 (dark color). The bars indicate the standard deviation.

at a C-rate of 1C, the capacity retention relative to the 1st cycle is
37 and 28% for C/20 and 33% and 25% for C/50, in the NaFSI- and
NaTFSl-based systems, respectively. These findings indicate
that increasing the C-rate from C/50 to C/20 improves the HC rate
performance for both electrolytes. A similar trend is observed for
the standard NaPFs-based electrolyte, which exhibits capacity
retentions of 38% at C/20 and 31% at C/50 when the C-rate
is increased to 1C (see Figure S3, Supporting Information).
Interestingly, a distinct trend is observed in the cycling perfor-
mance of HC. Specifically, at a C-rate of C/2, the capacity retention
(after 140 cycles, relative to the 32nd cycle) is 93 and 75% for the
C/20 condition, and 84 and 81% for the C/50 condition in the
NaTFSI/TEG:PC- and NaFSI/TEG:PC-based systems, respectively.
These findings initially suggest that using a current density of
C/20 during the 1st cycle in HC systems containing the
NaTFSl-based electrolyte enhances both cycling stability and rate
performance. However, when factoring in the standard deviation
and associated error margins, the difference in performance
between the C/50 and C/20 formation conditions becomes
negligible. This indicates comparable electrochemical perfor-
mance between the two conditions, with the key distinction being
that HC systems utilizing NaTFSI/TEG:PC electrolyte exhibit higher
statistical reliability when subjected to C/50 during the 1st cycle. In
contrast, HC tested with NaFSI in TEG:PC exhibits a 6% higher
capacity retention, demonstrating superior cycling performance
when initially subjected to C/50 compared to C/20. A similar trend
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is observed for the NaPF¢-based system, which undergoes more
pronounced capacity degradation when initially cycled at C/20,
suggesting comparable electrochemical performance between
these two electrolytes. The corresponding dQ/dV plots (Figure S4,
Supporting Information) indicate that the superior cycling perfor-
mance observed when initially subjected to C/50 is likely related
to a lower overpotential in the NaPFs- and NaFSl-based systems.
Overall, the comparative analysis of the tested electrolytes indicates
that NaFSI in TEG:PC presents a greater potential than NaTFSI in
TEG:PC as a viable alternative to the conventional NaPFs-based
electrolyte, particularly when subjected to C/50 during the forma-
tion cycle (see Figure S5, Supporting Information). In comparison,
the notably lower capacity observed of HC using NaTFSI in TEG:PC
can be linked to a significantly increased voltage hysteresis, as
illustrated in Figure S4c, Supporting Information. This pronounced
hysteresis indicates a higher level of polarization and suggests a
kinetic limitation in Na* transport.

Given that commercial HC is employed as the electrode
material, the electronic and ionic conductivity of the active
material should remain consistent across all systems, excluding
these factors as potential sources of the observed electrochem-
ical differences. Furthermore, the comparable transport proper-
ties of the investigated TEG-based electrolytes and the absence
of significant variations in the 1st cycle performance suggest
that discrepancies emerging during continuous cycling are pri-
marily associated with the SEL In particular, the SEl's chemical
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composition and long-term stability appear to be critical determi-
nants, as they directly influence Na* migration. Consequently,
these properties likely govern the differences in electrochemical
performance observed among the tested electrolyte systems.
This claim is supported by comparing the corresponding potential
profiles from the previously discussed rate and cycling perfor-
mance (Figure S6, Supporting Information). The gradual decline
in capacity observed between cycles 30 and 140 is primarily attrib-
uted to a decrease in the low-voltage plateau capacity, suggesting
a reduced (de-)insertion of Na™ into the microstructure of HC.
This indicates a progressive loss in the ability of HC to store
Na™ reversibly. The accessibility of the porous structure of HC is
strongly dependent on the characteristics of the established SEI
and the associated Na™ transport properties, which will be
discussed in detail in the following sections.

2.2. Transport Properties and Chemical Composition of the
SEl Formed on the HC Anodes with Different Electrolytes

To evaluate the stability of the formed SEI and the resulting Na™
transport properties of the HC electrodes, electrochemical imped-
ance spectroscopy (EIS) was conducted after the 1st cycle at both
C-rates (i.e.,, C/50 and C/20), and subsequently after the 6th, 11th,
16th, 21st, and 26th cycles at C/2 (in the discharged state = sodiated
HC). The results have been visualized in Nyquist plots, presented in
Figure 3a—d. The presented Nyquist curves can be classified into
two distinct regions, corresponding to the charge-transfer resistance
(Rw) of Na* in the medium-frequency region and the interfacial
resistance (Rsg) associated with SEI formation in the high-frequency
region, indicating similar electrochemical processes among the
investigated electrolytes."¥ Notably, R, is more pronounced than
Rsg for all systems, indicating that the migration resistance of
Na* across the HC surface significantly contributes to the overall
impedance. This highlights the importance of establishing a stable
SEI, which helps to reduce continuous electrolyte consumption, and
thus, enhances the unhindered diffusion of Na* across the SEl into
the HC bulk structure. EIS measurements indicate that the choice of
electrolyte formulation has a significant impact on the system'’s
overall resistance. For HC utilizing NaFSI- and NaTFS|-based electro-
lytes, a consistent decline in overall resistance is observed after the
1st cycle, irrespective of the initial C-rate. In contrast, for the HC
tested in a NaPF¢-based system, the initial C-rate has a significant
impact on the resistance evolution. In fact, the overall resistance in a
NaPFs-based system decreases progressively over cycling when
a C-rate of C/20 is applied during the 1st cycle. However, with
a formation cycle of C/50, the system experiences a continuous
increase in resistance, suggesting the development of a less
stable SEI (Figure S7a,b, Supporting Information).

To further quantify the extent of the SEI's evolution over
cycling and its effect on Na™ transport kinetics, the contribution
of Rsg and R, was further quantified by fitting the EIS curves with
the equivalent circuit presented in Figure 3f. R; denotes the
ohmic resistance of the entire three-electrode Swagelok setup,
Rsg represents the interfacial resistance for Na™ migration across
the SEIl, and R represents the charge-transfer resistance in HC,
while CPE1 and CPE2 are constant-phase elements of each
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process.P¥ The evolution of Rs; and R is presented in
Figure 3e-h. A summary of the fitted parameter values is pro-
vided in Table S1-S6, Supporting Information. HC paired with
NaFSI in TEG:PC shows noticeable differences between the two
SEl formation conditions, in terms of resistance values. Rsg and
R.: continuously decrease from 29 to 14Q and from 231 to
85 (), respectively, over cycles for the initial cycle at C/50. In
the case of the Rsg and R, when the initial cycle was at C/20,
a decrease is observed, although to a lesser extent, with values
maintaining =5 and 50 Q, respectively. Conversely, the differen-
ces between the two formation conditions are not particularly
pronounced for the NaTFSl-based system, as R stabilizes after
6 to 11 cycles, exhibiting values of 7 Q for C/50 and 6 Q for C/20. A
similar trend is evident for R, which shows minimal changes for
C/50 (R.: 100-80 Q) and C/20 (R.: 90-80 Q) after stabilization fol-
lowing the 11th cycle.

Consistent with this observation, HC, utilizing the standard
NaPFg in EC:PC electrolyte, forms a stable SEI with reduced resis-
tance to Na* migration during the C/20 formation cycle. This sta-
bility is evidenced by the stabilization of R between the 5th and
26th cycles, with a consistent value of 5-6 Q. Furthermore, the
decrease in R, from 174 to 130 Q after the 5th cycle indicates
a net improvement in Na™ transport properties over prolonged
cycling. In contrast, HC cells initially cycled at C/50 exhibit a
significant increase in both Rsg and R, after the 5th cycle, rising
from 3 to 46 Q) and from 270 to 546 Q, respectively, suggesting
instability of the SEI formed under these conditions (Figure S7¢,d,
Supporting Information). EIS results indicate that subjecting the
HC electrodes to an initial formation cycle at C/20 results in the
formation of a probably thinner SEI, with reduced resistance to
Na* (de)insertion kinetics within the HC structure among all
investigated electrolytes (note that for the NaTFSl-based system,
no pronounced differences between both formation cycles were
observed). This observation aligns with the findings from the
electrochemical analysis. Notably, the cycling performance of
HC in NaFSI/TEG:PC (see Figure 2a) slightly improves when a cur-
rent density of C/50 is applied during the 1st cycle (6% more
capacity retention than when initially tested at C/20). Although
the increased R and R initially might suggest the formation
of a more resistive SEl, potentially due to its composition or
thickness (the latter hypothesis confirmed by X-ray photoelec-
tron spectroscopy (XPS), see XPS section for further explanation
of Rsg trend). Nevertheless, this does not result in the expected
deterioration of electrochemical performance. Instead, both
Rsgi and R, decrease with increasing cycle numbers, indicating
that the passivation properties of the SEI improve despite its
evolution, thereby facilitating Na* diffusion during continuous
cycling.

The stability and chemical composition of the SEl were further
analyzed using XPS on cycled HC electrodes. This analysis was
conducted after the 1st cycle at C/50 and C/20, as well as after
15 cycles at C/2 (at the discharged state). The electrodes were
cleaned with DMC and dried prior to measurement. The high-
resolution C 1s (Figure 4) and F 1s spectra (Figure 5), which
illustrate the decomposition products of the solvent and the
byproducts resulting from the salt decomposition, are explored
in greater detail. Additionally, the high-resolution S 2p spectra
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Figure 3. a-d) Nyquist plots and e-h) EIS fitting results for the interfacial resistance (Rsg) and charge-transfer resistance (R.) of HC using 1M
NaFSI in TEG:PC (green), and 1 M NaTFSI in TEG:PC (blue) electrolytes after the 1st cycle at C/50 and C/20. The equivalent circuit used for fitting is

shown in (f

).

are aligned with the findings presented in the F 1s spectra, as

shown in Figure S8, Supporting Information. The C 1s spectra for
the cycled HC electrodes in both electrolytes after the 1st cycle
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at C/50 and C/20 show five distinctive peaks at 284.4,
285.3/285.6, 286.1/286.2, 287.4/287.6, 289.3/289.8, and 290.4/
290.9 eV for NaFSI and NaTFSI in TEG:PC, which are assigned
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Figure 4. Fitted XPS results of cycled HC electrodes, showing the compositional distribution and the corresponding high-resolution C 1s spectra tested in
a) 1M NaFSl in TEG:PC, and b) 1 M NaTFSI in TEG:PC electrolytes after the 1st cycle at C/50 and C/20 and after the 16th cycle (C/2).

to the pseudo-graphitic domain of HC with sp*hybridized  complex (C-F,), respectively.®***! An additional peak at 293.8 eV for
carbons (C=C), hydrocarbons (C—C/C—H), ether carbon (C—0),  NaTFSI/TEG:PC, attributed to the TFSI~ (C-F3) is observed. Generally,
carbonyl carbon (G=0), sodium carbonate (Na,COs) species, and  these peaks correspond to the various carbonaceous species result-
compounds arising from the decomposition of the anion-solvent  ing from the PC and TEG reduction reactions, and they constitute
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Figure 5. Fitted XPS results of cycled HC electrodes, showing the compositional distribution and the corresponding high-resolution F 1s spectra using
a) 1M NaFSI in TEG:PC, and b) 1 M NaTFSI in TEG:PC electrolytes after the 1st cycle at C/50 and C/20 and after the 16th cycle (C/2).

the SEl, which can be either organic, such as hydrocarbons,  thickness after the 1st formation cycle is below 7 nm, considering
ethers, and sodium alkyl carbonates, or inorganic (i.e, Na,CO;). the C=C photoelectron peak and the inelastic mean free path.*®
Furthermore, the prominence of the C=C peak in the 1st cycles The F 1s spectra show two significant peaks at 685 and 688 eV
in both systems and the formation rates suggest that the SEI  for all systems investigated. These peaks are associated with

ChemeElectroChem 2025, 00, 202500162 (8 of 12) © 2025 The Author(s). ChemElectroChem published by Wiley-VCH GmbH

‘0°9120961T

:sdyy woxy

Juo-adomo-Anst

9SULDIT SUOWWO)) dANEII) d[qeotjdde oy £q pauIdA0T o1k Sa[ONIE V() 95N JO SI[NI 10] AIRIIT SUI[UQ) AS[IA| UO (SUONIPUOI-PUE-SULId)/WOD AAIm ATeIqiaur[uoy/:sdiy) suonipuo) pue swis [, oy 39S "[§70Z/L0/7¢] U0 A1eIqrT auruQ A1 ‘W JRISIOATUN 9P ZI AQ Z9100STOT2199/Z001 0 1/10p/w0d K[Im A



ChemElectroChem

Research Article

doi.org/10.1002/celc.202500162

Chemistry

Europe

European Chemical
Societies Publishing

‘0°9120961T

inorganic species, such as sodium fluoride (NaF) and other
decomposition products, including reduced FSI~ and TFSI™
(C-F,) forms.B73® These species are formed due to the reduction
of salt anions. An additional peak at 692.0 eV was observed for
the HC electrode cycled in NaTFSI/TEG:PC, corresponding to
TFSI™ (C-F5).5

For HC electrodes using NaFSl in TEG:PC, the SEl does not dif-
fer significantly in its chemical composition of detected C-species
after the 1st cycle for both formation C-rates. In contrast, a distinct
difference is observed in the F 1s spectra. After one cycle at C/50,
the intensity of NaF and reduced FSl is significantly higher than at
C/20, suggesting a greater decomposition of FSI~ at C/50. After 16
cycles, a reduction in the detected F-species and C-F, signal is
noted. As a result, the decomposition of FSI™ is considered com-
plete after the 1st cycle at C/50. Subsequent cycling primarily
involves the reduction of solvents, which cover the initially
formed inorganic components, as evidenced by the significant
increase in C—C/C—H species and a decrease in C=C bonds,
indicating SEI thickening after the 16th cycle. Indeed, considering
the C=C photoelectron peak, the SEI thickness can be roughly
estimated to be greater than 7 nm.®® In contrast, the thickness
of the SEI after the 16th cycle, when the formation cycles are
conducted at C/20, indicates that the SEl is thinner than 7 nm
or highly inhomogeneous due to the presence of the
C=C peak.

As a result, a bilayered SEI structure forms in NaFSl in PC:TEG,
when C/50 is conducted for the formation cycle, comprising an
inorganic-rich inner layer and an organic-rich outer layer. Notably,
the presence of NaF near the electrode surface has been shown
to enhance passivation properties by covering the HC surface,
thereby mitigating SEI dissolution."***! This behavior is aligned
with the Rsg trend, where initially higher resistance is observed
due to the thicker SEl formation (more electrolyte is decomposed)
and upon cycling, the SEl is accommodating, forming a well-
distributed inorganic/organic bilayer, and hence reducing the
Rsg significantly. In contrast, at C/20, an increase in the intensity
of C—C/C—H, C—0, C—F,, and NaF signals is observed after
the 16th cycle, indicating continued decomposition of both
the solvent and salt upon cycling. Consequently, the ongoing
electrolyte consumption leads to the formation of an SEI with
a heterogeneous distribution of organic and inorganic compo-
nents, which may compromise its passivating properties. This
is further supported by the more pronounced C=C signal after
the 16th cycle, suggesting a locally reduced coverage of the
HC electrode. These factors may contribute to the improved
cycling performance observed for the HC when it is initially cycled
at C/50 in NaFSl in TEG:PC.

For HC paired with NaTFSl in TEG:PC, ongoing decomposition
of both salt and solvents is observed after the 1st cycle. However,
the extent of SEI chemical evolution is significantly lower when
the cell is initially cycled at C/20. For HC electrodes subjected to a
C/20 formation cycle, an increase in C—C/C—H, C—0, and C—F,
components in the C 1s spectrum is observed. In contrast, at
C/50, the disappearance of the C=C peak suggests significant
SEl thickening after 16 cycles (>7 nm, considering Tanuma’s
estimations).?® A negative shift in the binding energy of detected
C-species is observed, likely resulting from a charging effect

ChemElectroChem 2025, 00, €202500162 (9 of 12)

during measurement due to the increased SEl thickness. A
decrease in inorganic compounds is evident from the F 1s
spectra for C/50, indicating that the SEI composition evolves
with continued cycling, leading to a notably higher accumula-
tion of organic components at C/50.

In comparison, HC electrodes cycled in the standard NaPFs-
based electrolyte exhibit a chemical environment largely consis-
tent with that of the other electrolyte systems (see Figure S9,
Supporting Information). However, a higher contribution of
C=0 and carboxyl- (0-C=0) species, instead of organic ether-
based (C—0) components, indicates an increased in inorganic
content. For both formation conditions, the chemical evolution
of the SEl is observed. However, the extent of the compositional
changes is notably less pronounced when a current density of
C/20 is applied during the 1st cycle. This observation aligns with
the EIS results, suggesting a greater chemical stability of the SEl at
C/20. The enhanced SEl instability and evolution over continuous
cycling at C/50 is likely attributable to the higher Na,CO; content
after the 1st cycle. Na,COs is known to have high solubility in
carbonate-based solvents.¥ Consequently, it can be inferred
that the elevated concentration of Na,CO; in the C/50 case
contributes to the formation of a less stable and probably denser
SEl due to its solubility in the EC and PC solvents. This increased
solubility could result in the dissolution of the SEI upon cycling,
exposing reactive sites that may lead to further electrolyte
consumption. Notably, one of the key challenges in SIBs is
the greater solubility of inorganic SEI components compared
to their lithium-based counterparts (e.g., Li,COs), a consequence
of the lower Lewis acidity of Na*.*” Compared to NaPF,/EC:PC,
the Na,CO; formation occurs in smaller quantities in the NaTFSI-
and NaFSl-based systems, regardless of the initial C-rate. This
reduced Na,CO; content may mitigate SEI dissolution, even in
the presence of the carbonate-based PC solvent. Density func-
tional theory calculations indicate that the energy barrier for
Na,CO; formation via a two-electron reduction is 1.72 kcal mol™"
higher for PC than for EC, highlighting the role of EC in promoting
Na,CO; formation.“"! Substituting EC with TEG, thus, suppresses
Na,CO; formation and enhances SEl stability of HC anodes for
SIBs. Although NaTFSI/TEG:PC exhibits a lower Na,COs contribu-
tion than NaPFs/EC:PC, it remains higher than in NaFSI/TEG:PC.
This elevated Na,CO; content suggests SEl dissolution in PC,
potentially contributing to differences in SEI composition and sta-
bility over cycling.

Consequently, these SEI modifications explain the improved
electrochemical performance of HC with NaFSl in TEG:PC electro-
lyte. The differences in SEI chemistry across the systems studied
can be attributed to three main factors: the substitution of EC
with TEG, the use of the FSI anion instead of TFSI, and the selec-
tion of an appropriate current density during the formation cycle.
First, substituting EC with TEG effectively reduces the formation
of highly soluble Na,C0O,.!"® Second, the FSI anion, which has a
chemically less stable S—F bond compared to the C—F; bond
found in TFSI~, undergoes complete decomposition during the
1st cycling.*>*3 This leads to the formation of NaF, which covers
the HC surface and improves passivation properties due to its low
solubility in organic solvents. Lastly, the complete decomposition
of the FSI anion is observed only under the C/50 formation
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condition, highlighting the importance of carefully selecting an
appropriate current density.

3. Conclusion

This study systematically explored the potential of substituting
the commonly used NaPF¢ in EC:PC electrolyte with two alterna-
tive electrolytes, NaFSl and NaTFS|, in a TEG:PC mixture. The inves-
tigation focused on understanding the influence of the C-rate
applied during the initial charge/discharge cycle and the choice
of electrolyte formulation on the formation of the SEI on HC
electrodes for SIBs. Consequently, the HC rate and cycling perfor-
mance were evaluated. To correlate the differences in electro-
chemical performance across various electrolyte systems and
to determine the impact of the initial formation cycle, a thorough
analysis of the SEI properties was conducted. EIS was employed
to assess the stability of the SEI during continuous cycling and
to establish its relationship with Na*' transport properties.
Additionally, XPS on cycled HC electrodes was performed to char-
acterize the surface chemistry of the SEI. In summary, this study
underscores that it is not possible to make a generalized state-
ment regarding the applicability of the C/20 current rate during
the formation cycle, as various factors significantly affect this
process. The research indicated that different electrolyte systems
can exhibit distinct behaviors. Key elements influencing system
performance include the nature of the salt and solvent, their
interactions, the chemical composition of the SEl, and the distri-
bution of SEI components (organic and inorganic). Therefore, a
detailed analysis of each factor is essential.

The charge and discharge characteristics of the HC in the 1st
cycle reveal that both electrolytes exhibit Na* storage behavior
analogous to that of the standard NaPFs-based electrolyte
system. Notably, the use of HC in NaFSI within a TEG:PC solvent
matrix yielded the highest ICE of 90% at a rate of C/50 and 92%
at C/20. Furthermore, the rate and cycling performance of HC
emphasize the potential of employing a 1M NaFSI in TEG:PC
(3:7 wt.%) as a viable alternative to the conventional NaPF¢-
based electrolyte. In comparison to the NaTFSl-based system,
HC employing NaFSI in TEG:PC demonstrated not only a higher
capacity but also stable cycling performance, with a capacity
retention of 81% after 140 cycles. EIS analysis revealed a reduc-
tion in overall resistance for both electrolytes, along with stable
contributions from the interfacial and charge-transfer resistances,
when compared to the NaPF4-based electrolyte, which exhibited
a progressive increase in overall resistance during continuous
cycling at an initial rate of C/50. Such degradation was not
observed in the NaFSI and NaTFSI systems, highlighting their
compatibility with HC in facilitating the formation of a stable
SEI that reduces the barrier for Na* migration. XPS analysis pro-
vided further insight into the chemical composition of the SEl and
its evolution throughout cycling. The increased resistance asso-
ciated with the Na* storage process in the NaPF4-based system
was correlated with the formation of soluble Na,CO;, which may
contribute to SEI dissolution in EC and PC solvents. The substitu-
tion of EC with TEG reduced the contribution of Na,COs, thereby
mitigating SEI dissolution and enhancing stability over cycling.

ChemElectroChem 2025, 00, e202500162 (10 of 12)

Furthermore, the SEI formed on HC with the NaFSI/TEG:PC elec-
trolyte exhibited a bilayered structure comprised of an inorganic-
rich inner layer and an organic-rich outer layer, particularly under
C/50 formation condition. The presence of NaF near the elec-
trode surface was found to enhance passivation and improve
interfacial stability. In contrast, the SEl formed in NaTFSI/TEG:PC
displayed a greater accumulation of organic species, which may
compromise its passivating properties and lead to higher resis-
tance to Na™ diffusion, resulting in suboptimal electrochemical
performance.

These findings underscore the significant impact of electro-
lyte formulation on SEI formation and stability of the HC anode
electrode for SIBs. Among the systems investigated, NaFSI/TEG:PC
exhibited the most favorable SEI characteristics, characterized
by great passivation and enhanced Na™ transport properties,
particularly following an initial formation cycle at C/50. These
results open the door to alternative, safer, and more sustainable
liquid electrolytes that can form an optimal SEl on the HC anodes
for SIBs, thereby improving battery performance.

4. Experimental Section

Material Preparation

The herein conducted electrochemical and ex situ analyses utilize elec-
trodes prepared from electrode sheets incorporating a commercial HC as
active material. A homogenous aqueous slurry was prepared by dispers-
ing commercial HC, sodium carboxymethylcellulose (SunroseMAC500 by
Nippon Carbon Co,, Ltd.), and styrene-butadiene rubber (BM-451B by
Zeon) binders in a weight ratio of 94.6:1.8:3.6, respectively, in an appro-
priate amount of fully deionized water. The slurry was cast with a wet
film thickness of 70 um on Al foil (20 um thickness, Korff AG) using the
doctor blade technique and dried at 40 °C. The dried electrode sheet was
calendered at a line pressure of 3Nmm~", and 1 mmin~' using a lab-
calender (Sumeet). A 12 mm diameter electrodes were punched, dried in
a B-585 glass vacuum oven (BUCHI) for 60 h at 120 °C, and then weighed
in a dry room (dew point <—70 °C). After an additional drying process
of 20 h at 120 °C in the BUCHI, the electrodes were transferred to an
argon-filled glovebox (MBraun, H,0, and O, <0.1 ppm).

Electrolyte Preparation

1 M electrolytic solutions had been prepared by dissolving NaPF¢
(CAS: 171611-11-3, purity > 99%, battery grade, Fluorochem) in a
mixture of EC (CAS: 96-49-,1 purity > 99%, Sigma-Aldrich)/PC
(CAS: 108-32-7, purity > 99%, Sigma-Aldrich; 1:1vol.%), NaTFSI
(CAS: 91742-21-1, purity > 99.5%, Solvionic), and NaFSI (CAS:
100 669-96-3, purity > 99.9%, Solvionic) in TEG (CAS: 3975-14-2,
Weylchem)/PC (CAS: 108-32-7, purity > 99%, Sigma-Aldrich;
3.7 wt.%) and stored inside an argon-filled glovebox (MBraun, H,0,
and O, <0.1 ppm).

Electrochemical Characterization

For electrochemical analysis, three-electrode Swagelok-type cells had
been used, comprising an above described HC electrode (ZSW, 70 um
wet film thickness, 12 mm diameter) with an active mass loading of
2.4-3.1 mg cm~2 as working electrode, and Na metal (99.8%, Across
Organics) as counter and reference electrodes. Whatman GF/D glass
microfiber filters (13 and 10 mm diameter), saturated with the elec-
trolyte (160 and 80 uL), had been implemented as separators. The
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cells were assembled inside an argon-filled glovebox containing less
than 1 ppm of H,O and O,. Before testing, the assembled cells were
rested for 10 h at (20 £ 1) °C for well wetting. The current densities
applied were calculated based on a theoretical specific capacity of
200 mAh g~ at 1C, with respect to the active mass of HC. To deter-
mine the rate capability, the half-cells were cycled within a voltage
range of 2.0-0.02 V versus Na/Na*. The 1st cycle was conducted at
C/50 and C/20, while the following cycles were measured at C/10,
C/5, C/3, C/2, and 1C, and then back to C/5, each for five cycles.
The cycling performance was evaluated by an additional 109 cycles
at C/2.

The electrochemical stability window of NaFSl in TEG:PC (3:7 wt.TR%)
was determined using linear sweep voltammetry with a scan rate of
1mVs™' (VMP-3 BioLogic). A three-electrode Swagelok cell configu-
ration was used, comprising a circular platinum disc as the working
electrode, a freestanding oversized activated carbon electrode as the
counter electrode, and a silver wire as the reference electrode. The
glass-fiber separator (Whatman GF/D) was saturated with 160 uL of
the respective electrolyte.

SEl Characterization

To analyze the evolution of the SEI over cycles, EIS was performed
using a multichannel potentiostat-galvanostat (VMP3, Biologic
Science Instruments) at (20 + 1) °C within the frequency range of
5mHz-500 kHz. The experimental configuration employed was
consistent with the previously outlined three-electrode Swagelok-
type setup. In this regard, the cells were cycled in a voltage range
of 0.02-2.0 V versus Na/Na™* at C/2 after an initial formation cycle of
C/50 and C/20. EIS was performed after the first discharge cycle
and then after following 5 cycles for 26 cycles (discharged state).
The raw data were fitted using ZView (version 3.5i). The fit was
considered reasonable when a chi-square value of less than 1073
was obtained.

The surface chemical composition of the SEl was investigated using
XPS. The measurements were conducted using a monochromatic
Al Ka radiation (hv=1.487eV) X-ray source. The scans were
obtained using a 200 W X-ray power source set at 12 kV, with a pass
energy of 30 eV, and an energy step of 0.1 eV. Spectral fitting was
performed using CasaXPS, applying a nonlinear Shirley-type back-
ground and a Gaussian and Lorentzian fit function (GL(30)). The
calibration of the binding energy was performed using the sodium
fluoride (NaF) peak at 685.0 eV.2" Before conducting the XPS meas-
urements, the cycled cells were disassembled inside the glovebox.
The HC electrodes were then rinsed with DMC. After drying inside
the glovebox’s prechamber under vacuum for 30 min, and trans-
ferred to the XPS chamber using an air-tight transfer box to prevent
any contact with the atmosphere, which could alter the SEI
composition.
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