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Binary Solvent Induced Stable Interphase Layer for
Ultra-Long Life Sodium Metal Batteries

Rinish Reddy Vaidyula, Mai H. Nguyen, Jason. A. Weeks, Yixian Wang, Ziqing Wang,
Kenta Kawashima, Austin G. Paul-Orecchio, Hugo Celio, Andrei Dolocan,
Graeme Henkelman, and C. Buddie Mullins*

Sodium foil, promising for high-energy-density batteries, faces reversibility
challenges due to its inherent reactivity and unstable solid electrolyte
interphase (SEI) layer. In this study, a stable sodium metal battery (SMB) is
achieved by tuning the electrolyte solvation structure through the addition of
co-solvent 2-methyl tetrahydrofuran (MTHF) to diglyme (Dig). The
introduction of cyclic ether-based MTHF results in increased anion
incorporation in the solvation structure, even at lower salt concentrations.
Specifically, the anion stabilization capabilities of the environmentally
sustainable MTHF co-solvent lead to a contact-ion pair-based solvation
structure. Time-of-flight mass spectroscopy analysis reveals that a shift
toward an anion-dominated solvation structure promotes the formation of a
thin and uniform SEI layer. Consequently, employing a NaPF6-based
electrolyte with a Dig:MTHF ratio of 50% (v/v) binary solvent yields an
average Coulombic efficiency of 99.72% for 300 cycles in Cu||Na cell cycling.
Remarkably, at a C/2 cycling rate, Na||Na symmetric cell cycling demonstrates
ultra-long-term stability exceeding 7000 h, and full cells with Na0.44MnO2 as a
cathode retain 80% of their capacity after 500 cycles. This study systematically
examines solvation structure, SEI layer composition, and electrochemical
cycling, emphasizing the significance of MTHF-based binary solvent mixtures
for high-performance SMBs.

1. Introduction

Lithium-ion batteries (LIBs) face concerns about production ca-
pacity and critical material shortages in the pursuit of reliable
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energy storage for intermittent renewable
sources.[1,2] As an alternative, sodium-ion
batteries (SIBs) offer a comparable stor-
age mechanism using abundant and cost-
effective sodium as the energy host.[3] With
sodium’s abundance surpassing lithium
by ≈1000 times, SIBs present a com-
pelling solution for future energy storage
needs.[1] Sodium metal boasts a high the-
oretical capacity of 1166 mA h g−1 and
1131 mA h cm−3, coupled with a low re-
dox potential of −2.71 V versus SHE.[4]

These attributes pave the way for explor-
ing the potential applications of metal
anode-based batteries in energy density-
intensive electric vehicles and more effi-
cient stationary storage systems for renew-
able energy sources.[5] However, address-
ing the challenges associated with para-
sitic reactions involving alkali metal an-
odes is essential. These reactions can lead
to the formation of unstable SEI and den-
drites, which not only diminish battery
longevity, but also pose safety hazards.[6]

In the last decade, numerous studies have
focused on achieving stable cycling of
sodium metal batteries (SMBs) to over

come challenges like parasitic reactions and dendrite
formation.[1,7,8] Various strategies, including additives,[4] ar-
tificial SEI formation,[9] solvent and salt selection,[9] directed
sodium deposition,[10] and intermetallic sodium electrodes,[11,12]

Y. Wang, H. Celio, A. Dolocan, G. Henkelman, C. B. Mullins
Texas Materials Institute (TMI)
The University of Texas at Austin
Austin, TX 78712, USA
G. Henkelman, C. B. Mullins
Center for Electrochemistry
The University of Texas at Austin
Austin, TX 78712, USA
C. B. Mullins
John J. McKetta Department of Chemical Engineering
The University of Texas at Austin
Austin, TX 78712, USA

Adv. Mater. 2024, 36, 2312508 © 2024 Wiley-VCH GmbH2312508 (1 of 19)

http://www.advmat.de
mailto:mullins@che.utexas.edu
https://doi.org/10.1002/adma.202312508
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202312508&domain=pdf&date_stamp=2024-03-21


www.advancedsciencenews.com www.advmat.de

aim to mitigate these issues and extend SMB lifespan. The SEI
layer plays a crucial role in sodium metal anode stabilization
in all the studies.[13] Among various strategies for stabilizing
metal anode, modifying the electrolyte composition, especially
the choice of solvent, stands out as a straightforward yet practical
approach.[8] The physical and chemical properties of the elec-
trolyte, influenced significantly by the solvent, play a crucial role
in enabling stable SIBs.[1] For instance, glyme-based solvents
demonstrated enhanced reversibility in sodium metal anode
cycling, leading to highly stable SMBs.[9] Solvent choice also
affects sodium salt solvation, influencing interactions with
the sodium metal anode and SEI layer formation. Electrolyte
solvation structures, such as solvent-separated ion pair (SSIP),
contact-ion pair (CIP), or aggregates (AGGs), categorize the
electrolyte.[14] Solvents with high dielectric constants, low vis-
cosity, and moderate Lewis acidity/basicity are essential for
favorable salt dissolution and Na-ion conductivity.[8,15] High
dielectric constants promote SSIP solvation structures, resulting
in SEIs rich in organic components,[16,17] while CIPs or AGGs
lead to SEIs containing stable inorganic components like Na-F,
aiding Na+ ion diffusion.[18,19] Recent studies using ether-based
solvents like 1,2-dimethoxyethane (DME), diglyme (Dig), and
tetrahydrofuran (THF) with Sodium bis(fluoro sulfonyl) imide
(NaFSI) salts have shown promising results with stable SEI layer
formation due to presence of AGG solvation structure.[7,20–22]

However, the sustainability of high salt concentrations must be
considered due to cost implications, limited ionic conductivity,
and increased viscosity.[8,23]

Solvent engineering can also achieve the CIPs-based or AGGs-
based solvation structure.[8,24,25] For instance, by adjusting the
mixture ratio of solvents with varying solvation capabilities, such
as modifying the ratio of DME with stronger Na+ solvation ca-
pabilities to bis(2,2,2-trifluoroethyl) ether with weaker Na+ sol-
vation capabilities, researchers have successfully created local-
ized high-concentration electrolytes, resulting in highly stable
SMBs.[24] These studies collectively highlight the effectiveness
of introducing weakly solvating co-solvents as a strategy to at-
tain stable cycling in SMBs. While glyme-based solvents like Dig
have shown great promise for SMBs,[9,17,26] their higher viscosity
can limit their applicability at higher current densities. Hence,
we could further improve the SMB’s performance in Dig solvent
through co-solvent addition. While hydrofluoroethers-based as
co-solvents have shown promising results in the past, they are
more expensive than salts, prompting the search for more sus-
tainable alternatives.[27] Here, an environment-friendly solvent
like MTHF, with weaker solvation characteristics for Na+ ions
and a greater preference for salt anion stabilization, emerges as
a promising candidate as a co-solvent.[28—30] Furthermore, by in-
troducing MTHF co-solvent with lower viscosity, the overall vis-
cosity of the mixture could be reduced, potentially improving the
performance of the metal anode batteries cycling even under high
current densities.[9,31] Hence, introducing the MTHF co-solvent
to Dig could improve the rate capability and stability of SMBs,
even at lower salt concentrations.

In this study, we first introduce the use of MTHF as a co-
solvent with Dig to achieve prolonged cycling of sodium metal
anodes at room temperature. Additionally, we investigated THF
as a co-solvent to discern the unique effects observed in MTHF.
To comprehensively understand the impact of solvation structure

on the formation of the SEI layer in ether-based binary solvent
mixtures, we employ various analyses, including ex situ atten-
uated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR), nuclear magnetic resonance (NMR) spectroscopy,
time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-
ray photoelectron spectroscopy (XPS), and computational simu-
lations. Our findings reveal a preferential solvation effect by Dig,
especially when combined with THF and MTHF as co-solvents
in volume ratios of 60% and 50%, respectively. Notably, the in-
troduction of MTHF as a co-solvent with Dig results in a more
pronounced CIP-based solvation structure compared to the THF
and Dig mixture. This leads to the formation of a uniform thin na-
tive SEI layer with an outer organic layer and an inner inorganic
layer, demonstrating the ability to stabilize the sodium metal an-
ode during plating and stripping processes, ensuring uniform
deposition of Na-ions. Consequently, electrochemical tests using
binary solvent mixtures showcase optimal performance, with a
Dig:MTHF (v/v, 50%) binary solvent mixture achieving an im-
pressive average Coulombic efficiency of 99.71% over 300 cycles
in the Cu||Na half-cell. Moreover, sodium||sodium (Na||Na) sym-
metric cells exhibit an ultra-long cycle life exceeding 1500 cycles.
When sodium manganese oxide (Na0.44MnO2) is employed as a
cathode in a Na||NMO full cell system, the cell retains 80% of
its capacity even after 500 cycles. These findings provide valuable
insights into the significant role of solvent interactions with salt
molecules in impacting SEI layer formation, enhancing stability,
and optimizing the performance of SMBs.

2. Results and Discussion

2.1. Structure of Ether-Based Solvent Mixtures

As previously mentioned, we employed a solvent blend com-
prising THF and MTHF as co-solvents for the Dig solvent. In
the initial phase of symmetric cell cycling (Na||Na) at a 2-hour
charge/discharge rate, we explored different binary solvent mix-
tures comprising Dig, THF, and MTHF solvents, all containing
1 M NaPF6. The results illustrated in Figure S1 (Supporting In-
formation) revealed that the highest cycling stability was attained
when using a binary mixture of Dig and MTHF in a 50:50 vol-
ume ratio, which exceeded 1500 cycles. This was followed closely
by a binary solvent mixture of Dig and THF in a 60:40 volume
ratio, denoted as Dig:MTHF (50%) and Dig:THF (60%), respec-
tively. Given that Dig, when used as the primary solvent with THF
and MTHF as co-solvents, exhibited superior stability, our subse-
quent investigations primarily focused on these binary mixtures.

The initial investigation into solvent and salt interactions in
mixture-based electrolytes employed ex situ ATR-FTIR at vary-
ing solvent mixture ratios (Figure S7, Supporting Information).[8]

This analysis focused on examining characteristic peaks asso-
ciated with solvents, particularly within the C−O−C stretch re-
gion (1040 to 1160 cm−1), and salt anions, specifically in the
PF6

−stretch region (780 to 940 cm−1), using different volume ra-
tios of Dig in conjunction with MTHF and THF solvents.[32] In
the binary mixture of Dig and THF, a positive shift (≈1.9 cm−1,
referred to as a blue-shift) in the P−F stretch peak of PF6

− was
observed as the Dig volume ratio decreased from 100% to 60%
(Figure 1a); this shift approached the P−F stretch peak observed
in a pure THF solvent (Figure S6d–f, Supporting Information)
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Figure 1. Ex situ FT-IR spectra of electrolyte at different ratios of a) Dig, THF solvents, and b) Dig, MTHF solvents, respectively. Average radial distribution
function diagram c) between atom O in solvents and Na cation and d) between atom P in anion and Na cation. Average coordination number diagram
e) between atom O in solvents and Na cation and f) between atom P in anion and Na cation. (h) Depiction of solvent, anion, and sodium-ion interactions
in three electrolyte systems.

signifying enhanced interactions between THF and PF6
−. Simi-

larly, the IR spectra of the Dig and MTHF binary mixture exhib-
ited a shift to a higher wavenumber when the Dig volume was
reduced to 50% (Figure 1b), moving closer to the P−F stretch
peak observed in a pure MTHF solvent (Figure S7d–f, Support-
ing Information). Moreover, the C−O−C stretch peak of solvents
was observed in both binary mixtures. In the Dig and THF bi-
nary mixture, a negative shift (≈1.9 cm−1) in the peak was noted
for the Dig C−O−C stretch (≈1084 cm−1) as well as for the THF
C−O−C stretch peak (≈1057 cm−1) when the Dig volume was
decreased to 50%. This indicated a more pronounced solvation
of the Na-ion by THF molecules when the Dig volume ratio was
reduced to 50% (Figure 1a; Figure S6a–c, Supporting Informa-
tion). Conversely, a positive shift (≈0.9 cm−1) was observed in the
Dig-Na+ interaction peak for the Dig-MTHF mixture when the
Dig volume ratio dropped below 40%. As the Dig volume ratio
decreased, the intensity of the free Dig peak sharply diminished
with a positive peak shift. This contrasted with the behavior ob-
served in the Dig and THF system (Figure 1a,b). This reduction
in free Dig peak intensity and the positive peak shift in the Dig-
MTHF mixture can be attributed to the increased MTHF concen-
tration and the overlap of its C−O−C stretch peak with that of Dig
(Figure S7a–c, Supporting Information). This analysis suggests
that a more pronounced solvation of Na-ion by the co-solvents

occurs at higher volume ratios of THF and MTHF (>40% and
>50%, respectively). Consequently, it can be inferred that in mix-
tures of Dig with THF and MTHF at volume ratios of 60:40 and
50:50, respectively, there is higher participation of Dig solvent
molecules in Na-ion solvation.

Density functional theory (DFT) and molecular dynamics
(MD) simulations were employed to comprehensively under-
stand the solvation structure in binary solvent systems based on
mixtures. To confirm the consistency of our models to the exper-
imental results, theoretical IR spectra of various electrolyte com-
binations were obtained, encompassing the C−O−C stretch re-
gion (1040 to 1160 cm−1) and the salt anion PF6

− stretch region
(780 to 940 cm−1) as depicted in Figure S15 (Supporting Infor-
mation). A noteworthy observation is the heightened intensity
of the C−O−C stretch peak in the Dig molecule within binary
mixtures of Dig with THF and MTHF (Figure S15a,b, Support-
ing Information). Additionally, there is a discernible shift toward
longer wavelengths in the anion PF6

− stretch peak as the volume
ratio of Dig decreases, corroborating findings from experimen-
tal IR spectra (Figure S15c,d, Supporting Information). To delve
deeper into the solvent and salt interactions in three distinct elec-
trolyte systems (Dig, Dig:THF, Dig:MTHF), radial distribution
functions and coordination numbers were extracted from DFT-
MD trajectories, as illustrated in Figure 1c−f.[8] These peaks in
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Figure 2. Fraction of solvents near anion and cations out of total solvents present in a) Dig:THF (60%) and b) Dig:MTHF (50%) solvent mixtures.
c) 13C NMR spectra of methylene carbons in Dig for Dig, Dig:THF (60%), and Dig:MTHF (50%). d) Size distribution was obtained by fitting a spherical
model on the solvent-subtracted SAXS data. e) Schematic diagrams representing a change in solvation structure.

Figure 1c,d represent the estimated radii of the solvation struc-
ture for each electrolyte system by examining the distance be-
tween oxygen or phosphorous atoms with Na-ions (Na+). Nearly
identical bond lengths between Na-ions and oxygen atoms are
observed across all three electrolytes. However, the phosphorous
atoms show a distinct pattern with higher proximity—f phospho-
rous atoms near Na-ion in Dig:MTHF (50%), which was followed
by Dig:THF (50%) and Dig. Moreover, a higher level of coordi-
nation between oxygen and Na-ions is evident in the Dig and
Dig:THF (60%) based electrolytes (Figure 1e), in contrast to the
lower oxygen coordination observed in the Dig:MTHF (50%) sys-
tem. Furthermore, there is elevated coordination of anions with
Na-ions in the Dig:MTHF (50%) system compared to the other
electrolytes, signifying greater involvement of anions in the sol-
vation of Na-ions within the Dig:MTHF (50%) solvent mixture
(Figure 1f), as depicted in Figure 1h (where each oxygen molecule
is considered as solvent).[29]

Explicitly, the interactions between each solvent and the anions
and cations were individually investigated, employing a cutoff ra-
dius of 4 Å for anions and 3.5 Å for cations (Further details of
calculations are in Supporting Information, computational sec-
tion). As illustrated in Figure 2a,b and Figure S16a,b (Support-
ing Information), a notably higher fraction of MTHF molecules
are situated close to anions compared to THF molecules. This
observation substantiates the enhanced interactions between an-
ions and Na-ions and underscores MTHF’s propensity to remain
in the vicinity of anions (PF6

−). Conversely, THF and MTHF
molecules proximate to Na-ions exhibit lower concentrations
than Dig molecules, as shown in Figure 2a,b, while the fractions

of THF and MTHF molecules are nearly equivalent in both bi-
nary combinations, emphasizing the preference for Dig-driven
solvation. However, when radial distribution functions and co-
ordination numbers were computed for each solvent molecule,
as depicted in Figure S16c–h, (Supporting Information). The ra-
dial distribution of oxygen atoms in solvent molecules concern-
ing Na-ions appears consistent across all three electrolyte sys-
tems. However, there is a noticeable disparity in the coordina-
tion of Dig molecules with Na-ions between the Dig:THF (60%)
and Dig:MTHF (50%) electrolyte mixtures (Figure S16f–h, Sup-
porting Information). This variance in Dig’s participation in the
solvation structure in the Dig:MTHF (50%) mixture can be at-
tributed to steric hindrance introduced by the additional methyl
group in MTHF molecules. This hindrance allows for a greater
influx of anion species to approach Na-ions, a notably less pro-
nounced phenomenon in the Dig:THF (60%) mixture.[29] Fur-
thermore, the first solvation shell of each system is examined us-
ing the coordination number of each solvent at the peak of the
radial distribution function diagram in Figure S16 (Supporting
Information). Here, we calculated the solvation and desolvation-
free energy of the first solvation shell for three solvent systems
(Figure S47, Supporting Information), Dig:THF (60%), Dig, and
Dig:MTHF (50%) in Table S4 (Supporting Information). Among
the three solvents, the Dig:MTHF (50%) solvent system has
presented the weakest solvation behavior, promoting the inter-
action of anions with the cations. Consequently, this observa-
tion suggests that the solvation structure within the Dig:MTHF
(50%) mixture likely accommodates a greater population of
anions due to MTHF co-solvent. Furthermore, the solvation
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structure in Dig:MTHF (50%) requires less energy to desolvate
upon approaching the SEI layer compared to other solvent sys-
tems.

Building upon the DFT-MD results, further characterization
techniques were employed, including 13C nuclear magnetic res-
onance spectroscopy (13C NMR) and small-angle X-ray scatter-
ing (SAXS). 13C NMR spectroscopy was utilized to investigate
the chemical shift of carbon groups within Dig molecules. This
analysis confirmed the preferential solvation of the Dig solvent,
with a positive shift indicating a lower magnetic field and a de-
crease in electron density around the observed nucleus.[33] No-
tably, a higher positive chemical shift (downfield shift) in the
carbon group of Dig suggests enhanced interaction with Na-
ions and reduced free Dig molecules in the electrolyte. Specif-
ically, when probing the 13C NMR of the methyl group (C1
carbon, Figure 2c), the highest positive chemical shift was ob-
served in the Dig:MTHF (50%) mixture (0.62 ppm), followed by
0.52 ppm in Dig:THF (60%), while it remained at only 0.28 ppm
in pure Dig solvent after the introduction of salt. Additionally,
other carbon groups in Dig displayed lower negative chemical
shifts in Dig:MTHF (50%) and Dig:THF (60%) mixtures (Figure
S9, Supporting Information). These findings further emphasize
the prominent role of Dig as the primary solvating molecule in
both binary solvent mixtures, even at similar salt concentrations.
Moreover, small-angle X-ray scattering (SAXS) was employed to
assess solvation structure sizes. Figure 2d illustrates the solvation
structure size distribution of binary solvent mixtures obtained af-
ter fitting a spherical model to subtraction results (Figure S10,
Supporting Information). A comparable size distribution was
observed for both single Dig and Dig:THF (60%) solvent mix-
tures. These SAXS results are consistent with the simulation
findings, demonstrating nearly identical coordination of anions
and solvents with greater solvent participation in the Dig:THF
(60%) solvent mixture (Figure 1g). However, a broader size dis-
tribution with a peak at a larger solvation size was obtained in
Dig:MTHF (50%), indicating a larger average solvation structure.
This observation can be attributed to a higher ratio of CIPs in the
Dig and MTHF binary mixture (Figure 2e). Furthermore, clus-
ters of MTHF were detected in Dig solvent (without salt addi-
tion), likely resulting from differences in the dielectric constants
of the solvents (Table S1 and Figure S14, Supporting Informa-
tion). A similar phenomenon was observed in the solvent mix-
ture of ethylene carbonate and ethyl methyl carbonate, where a
CIP solvation structure was reported.[25] Finally, to gain insights
into the co-interaction impact of co-solvents on solvation struc-
ture, SAXS was employed to obtain the solvation structure size
distribution in single THF and MTHF solvent systems (Figure
S11a–d, Supporting Information). The varying solvation struc-
tures between binary mixtures and single solvent systems sug-
gest system-dependent interactions between solvents and salts.
These results further support enhanced anion interaction with
Na-ion in a Dig:MTHF (50%) solvent mixture (Figure S17c, Sup-
porting Information) as depicted in AIMD simulations snap-
shots, thereby facilitating the formation of anion-derived SEI lay-
ers and subsequently improving battery performance.

To discern the effects of solvents on electrolyte physical prop-
erties, an extensive examination of several physical properties,
including ionic conductivity, viscosity, transference number, and
separator wettability, was undertaken. The ionic conductivity of

various electrolyte systems, as illustrated in Figure S18a (Sup-
porting Information), was assessed through Nyquist plots gen-
erated by electrochemical impedance spectroscopy (EIS). No-
tably, the highest ionic conductivity was observed in a single
Dig solvent, reaching ≈136.7 μS cm−1, followed by the Dig:THF
(60%) solvent mixture, which exhibited an ionic conductivity of
≈115.3 μS cm−1. The Dig:MTHF (50%) solvent mixture displayed
a slightly lower ionic conductivity, measuring ≈102.9 μS cm−1

(Figure S18b, Supporting Information). It is important to note
that, as a general trend, ionic conductivity tends to decrease with
increasing salt concentration.[34] Furthermore, the elevation of
salt concentration can foster the formation of additional CIPs
and AGG-based solvation structures.[35] Consequently, upon cal-
culation of Na-ion transference numbers in three electrolyte sys-
tems, it was observed that the single Dig exhibited the highest
transference number of 0.81, followed by Dig:THF(60%) with
0.67 and Dig:MTHF (60%) with 0.64 (Figure S19 and Table S3,
Supporting Information). This finding aligns with previous lit-
erature, indicating a decrease in the transference number of
Na-ions when higher anion incorporation is observed at lower
salt concentrations.[36,37] Nevertheless, a noticeable reduction in
viscosity was observed in electrolytes based on binary mixtures
compared to the single Dig system through the addition of
THF and MTHF co-solvents. In the case of the single Dig sys-
tem, the viscosity was measured at 3.16 mPa s−1, while in the
Dig:THF (50%) and Dig:MTHF (50%) mixtures, the viscosity de-
creased to 1.81 mPa s−1 and 1.75 mPa s−1, respectively (Figure
S18c,d, Supporting Information) which can potentially increase
performance at higher current densities.[9,31] Additionally, con-
tact angle measurements were conducted to assess the wetta-
bility of the Celgard separator (2400) when exposed to various
solvent-based electrolytes, as depicted in Figure S18e (Support-
ing Information). The results indicated a lower contact angle in
mixture-based electrolytes, signifying enhanced wettability. This
phenomenon aligns with previous literature, highlighting the ad-
vantages of improved wettability for electrolyte diffusion.[38,39] In
summary, while the ionic conductivity exhibited a reduction in a
mixture-based solvent system, the presence of CIPs-based solva-
tion structures may contribute to the stabilization of the sodium
metal anode.[18,19] Simultaneously, the Celgard separator’s en-
hanced wettability facilitates rapid passage of ions through the
separator.[39] Consequently, further electrochemical testing was
conducted to evaluate the stability of the sodium metal anode in
binary mixture-based electrolytes.

2.2. Electrochemical Performance

2.2.1. Coulombic Efficiency of Sodium Plating and Stripping Process

To evaluate the Coulombic efficiency (CE) of the sodium plating
and stripping process in various electrolytes, a Cu||Na cell was
assembled. A fixed areal capacity of 1 mAh cm−2 was first de-
posited on copper foil and then stripped by charging to 0.5 V ver-
sus Na+/Na. The CE was calculated for each cycle by taking the
ratio of sodium stripped to sodium plated times 100. As shown
in Figure 3a,b, with 1 M NaPF6 in Dig:MTHF (50%) electrolyte,
a high average CE of 99.74% over 300 cycles could be achieved.
However, the CE was unstable with a single Dig solvent system
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Figure 3. a) Plating-stripping Coulombic efficiency comparison with Cu-foil substrate and b) Galvanostatic voltage profiles, average voltage hysteresis
for three electrolyte systems. c) CV curves of Na||Cu half cells scanned at 20 mV s−1. d) Digital images of electrodes and their corresponding e) High-
resolution lateral SEM images.

after initial cycles (Figure 3a,b; Figure S20, Supporting Informa-
tion), whereas Dig:THF (60%) was stable over 200 cycles with an
average CE of 99.65% (Figure 3a,b; Figure S20e, Supporting In-
formation). Here, the nucleation radius of metal on a substrate
depends on contact angle and overpotential, where the metal nu-
cleation radius is inversely proportional to the electrolyte’s nu-
cleation overpotential and directly proportional to the contact an-
gle with the electrode substrate.[40–42] Hence, cyclic voltammetry
(CV) was carried out for the Cu||Na cell with three solvent sys-
tems to further understand sodium’s stable plating and stripping
in a binary solvent mixture. The inset in Figure 3c shows a larger
nucleation overpotential in the mixture-based solvent compared
to a single Dig solvent system. In addition, the electrolyte con-
tact angle was reduced from 40.07° in Dig to 28.27° and 33.95°

in Dig:THF (60%) and Dig:MTHF (50%), respectively, indicating
greater free energy of mixture-based solvent systems with a cop-
per substrate (Figure S21b,d,f, Supporting Information). Conse-
quently, the higher overpotential and lower contact angle in the
mixture-based solvent could induce smaller and more uniform
nucleation on the copper substrate. In contrast, larger nucleation
sites on Dig could lead to substantial, non-uniform sodium depo-
sition. This observation is further confirmed by our post-mortem
scanning electron microscopy (SEM) and optical imaging of the
electrode after depositing 1 mAh cm−2 of sodium at 0.5 mA cm−2

in a Dig solvent system (Figure 3d–g, Supporting Information),
revealing a planar plating morphology with significantly larger,
non-uniform sodium deposits. Non-uniform deposits also have

the potential to create a non-uniform electric field conducive to
dendrite formation.[43–45] This could be further confirmed by the
representative galvanostatic plots of cycling in Dig solvent where
an unstable voltage profile is seen where spikes in voltage profile
are usually due to the formation of dead sodium (Figure S20c,d,
Supporting Information);[46] Furthermore, the average voltage
hysteresis value for sodium plating and stripping was increased
relatively more through long-term cycling from 18.2 to 21.0 mV
in 250 cycles (Figure 3b) indicating an increase in interphasic re-
sistance from irreversible processes like dendrite formation and
electrolyte consumption.

On the other hand, the small nucleation radius of sodium ob-
served in mixture-based solvents indeed promotes uniform plat-
ing, a characteristic corroborated by post-mortem SEM and op-
tical images (Figure 3f,g,i,j), which reveal a smooth and globu-
lar plating morphology in both Dig:THF (60%) and Dig:MTHF
(50%) solvent mixtures. This uniform plating morphology in-
dicates favorable sodium deposition on the copper substrate in
these solvent mixtures. However, it is noteworthy that despite
the favorable plating morphology observed in the Dig:THF (60%)
solvent mixture, this system does not exhibit optimal cycling sta-
bility. As evidenced by unstable voltage profiles in galvanostatic
voltage profiles after 200 cycles (Figure S20g,h, Supporting In-
formation). Additionally, there is a consistent increase in the av-
erage voltage hysteresis value (Figure 3b), suggesting an escalat-
ing cell resistance over extended cycling. Hence, to gain a deeper
understanding of sodium plating in mixture-based solvent

Adv. Mater. 2024, 36, 2312508 © 2024 Wiley-VCH GmbH2312508 (6 of 19)
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systems, cryo-focused ion beam scanning electron microscopy
(Cryo-FIB-SEM-cross-section) was employed. Cross-sectional
SEM imaging revealed inadequate interphase between the
sodium and copper foil in the Dig:THF (60%) system, where
voids in the interphase between copper and sodium substrates
were evident (Figure S22a–d, Supporting Information). Further-
more, an energy-dispersive X-ray spectroscopy (EDXS) scan de-
tected electrolyte components (P, C, O) between the sodium and
copper interphase, which decompose to stabilize the sodium
metal. Consequently, despite the favorable plating morphology
observed in the Dig:THF (60%) solvent mixture, the suboptimal
interphase between copper and sodium may have led to contin-
ual depletion of the sodium reservoir within the system, eventu-
ally resulting in cell failure. Nonetheless, it is crucial to acknowl-
edge that the stable SEI formed during the initial cycle may also
play a pivotal role in long-term stability. For instance, during the
first cyclic voltammetry (CV) cycle of all three solvent systems
(Figure S21a,c,e, Supporting Information), a current peak was
detected, signifying the decomposition of electrolytes even before
sodium deposition. Therefore, the initially formed SEI could im-
pact sodium deposition and the CE of Cu||Na cells. Further dis-
cussion on the effects of SEI composition will be addressed in
subsequent Section 2.4.

In contrast to Dig:THF (60%) solvent mixture, the cross-
sectional Cryo-FIB-SEM images of sodium deposition in
Dig:MTHF (50%) reveal a notably uniform distribution of
sodium (Figure S23a–d, Supporting Information). Moreover,
the voltage profile remains stable even after 300 cycles, ac-
companied by a consistent average voltage hysteresis value
during long-term cycling (Figure S20j,k, Supporting Informa-
tion; Figure 3b), which underlines the high reversibility of
the sodium plating and stripping processes in the Dig:MTHF
(50%) solvent mixture. These CE results demonstrate the sig-
nificant influence of electrolytes on sodium deposition on the
copper substrate. Furthermore, the enhanced reversibility ob-
served in Cu||Na cells indicates the superior reversibility of the
sodium plating and stripping processes in the Dig:MTHF (50%)
electrolyte.

2.2.2. Symmetric Cell Cycling

A symmetric cell cycling study employing Na||Na cells at a cur-
rent density of 0.5 mA cm−2 and a capacity of 1 mAh cm−2, with
1 M NaPF6 in various solvents, was conducted to investigate the
cycling stability of sodium metal anodes in different electrolytes.
As depicted in Figure S1 (Supporting Information), enhanced
stability was observed in the case of mixture-based solvent sys-
tems, with the highest stability achieved in a binary mixture of
Dig and MTHF at a 50% volume ratio of Dig. This was followed
by a binary mixture of Dig and THF at a 60% volume ratio of Dig.
Consequently, our subsequent investigations were primarily fo-
cused on the Dig:MTHF (50%) and Dig:THF (60%) solvent sys-
tems, as mentioned previously. As presented in Figure 4a, sym-
metric cell cycling in the Dig:MTHF (50%) solvent system re-
mained stable even after 1 600 cycles (≈7000 h), whereas signs of
voltage polarization were detected at ≈530 cycles in the Dig:THF
(60%) system and only ≈105 cycles for the single Dig solvent sys-
tem. In the case of symmetric cell cycling in the Dig solvent sys-

tem, the overpotential initially decreased but then exhibited an
increase, indicative of elevated interfacial resistance. An unsta-
ble voltage profile emerged after ≈300 h of cycling, generally at-
tributed to unstable sodium plating and stripping. The contin-
uous fluctuation in overpotential suggests ongoing regrowth of
the SEI layer, leading to the consumption of electrolytes. In con-
trast, in the Dig:THF (60%) solvent mixture, the overpotential
decreased initially from reduced cell impedance during the ini-
tial 10 cycles (Figure S26b, Supporting Information), signifying
the stabilization of the interphase layer during the initial cycles.
However, subsequent cycles exhibited a relatively minor increase
in overpotential and impedance, with voltage polarization signs
after ≈2200 h of cycling (Figure S26e, Supporting Information).
This indicates that relatively higher stability can be achieved in
the Dig:THF (60%) solvent mixture compared to a single Dig
solvent system, highlighting the improved interfacial stability of
sodium metal in the binary mixture of Dig and THF. Notably, the
overpotential and impedance in the Dig:MTHF (50%) system ex-
hibit relatively less significant changes during the initial cycling
(Figure S26d, Supporting Information). Furthermore, even after
3000 h of cycling, a stable voltage profile persisted with a slight in-
crease in overpotential. This is further supported by an increase
in cell impedance from EIS measurement after long-term cy-
cling (Figure S26f, Supporting Information), indicating highly
reversible sodium plating and stripping in this binary mixture.
The results of the electrochemical cycling experiments demon-
strate highly reversible sodium plating and stripping in both bi-
nary mixture-based solvents.

While the previous symmetric cycling at a fixed current den-
sity of 0.5 mA cm−2 provided valuable insights into long-term
stability in mixture-based solvent systems at that specific current
density, electrochemical galvanostatic tests at variable current
densities were conducted to further assess the behavior of
electrolytes under different current conditions (Figure 4b). In
this set of experiments, the sodium cycling capacity remained
constant at 1 mAh cm−2 to examine the impact of current
density on sodium metal anode cycling in various electrolytes.
It is worth noting that, despite the higher energy required for
desolvation in a single Dig solvent compared to Dig:THF (60%)
and Dig:MTHF (50%) (Tables S4 and S5, Supporting Informa-
tion), lower overpotentials were observed for sodium plating and
stripping in Dig compared to mixture-based solvents at lower
current densities (Figure S18a,b, Supporting Information).
This phenomenon aligns with the previously discussed better
ionic conductivity and transference numbers in the single Dig
system, which may account for similar overpotentials at current
densities below 1.00 mA cm−2. However, as the current density
was increased to 2.00 mA cm−2, an unstable voltage profile
became evident in the Dig solvent, and this trend persisted at
a current density of 5.00 mA cm−2. Furthermore, during the
recovery step with a 0.5 mA cm−2 current density, a higher
overpotential was required for sodium plating and stripping
compared to the previous overpotential at a similar current
density (increasing from ≈5.7 to 10.0 mV). This observation sug-
gests a potential onset of irreversible parasitic reactions at higher
current rates. The increase in overpotential at higher current
densities could be attributed to a greater likelihood of non-
uniform sodium deposition, which can lead to the formation of
dead sodium and increased interfacial resistance.[43] These
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Figure 4. a) Cycling stability of Na–Na symmetric cell comparison for different solvents b,c) Symmetric cell variable cycling comparison for three solvent
systems and corresponding zoom-in plots. d) Na||NMO full-cell specific discharge capacity comparison. e) Na||NMO full-cell variable cycling capacity
comparison.
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results elucidate the lower reversibility of sodium plat-
ing/stripping in single Dig solvent at higher current densities.

On the contrary, even at higher current densities, the over-
potentials for sodium plating and stripping remained stable in
both mixture-based solvent systems, indicating the stable plat-
ing and stripping of sodium. Notably, the overpotential for the
sodium plating and stripping processes recovered to their pre-
vious values in both mixture-based solvent systems, illustrating
stability even at a high current density of 5.0 mA cm−2. Further-
more, an analysis of the exchange current densities for sodium
deposition revealed that the Dig solvent system exhibited the low-
est exchange current density at 0.56 mA cm−2, while Dig:THF
(60%) and Dig:MTHF (50%) exhibited higher values of 0.88 and
0.84 mA cm−2, respectively (Figure S27, Supporting Informa-
tion). This suggests the presence of sluggish sodium deposi-
tion kinetics in Dig solvent systems compared to binary mixture-
based solvent systems, which can be attributed to the higher des-
olvation energy of Na-ion in Dig (Table S5, Supporting Informa-
tion). The above analysis of exchange current densities further
elucidates the stability of sodium plating and stripping in binary
solvent systems, particularly at higher current densities, where
the superior kinetics of sodium deposition in mixture-based sol-
vent systems contribute to their enhanced stability.

2.2.3. Linear Sweep Voltammetry and Na|| Na0.44MnO2 Full Cell
Cycling Test

Linear sweep voltammetry (LSV) and full-cell cycling tests were
conducted to further assess the electrolyte’s compatibility with
high-voltage oxidation conditions in cathodes. The LSV measure-
ments were performed at a scan rate of 0.1 mVs−1 using platinum
as a reference electrode and sodium foil as a working electrode
(Pt||Na) to determine the oxidation/reduction potentials of the
electrolytes.[47] As depicted in Figure S28f (Supporting Informa-
tion), 1 M NaPF6 in a single Dig exhibits higher electrochemical
stability against Na/Na+ (≈4.7 V) compared to THF (≈3.8 V) and
MTHF (≈4.4 V), indicating higher stability MTHF co-solvent at
oxidation potential when compared to THF. However, the stabil-
ity window of Dig:THF (60%) was ≈4.1 V greater than that of the
single THF solvent system, indicating that a binary mixture of
Dig and THF can expand the stability window of a single THF-
based solvent. Similarly, the stability window of Dig:MTHF (50%)
was ≈4.7 V, which was higher than that of a single MTHF-based
electrolyte (≈4.41 V). The stable cycling of the sodium metal an-
ode at higher current densities elucidates the potential applica-
tion of the binary mixture in practical high-voltage cell systems.
The reduction linear sweeps in Dig and mixture-based solvents
exhibit a lower onset potential in the Dig:THF (60%) solvent mix-
ture, which may be attributed to relatively lower desolvation en-
ergy and the interphase layer formed as a result of electrolyte
decomposition (Figure S28h, Supporting Information; Table S4,
Supporting Information).[48] Furthermore, when the derivative of
current is plotted against voltage (Figure S28i, Supporting In-
formation), the initial reduction of the electrolyte was observed
at ≈0.78 V in Dig, ≈0.84 V in Dig:MTHF (50%), and ≈0.88 V
in Dig:THF (60%). A lower potential in this context indicates
higher stability of the PF6

− anion.[49] Consequently, the stability
of the PF6

− anion can be ranked from least to highest as follows:

Dig:THF (60%) < Dig:MTHF (50%) < Dig. Indicating lower sta-
bility of PF6

− in Dig:THF (60%).
Following the LSV test, the performance of the electrolyte was

also evaluated in a practical full-cell system employing sodium
manganese oxide (Na0.44MnO2) as a cathode and sodium metal
foil as an anode (Na||NMO), where NMO is well studied sta-
ble cathode in Na-ion batteries making it a suitable candidate
for full-cell system study.[50,51] Cyclic voltammetry conducted in
the three solvent systems, as shown in Figure S29 (Supporting
Information), demonstrates the reversible intercalation and de-
intercalation of Na0.44MnO2 cathode material.[50] Furthermore,
when dQ/dV curves were obtained for long-term cycling at a
2-h charge/discharge rate, stable curves were observed in all
three solvent systems, indicating the stable intercalation and de-
intercalation of Na-ion in Na0.44MnO2 even under long-term cy-
cling conditions (Figure S30a–c, Supporting Information). How-
ever, the battery capacity decayed to 80% after 200 cycles in
single Dig and Dig:THF (60%) solvents (Figure 4d), compared
to 500 cycles in Dig:MTHF (50%) (Figure 4d). Moreover, the
corresponding charge-discharge curves in different solvent sys-
tems exhibit similar plateau regions over 100 cycles, but a no-
ticeable decrease in specific capacity can be observed in the
case of the Dig and Dig:THF (60%) solvent systems (Figure
S30d–f, Supporting Information). Additionally, Na||NMO cells
were also assembled at higher mass loading (>5 mg cm−2),
where the cell retained 98.6% of capacity after 100 cycles at a
C/2 rate similar to capacity retentions observed at lower mass
loadings (Figure S31a,b, Supporting Information). Hence, the
higher capacity retention in binary solvent systems indicates
greater compatibility of Dig:MTHF (50%), even in practical full-
cell systems, highlighting its potential for use in energy storage
applications.

A variable cycling rate test was conducted for the three solvent
systems using a similar full-cell setup (Na||NMO) to assess the
rate capabilities of the solvents. As depicted in Figure 4e, a sim-
ilar capacity is seen in all three solvent systems at lower cycling
rates. However, the cell based on the Dig solvent system exhib-
ited unstable cycling with decreasing capacity at higher cycling
rates, possibly due to slow solvation and desolvation kinetics in
the Dig solvent (Figure S27 and Tables S4,5, Supporting Infor-
mation). During the recovery step (C/10), a reduction in capac-
ity was observed in the Dig system compared to the Dig:MTHF
(50%) and Dig:THF (60%) solvent mixtures. The corresponding
charge-discharge curves of the recovery step (C/10) in Dig:MTHF
(50%) exhibited similar plateaus to the previous C/10 rate curve
(Figure S32, Supporting Information). However, in the Dig sol-
vent system, a lower capacity was accessible at the same voltage,
indicating an increase in cell resistance and illustrating the pres-
ence of irreversible parasitic reactions in Dig solvent at higher
rates, consistent with the findings from symmetric cell cycling.
To further confirm the rate capabilities of the Na||NMO cell in
the Dig:MTHF (50%) solvent mixture, a long-term cycling test at
higher cycling rates was carried out. Here, cells retained 97.0%
of capacity after 200 cycles at a 1C rate and 95.4% of capacity af-
ter 200 cycles at a 2C rate (Figure S31c–f, Supporting Informa-
tion). Illustrating SMB’s superior performance in the Dig:MTHF
(50%) solvent mixture. To further comprehend the reasons
behind the superior electrochemical performance in both bi-
nary mixtures, sodium deposition morphology, and SEI layer
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Figure 5. Plating morphology of Na-ion on sodium metal after a) 1st Cycle and b) 5th Cycle in three solvent systems, respectively, at 0.5 mA cm−2 current
density.

composition were investigated, which will be discussed in the
subsequent sections.

2.3. Sodium Deposition Morphology

The plating morphology of sodium provides valuable insights
into the instability of symmetric cell cycling, with sodium depo-
sition exhibiting variations based on electrolyte composition.[8,52]

To evaluate these differences, post-mortem scanning electron
microscopy (SEM) was employed after the first and fifth cy-
cling stages, as shown in Figure 5a,b. Following the initial cy-
cle, sodium plating within the Dig solvent system revealed a
planar deposition pattern characterized by a large surface area
and smaller interstitial deposits (Figure S24, Supporting Infor-
mation; Figure 5a). Subsequently, after the fifth cycle, a more
uniform deposition pattern emerged (Figure 7b), suggesting en-
hanced sodium surface stabilization. This observation aligns
with the findings from symmetric cell cycling, where a reduction
in overpotential was noted during the initial cycles (Figure 4a).
However, it is worth noting that the high surface area deposi-
tion observed after the first cycle may exert substantial stress on
the SEI layer, potentially leading to SEI layer cracking and subse-
quent regrowth.[16]

Whereas sodium cycling within the Dig:THF (60%) solvent
system reveals a distinctive planar morphology characterized by a
globular shape (Figure 5a; Figure S24, Supporting Information).
A similar deposition morphology with an increased surface area
becomes evident after the 5th cycle (Figure 5b). These higher sur-
face area deposits are often associated with lower shear moduli,
rendering them susceptible to the formation of dead sodium. The
increased surface area can also lead to interactions between fresh
sodium and the electrolyte, depleting the limited electrolyte re-
serve within the cell.[16] Conversely, sodium deposition within

the Dig:MTHF (50%) solvent mixture results in a highly uniform
morphology after the 1st cycle (Figure S24, Supporting Informa-
tion; Figure 5a), with an even more uniform deposition pattern
apparent after the 5th cycle. Consistently, the SEM images depict
a highly uniform sodium deposition in the Dig:MTHF (50%) sol-
vent mixture (Figure 5b), underscoring the remarkable stability
observed during metal anode cycling in this system.[38,39] The uni-
form planar deposition observed in Dig:MTHF (50%) elucidates
the superior stability of symmetric cell cycling in this electrolyte
system. However, higher surface area deposits are observed in
the case of Dig and Dig:THF (60%). Therefore, further SEI char-
acterization was conducted to investigate the underlying reasons
for the increased stability of the sodium metal anode in Dig:THF
(60%) (Figure 5a,b).

2.4. Characterization of Solid Electrolyte Interphase (SEI)

2.4.1. Characterization of SEI Through XPS

The SEI layer formed on the electrode surface can be crucial
in stabilizing the sodium metal electrode and influencing the
reversibility of sodium plating and stripping processes.[9,52,53]

Therefore, to investigate the differences in SEI layer composi-
tion resulting from the choice of solvent and its evolution dur-
ing cycling, a surface-sensitive technique, XPS, was employed on
sodium metal electrodes. This allowed us to analyze the native
SEI (formed after soaking the electrode in the electrolyte for 12 h),
SEI after the first cycle, and SEI after the fifth cycle. Since the SEI
layer is typically a mosaic of various chemical species resulting
from the reaction between the electrolyte and the electrode, XPS
scans were conducted at three different spots on the electrode
surface, and results were averaged to assess the homogeneity of
the SEI layer formed.[1]
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Figure 6. a) corresponding XPS survey scans average atomic percentages. b–d) F 1s region, high-resolution XPS scans of SEI formed in Dig, Dig:THF
(60%) and Dig:MTHF (50%) solvents, and e) corresponding compositions of various components in F 1s region. f) Percentage standard deviation of
Na-F composition in three solvent systems from XPS scans at three spots.

When an XPS survey scan was conducted to observe the SEI
layer formed on the sodium electrode in a single Dig solvent,
a lower average atomic percentage (<4%) of inorganic compo-
nents (such as F 1s and P 2p, originating from anion decom-
position) was detected. However, both binary mixtures showed
higher inorganic content (>10%). Nevertheless, this inorganic
content decreased as the battery was cycled, possibly due to the
formation of more organic components on the upper parts of
the SEI layer (Figure 6a; Figures S33,S34, and S38, Support-
ing Information). A high-resolution XPS analysis was performed
on prominent peaks in the survey scan (C 1s, O 1s, F 1s, P
2p, and Na 1s) to gain further insights into the different com-
ponents present in the SEI layer. The corresponding represen-
tative region plots of the SEI layer formed in each electrolyte
can be found in Figure 6a–d, and Figures S35–38 (Supporting
Information).

While high-resolution XPS region scans were conducted for
different regions, significant differences in component ratios
were observed in the F 1s and P 2p regions, primarily caused
by the decomposition of salt anions (PF6

−) (Figure S39, Sup-
porting Information), and this informs the relationship of sol-
vation structure on anion interaction with the sodium metal
anode. In the F 1s region, three components (C−F, P−F, and
Na−F) could be observed in the SEI of all three solvent sys-
tems, where Na−F components play a critical role in stabilizing
the metal anode through efficient electronic insulation and good
ionic conductivity.[9,54] In the native SEI layer, the Dig solvent-
based SEI showed a very high Na−F content (≈53%) compared to
Dig:THF (60%) (≈36%) and Dig:MTHF (50%) (≈42%) as shown

in Figure 6b–e. However, these values became closer after the first
and fifth cycles between Dig and Dig:MTHF (50%) (Figure S38,
Supporting Information). When the calculated average atomic
percentage standard deviation was determined in three solvent
systems after the fifth cycle (Figure 6f; Table S12, Supporting
Information), a high standard deviation of ≈7% for Na−F was
observed in the Dig solvent compared to <2% standard devia-
tion in both binary mixtures. These results suggest that a non-
homogeneous SEI with high Na−F content is formed in a single
Dig solvent. In contrast, a homogeneous SEI formed in binary
mixtures could promote uniform sodium deposition and sup-
press dendrite formation, as observed in post-mortem SEM.[55]

Second, C−F and P−F components are generally undesirable
due to their poor ability to stabilize the SEI layer.[16] However, a
higher atomic percentage of P−F was observed in Dig:THF (60%)
(>50%) compared to other solvents, which could be detrimental
to cell performance due to SEI layer regrowth and electrolyte con-
sumption (Figure 6e). The higher P−F content in Dig:THF (60%)
could be explained by the lower stability of PF6

− ions in the sol-
vent mixture, as observed in LSV plots signifying an increased
reduction of PF6

- to PF5 and F-, an undesirable outcome for long-
term stability (Figure S28i, Supporting Information).[16] Hence,
even with a highly uniform SEI layer obtained in the Dig:THF
(60%) solvent mixture, a higher composition of P−F components
in the SEI layer could destabilize the interphase layer during
cycling, impacting long-term electrochemical performance. In
agreement with the F 1s region, a relatively higher P−F compo-
nent was observed for Dig:THF (60%) in the P 2p region (Figure
S39, Supporting Information). Nevertheless, the XPS regions
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(C 1s, O 1s), primarily caused by solvent decomposition, showed
similar component ratios (Figure S38, Supporting Information),
indicating similar solvent molecule decomposition mechanisms.
These XPS scans illustrate that a homogeneous SEI layer with rel-
atively higher Na−F content can be observed in the Dig:MTHF
(50%) solvent mixture, explaining the higher stability of sodium
metal cycling in this system due to the uniform passivation of the
sodium electrode during the cycling process.

2.4.2. ToF-SIMS Depth-Profiling of SEI

XPS provides insight into the oxidation state and chemical com-
position of SEI species; however, it is limited by its analysis
depth (≈3–10 nm).[56,57] However, the SEI layer can be ≈10 nm
thick,[57–59] so to overcome this limitation and gain a deeper
understanding of the SEI layer’s composition in 3D-depth pro-
files, the ToF-SIMS technique with a higher depth resolution
(<0.1 nm) was employed.[16] ToF-SIMS allows for investigating
the SEI layer’s composition and evolution during the initial plat-
ing and stripping cycles. In this study, both the native SEI on the
pristine sodium electrode before cycling and the SEI after five
cycles were analyzed to detect the effects of solvents on the SEI
layer’s composition. To establish the relationship between sput-
tering time and sputtering depth, a pristine sodium electrode was
initially sputtered for 24 h. The obtained sputtering rate was de-
termined to be 0.0556 nm−1s (Figure S40, Supporting Informa-
tion), and this value was used to correlate sputtering time with
depth for all samples. The approximate thickness of the SEI layer
was determined based on the sputtering depth and time required
to reach 0.6 of the normalized signal. Finally, to simplify the study
and focus on the effects of solvation structure on SEI layer for-
mation, several secondary ion (SI) species were chosen as repre-
sentatives of SEI components. These SI species included those
derived from solvent decomposition, such as CH− and C2HO−,
inorganic species like PO− and NaF2

− resulting mainly from an-
ions in the electrolyte salt, and other carbon-containing SI species
like Na2C− and CP− found in the inner parts of the SEI. These
chosen SI species allowed for a more targeted analysis of the SEI
layer composition and its relationship to the solvent system used.

In the initial analysis, the native SEI formation in the presence
of Dig solvent revealed the presence of organic moieties such
as CH− and C2HO− within the upper layer of the SEI structure,
as exemplified by the normalized intensity plots (Figure S41a,b,
Supporting Information). A comparable trend was observed in
the native SEI layers for both binary solvent systems, wherein
CH− and C2HO− species were detected predominantly in the up-
per SEI stratum (Figure S41c–f, Supporting Information). More-
over, inorganic entities, including NaF2

−, PO−, CP−, and Na2C−,
were discerned within the interior regions of the native SEI layers
across all three solvent systems (Figure S41a–f, Supporting In-
formation). However, distinctive variations emerged in the depth
profiles of these species within the SEI layers of the three sol-
vent systems. Specifically, a greater prevalence of CP− penetra-
tion was evident in both the Dig and Dig:THF (60%) solvent sys-
tems, whereas Na2C− was exclusively found within the inner re-
gions of the SEI layer in the Dig system. Additionally, NaF2

− was
detected at greater depths within the SEI in Dig:THF (60%) and
Dig:MTHF (50%) compared to the Dig solvent system. The en-

hanced penetration of CP− suggests the simultaneous cleavage of
solvent and anionic species in both the Dig and Dig:THF (60%)
solvent systems during the initial electrolyte decomposition at the
metal electrode interface.

Furthermore, when approximating the thickness of the native
SEI layers, all three solvent systems exhibited relatively similar
values. The Dig-based solvent system yielded the thickest na-
tive SEI layer, measuring ≈10 nm, whereas the Dig:THF (60%)
and Dig:MTHF (50%) systems showed thicknesses of ≈8.8 and
6.8 nm, respectively (Figure S41b,d,f, Supporting Information).
This observation demonstrates the desirability of a thin, elec-
tronically insulating, and stable SEI layer for prolonged cycling
applications.[60,61] Such a SEI layer contributes to lower electrolyte
consumption in passivating the sodium metal electrode, thereby
facilitating long-term cycling efficiency. To summarize, the com-
prehensive depth profiling of the native SEI layer ToF-SIMS in
the three solvent systems has revealed the presence of carbon-
containing organic constituents such as Na2C− and CP− within
the inner domains of the native SEI layer formed in the Dig sol-
vent. This finding suggests the formation of a hybrid organic-
inorganic SEI layer, extending even to deeper strata of the SEI. In
contrast, the Dig:MTHF (50%) solvent system exhibits a thinner
native SEI layer with outer organic and inner inorganic layers,
and the distribution of NaF2

− extends to greater depths.
Subsequent to five electrochemical cycles, notable changes in

the thickness of the SEI layer were discerned compared to the na-
tive SEI layer. The SEI layer thickness increased in all three sol-
vent systems, measuring ≈16.0 nm in Dig, ≈12.9 nm in Dig:THF
(60%), and ≈7.8 nm in Dig:MTHF (50%) (Figure 7d–f). In par-
ticular, the Dig:MTHF (50%) solvent system exhibited minimal
variations in SEI thickness, underscoring the stability of its SEI
layer, even under rigorous sodium metal plating and stripping
conditions. Upon cycling, the presence of CH− and C2HO− sec-
ondary ion species persisted in the upper layer of the SEI for
all three solvent systems, suggesting the enduring existence of
an upper organic stratum within the SEI, even following the
sodium plating and stripping processes (Figure 7a–c). Never-
theless, when examining depth profiles of other species post-
cycling, marginal changes were observed in the depth profiles of
both Dig:THF (60%) and Dig:MTHF (50%) solvent systems. In
contrast, the Dig:THF (60%) system exhibited a substantial in-
crease in SEI layer thickness (≈4 nm) compared to Dig:MTHF
(50%) (≈1 nm), signifying a noticeable regrowth of the SEI layer
within Dig:THF (60%) during cycling where higher surface area
of sodium deposits in Dig:THF (60%) can further explain rela-
tively higher regrowth of the SEI layer (Figure 5a,b). Conversely,
the Dig solvent system exhibited visible changes in the depth pro-
files of secondary ion species post-cycling. Notably, Na2C− was
detected in the deeper regions of the SEI, accompanied by a con-
siderable increase in thickness from the native SEI layer. Mean-
while, the thickness of the CP− species remained relatively con-
stant. This resulted in a substantial increase in SEI layer thick-
ness (≈6 nm) in the Dig system, surpassing both binary solvent
mixture systems. This substantial thickness increase in the Dig
system suggests a more pronounced SEI layer regrowth during
cycling within this solvent.

High-resolution lateral mapping images were obtained via
ToF-SIMS to further corroborate the SEI layer thickness, as
shown in Figure S48 (Supporting Information). These mapping
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Figure 7. ToF-SIMS normalized depth-profile plots of SEI layer formed in a) Dig, b) Dig:THF (60%), and c) Dig:MTHF (50%) and their corresponding
SI species distribution d–f) respectively with g) 3D rendering figures. h–j) The integrated yield values of SI species of interest in SEI comparison after
five cycles.

images were acquired following 1-s and 600-s sputtering inter-
vals. Notably, inorganic species such as NaF2

−, PO−, and CP−

heat maps persisted within the Dig solvent system even after 600
s of sputtering. In contrast, within the Dig:MTHF (50%) solvent
system, no substantial inorganic SEI species were discerned af-
ter 600 s of sputtering, reinforcing the formation of a thick SEI
layer in the single Dig solvent system. In summary, the ToF-SIMS
depth profiles of the three solvent systems following five cycles

reveal a descending order of SEI layer thickness as follows: Dig
> Dig:THF (60%) > Dig:MTHF (50%), as depicted in Figure 7g.
Notably, the single Dig solvent system displayed a more substan-
tial change in SEI layer thickness, indicating increased electrolyte
consumption during cycling to stabilize the sodium metal anode.

As explained earlier, the integrated yield values were meticu-
lously calculated to assess the intensities of each SEI species of
interest. Figure S42a (Supporting Information) shows that the
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native SEI layer exhibited nearly equivalent CH− species intensi-
ties across all three solvent systems. However, a notably elevated
C2HO− intensity was discerned within the SEI of the single Dig
system, indicating the formation of a higher proportion of C−O-
based constituents within the Dig solvent system. Interestingly,
when the integrated yield values for other SEI species of inter-
est in the native SEI layer were computed, significantly increased
yields of PO−, NaF2

−, Na2C−, and CP− were observed in the sin-
gle Dig solvent system compared to both binary solvent mixtures
(Figure S42b, Supporting Information).

These results shed light on the extensive electrolyte degrada-
tion within the single Dig solvent system, in contrast to the bi-
nary solvent mixtures. This heightened electrolyte degradation
in the single Dig solvent system may be attributed to the inade-
quate passivation of the initially formed SEI layer, possibly due
to a higher composition of organic constituents (Na2C−) result-
ing from increased solvent participation in the solvation structure
(Figure 2j). Additionally, in concurrence with electrolyte degra-
dation, a significant variation in inorganic-SEI species among
different spots within the SEI layer is evident (Figure 7i; Figure
S43a, Supporting Information) where ≈2 × 106 kcts deviation of
PO− species or ≈4 × 106 kcts deviation of CP− species in compar-
ison to ≈2 × 105 kcts deviation of PO− species or ≈2 × 103 kcts
deviation of CP− species observed in Dig:MTHF (50%), suggest-
ing the development of a non-homogeneous SEI layer, as also
corroborated by the XPS scan results (Table S9, Supporting In-
formation). An inhomogeneous SEI layer with heightened elec-
trolyte degradation could create localized regions conducive to
non-uniform sodium deposition, thus inducing SEI layer pertur-
bations during cycling, as observed in sodium deposition mor-
phology (Figure 5a,b). This observation aligns with the substan-
tiated increase in integrated yield values of SEI species like PO−,
NaF2

−, Na2C−, and CP− following cycling, as illustrated in Figure
S44a (Supporting Information). Furthermore, SEI species such
as CH− and C2HO− exhibited reduced yield values, indicative of
relatively lower organic components in new SEI after cycling.[62]

Notably, while a higher content of inorganic components is ev-
ident within the SEI layer in the Dig solvent system, the mere
prevalence of inorganic species does not guarantee SEI layer sta-
bility over extended cycling. Prior studies have elucidated the
propensity of sodium-based inorganic salts to exhibit heightened
solubility in aprotic solvents, potentially contributing to SEI layer
regrowth.[63] In conclusion, the increased engagement of solvent
molecules in the solvation structure of the single Dig solvent fos-
ters the creation of a heterogeneous SEI layer characterized by in-
adequate passivation capabilities. This leads to SEI layer regrowth
through electrolyte consumption during arduous cycling condi-
tions (Figure S45, Supporting Information), culminating in the
depletion of the sodium reservoir within the electrolyte and ul-
timately compromising the stability of the sodium metal anode
(Figure 4a–e).

In stark contrast, both binary solvent mixtures exhibited lower
integrated yield values with relatively reduced deviations in the
integrated yield values of various species (Figure S42c, Support-
ing Information). Furthermore, even after cycling, only minimal
changes in the SEI layer composition were discernible (Figure
S43b,c, Supporting Information), characterized by lower yield
values (Figure 7h–j). These observations illustrate the formation
of a stable SEI layer with significantly reduced electrolyte con-

sumption in both binary mixtures compared to the single Dig
system. However, upon closer examination and a direct com-
parison between the two binary mixtures, notably higher inte-
grated yield values were observed in Dig:THF (60%) as opposed
to Dig:MTHF (50%) after 5 cycles, thus providing further con-
firmation of the SEI layer regrowth phenomenon in Dig:THF
(60%) as previously discussed (Figure 7j). A higher content of
organic species like CP− in the deeper layers of the SEI may in-
duce SEI dissolution and electrolyte depletion during SEI layer
regrowth, where lower Young’s modulus of oligomeric phospho-
nate esters (<0.1 GPa) provides poor physiochemical stability for
SEI during.[64] The heightened CP− species in the Dig:THF (60%)
solvent mixture (Figure 7b) could be attributed to the greater
permeability of free THF to the Na-metal surface, as previously
reported.[7] Consequently, while the SEI layer formed in Dig:THF
(60%) is remarkably uniform and thin, the presence of excess
Dig, enhanced THF solvent permeability, higher anion break-
age, and a high surface area plating morphology can lead to
SEI layer degradation during extended cycling. This can explain
the sodium metal anode’s comparatively lower long-term stabil-
ity in Dig:THF (60%) compared to the Dig:MTHF (50%) binary
mixture. Furthermore, the lower SEI layer stability in Dig:THF
(60%) may clarify the reduced long-term stability of Cu||Na elec-
trochemical cycling (Figure 3a).

On the other hand, the increased participation of anions (PF6
−)

in Na-ion solvation in the Dig:MTHF (50%) solvent mixture from
MTHF co-solvent promotes the formation of a SEI enriched with
inorganic components, such as stable Na-F species that can fa-
cilitate the easy diffusion of Na-ions.[18,19] The integrated yield
values, when considered alongside the depth profiles of the SEI
layer in the three solvents, collectively highlight the formation
of a thinner, more uniform SEI layer distinguished by inner in-
organic components and outer organic constituents within the
Dig:MTHF (50%) solvent mixture. Moreover, the uniform depo-
sition of sodium in the Dig:MTHF (50%) solvent mixture im-
poses minimal stress on the SEI layer, resulting in limited re-
growth. ToF-SIMS depth profiles and integrated yield values of SI
species after the fifth cycle substantiate this, as the SEI thickness
changes by only ≈1 nm (Figure S41f, Supporting Information;
Figure 6f) with nearly unchanged integrated yield values (Figure
S43c, Supporting Information). This indicates that the initially
formed native SEI effectively passivates the sodium electrode and
curtails parasitic reactions. As illustrated in Figure 8a–d, the CIP-
based solvation structure and the heightened stability of the SEI
layer in Dig:MTHF (50%) result in a SEI with a thin inner inor-
ganic layer covered by an outer organic layer, in contrast to the
mixed organic-inorganic SEI layer observed in Dig. This robust
SEI structure stabilizes the sodium electrode during the rigor-
ous plating and stripping processes, leading to superior electro-
chemical performance of the sodium metal anode observed in
Dig:MTHF (50%) solvent mixture when compared to most Na-
anode cycling for other solvent mixtures in the literature (Table
S5 and Figure S6, Supporting Information).

3. Conclusion

SMBs are generally plagued with non-uniform deposition and
unstable cycling due to the reactive nature of sodium foil. How-
ever, passivating the sodium electrode through a stable and
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Figure 8. The ToF-SIMS 3-D rendering of SEI before and after cycling in a) Dig, b) Dig:MTHF (50%). Illustration of how solvation structure in electrolyte
impacts the SEI layer formation c) Dig, d) Dig:MTHF (50%).

uniform SEI layer could suppress such parasitic reactions (i.e.,
electrolyte decomposition). This study emphasizes the pivotal
role of solvent selection in stabilizing sodium metal anodes for
advanced energy-dense SIBs. Introducing binary solvent sys-
tems, such as Dig:THF (60%) and Dig:MTHF (50%), led to sig-
nificant improvement in the stability and performance of sodium
metal electrodes. Through extensive characterization and analy-
sis, it becomes evident that the co-solvent MTHF modifies the Na-
ion solvation, favoring a CIP-based solvation structure. This alter-
ation forms a more stable and uniform SEI layer on the sodium
electrode surface. The XPS analysis confirms the formation of
highly uniform SEI layers in Dig:THF (60%) and Dig:MTHF
(50%), whereas a single Dig shows a non-uniform SEI. Never-
theless, Dig:THF (60%) experiences some destabilization due
to a P-F-rich SEI and increased surface area of Na-deposition,
while Dig:MTHF (50%) exhibits a highly uniform sodium de-
position with a thin SEI consisting of an inner inorganic layer
and an outer organic layer. Consequently, the electrochemical
tests demonstrate remarkable long-term stability in symmetric
cell cycling, with Dig:MTHF (50%) achieving over 7000 h at
0.5 mA cm−2, in stark contrast to single Dig systems, which last
for only ≈500 h. Furthermore, in Cu||Na anode-free cycling, high
Coulombic efficiencies exceeding 99% are consistently achieved.
Even in a practical full-cell system with NMO as a cathode,
80% of capacity was retained even after 500 cycles at a C/2 cy-
cling rate. In conclusion, these findings elucidate the critical
role of solvents on solvation structure and consequent electrolyte
decomposition products. More specifically, using environment-
friendly MTHF solvent led to a more anion-dominated solva-

tion structure at lower salt concentrations, promoting a Na-F-
rich thin SEI layer. Hence, these solvation structure modifica-
tions induced by introducing MTHF could pave the way for new
liquid electrolytes to stabilize the SEI layer further to advance
the prospects of energy-dense SMBs for future energy storage
applications.

4. Experimental Section
Materials: Sodium hexafluorophosphate (NaPF6, 99+%, Alfa Aesar)

was used as received from the manufacturer. Diethylene glycol dimethyl
ether (anhydrous, 99.5%, Sigma-Aldrich), 2-Methyltetrahydrofuran (Su-
pelco, Sigma-Aldrich), and THF (anhydrous, ≥99.9%, Sigma-Aldrich) were
transferred into clean secondary containers with Activated 0.3 nm molec-
ular sieves for further use. 0.3 nm Molecular sieve beads (Supelco, Sigma-
Aldrich) were first activated at 200 °C for 15 h before transferring into
an Ar-filled glovebox (Bruker, H2O < 0.1 ppm, O2 < 0.1 ppm) for fur-
ther use. Sodium cubes (99.9%, Sigma-Aldrich) were used for rolling out
sodium electrodes, the mineral oil from cubes was removed using hex-
ane solvent, and then the oxidized surface was removed before rolling
electrodes. Sodium Manganese Oxide (Na0.44MnO2, NANOMYTE) was
obtained from NEI corporation. PVDF binder was obtained from MTI
(HSV900 PVDF binder). The Celgard 2400 Monolayer membrane was
dried in a vacuum oven for 48 h before transferring into the glovebox for
coin cell fabrication.

Sample Characterization: The characterization of sodium samples was
performed after disassembling using a TMAX disassembly tool; this en-
sured the undamaged sodium electrodes were obtained. Electrodes were
then thoroughly rinsed with their respective solvent to remove any resid-
ual salts before characterization. The samples were transferred in an inert
atmosphere (inert transfer chamber) for further characterization.
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ToF-SIMS Analysis: ToF-SIMS was conducted with a TOF.SIMS 5 in-
strument by IONTOF GmbH. For depth-profiling, the samples were se-
quentially analyzed by a Bi+ (≈3 pA, 30 keV) analysis ion beam, raster
scanning areas of 100 × 100 μm2, and sputtered with a Cs+ beam
(≈40 nA, 500 eV), raster scanning areas of 300 × 300 μm2 that were cen-
tered around the analysis areas. The Cs+ beam was utilized to decrease
the work function of these materials, thereby increasing the negative sec-
ondary ion yield. For high lateral resolution mapping, the Bi+ ion beam was
set in the high-resolution mode (that is, Burst Alignment (BA) mode).) The
depth profile analysis was conducted for ≈800 s for each sample until the
bulk (sodium) of the sample was reached.

Each sodium electrode was analyzed in at least three spots to obtain
reliable SEI layer composition and to observe the homogeneity. The depth
profile curves were integrated to 0.6 significant signals through the Igor
application to obtain integrated yield values (kcts) for each component,
giving insights into the intensity of specific components in the SEI layer.

XPS Analysis: XPS analysis of these electrodes revealed key insights
into the atomic composition and chemical functionality of the SEIs ob-
tained via each electrolyte system. XPS was conducted with a Kratos Axis
Ultra X-ray photoelectron spectrometer with a monochromatic Al-K𝛼 X-
ray source (hv = 1486.5 eV). Spectra were calibrated to the C 1s signal at
284.8 eV. Finally, XPS analysis was conducted at three different spots on
the electrode to observe the homogeneity of the SEI layer.

Notable species identified through the XPS analysis of the C 1s re-
gion of the various SEIs were C−H & C−C (≈284.9 eV); C-OH &
C−O−C (≈286.4 eV); O−C = O (≈288.4 eV); and Na2CO3 (≈289.8 eV)
(Figure S26a, Supporting Information). The O 1s region revealed Na2O
(≈530.1 eV); Na2CO3 (≈ 531.4 eV); C−OH & C−O−C (≈ 533.6 eV); C =
O & P = O (≈ 535.6 eV) (Figure S26b, Supporting Information). In the F
1s region (Figure S27a, Supporting Information), Na−F (≈684.0 eV), P−F
(≈687.4 eV), and C−F (≈688.7 eV) bonding moieties were identified. Fi-
nally, as shown in Figure S27b (Supporting Information), analysis of the P
2p region revealed the presence of P-F (≈137.4 eV) and P-O (≈132.9 eV)
groups in the SEI.

SAXS Analysis: SAXS was performed on samples under vacuum by
using a XENOCS Ganesha SAXS-WAXS system with monochromatic Cu
K𝛼 X-rays (𝜆 = 1.54 Å). Scattered X-rays were captured for XYZ min with
a 487 × 619-pixel Pilatus3 R 300k (pixel size of 172 × 172 μm2) detec-
tor. Electrolytes and solvents were placed in 1.0 mm thick Hampton cap-
illaries; then X-ray scattering was measured within a range of 0.0047 to
2.015 Å−1 for momentum transfer q [q = 4𝜋 sin 𝜃

𝜆
, where 2𝜃 is the scatter-

ing angle]. Data was processed and reduced to 1D Intensity versus q data
with the manufacturer’s SAXSGUI software package. Finally, A spherical
model was used to fit the subtracted data of electrolyte and solvent in the
q region of 0.005–0.55 Å−1 using a modeling tool in Irena 2.71 within the
IgorPro 9.01 application.[65] The radius distribution of the structures was
obtained using the Schulz-Zimm model.[25]

Cryogenic Electron Microscopy: Cryogenic electron microscopy (Cryo-
EM) analysis was performed on a Thermo Scientific Scios 2 Dual Beam
SEM/FIB equipped with a Leica vacuum cryo transfer (VCT500) cryogenic
stage and EDXS detector. For a typical run of cryo-FIB-SEM analysis, the
cell was first disassembled in an Ar-filled glove box, and the sample was
mounted to the cryogenic sample holder, which was loaded onto the Le-
ica VCT shuttle and kept under vacuum. The shuttle was subsequently
cooled using liquid nitrogen (no direct contact with the sample) and con-
nected to the FIB loading dock, where the sample was transferred onto
the FIB cryo-stage cooled to below -140 °C using liquid nitrogen. The
rough cross-section milling was first performed with an accelerating volt-
age of 30 keV and beam current of 30 nA. The cleaning cross-section was
performed at 30 keV with a reduced beam current of 1 nA. The EDXS
measurements were carried out at 20 keV and 0.8 nA using an electron
beam.

Other Characterization Techniques: 13C NMR spectra were recorded
at the indicated field strength and deuterated solvent (CDCl3) by using
Bruker BioSpin GmbG, Varian Gemini (400 MHz) spectrometer. ATR-FTIR
spectra were performed on an Infrared Spectrometer-Infinity Gold FTIR, in
which the ZnSe crystal served as the detecting window. The contact angle
was measured by an FTA200 contact angle goniometer. Viscosity measure-

ments were conducted using an AND Vibro Viscometer SV-10 (analysis
range: 0.3–10000 mPa*s), where the electrolytes were placed into a quartz
analysis vessel and then immediately tested using the viscometer. Viscos-
ity measurements were obtained three separate times to ensure accurate
quantification. Electrolytes were first transferred to the facility using an
inert atmosphere transfer vessel and were only exposed to ambient con-
ditions immediately before analysis. Scanning electron microscopy (SEM)
was conducted with an FEI Quanta 650 scanning electron microscope with
an accelerating voltage of 10 kV. All samples were transferred to charac-
terization instruments using inert atmosphere sample holders to prevent
oxidation of electrodes.

Experimental Methods for Electrolyte/Electrode Preparation: Prepara-
tion of Electrolytes: The solvents dried in molecular sieves (0.3 nm, Su-
pelco, Sigma-Aldrich) were used for electrolyte preparation. All the elec-
trolytes were made with 1 M concentration of NaPF6 as salt unless men-
tioned. The corresponding solvents and salt were mixed and stirred for
2 h to ensure salt dissolution. Then, the electrolyte solution was dried
using activated molecular sieves overnight before using them for cell
fabrication.

Preparation of Electrodes: The sodium electrodes were prepared through
a rolling-folding process. Typically, the sodium electrode cubes are rolled
to a flat sheet of (≈500 μm thickness) inside the glovebox and then cut
into circular electrodes for further use. The copper foil was cut into 0.56-
in. diameter electrodes and then placed in 1 M HCl for 20 min. It was then
thoroughly washed with acetone and distilled water three times to remove
excessive oxide from the surface and promote uniform nucleation at the
surface. The Cu electrodes were dried in a vacuum oven overnight before
being transferred into the glovebox for cell assembly.

An NMO cathode was fabricated following reference.[66] To obtain
working cathodes, the material was mixed with a conductive carbon (Super
P) and poly(vinylidene fluoride) (PVDF) binder at a weight ratio of 80:10:5
in 1-methyl-2-pyrrolidone (NMP) solvent. The slurry was then coated onto
an Al foil (0.5 in.) to ensure that it was eclipsed by an anode (0.56
in). The electrodes were vacuum-dried at 120 °C overnight and cut into
disks. The average mass loading of NMO electrodes was ≈3.0 mg cm−2.
NMO versus Na/Na+, 2.0–3.55 V voltage range was used for all full-cell
cycling.

Experimental Methods for Electrochemical Characterization: Cell Fabri-
cation: Symmetrical (Na||Na) cells, full cells (Na||NMO), and half-cells
(Cu||Na) were cycled in CR2032 coin cells with an Arbin multichannel bat-
tery testing system. All coin cells were assembled in a glovebox (<0.1 ppm
H2O, <0.1 ppm O2), and electrochemical tests were conducted using a
coin cell setup. Celgard 2400 separator was used in all cells. An excess
electrolyte (>5 drops) was used to flood the cell and provide sufficient
wetting of the separator. The electrochemical results presented were an
average of triplicate cells to ensure the reproducibility of the results. Prior
to cell cycling, all coin cells were left to rest for 12 h to form a native
SEI.

Linear Sweep Voltammograms (LSV): The electrochemical stability win-
dow of electrolytes was obtained by linear sweep voltammetry (LSV)
at 0.1 mVs−1 scan rate using two-electrode coin cells with a Na
counter/reference electrode and platinum as a working electrode (Pt||Na).
All potentials provided are versus Na+/Na°. Oxidative sweeps were ob-
tained by scanning from open circuit potential (OCP) (≈2.0 V) to 5.0 V, and
the reductive sweeps were also obtained by scanning from OCP (≈2.0 V)
to −0.03 V to evaluate the potential at which SEI would kinetically form on
the platinum anode.

Ionic Conductivity Measurements: Different electrolytes’ ionic conductiv-
ities (𝜎) through the Celgard2400 separator were measured by the stain-
less steel (SS)/separator/SS cell setup identical to the procedure detailed
by Liu et al.[67] The potentiostatic EIS was conducted on these cells at OCP
(CHI-608D potentiostat), using an alternating voltage with an amplitude
of 0.001 V and a frequency range of 100000 to 1 Hz. Then, the ionic con-
ductivity of each electrolyte was calculated using the following equation
(Equation 1):

𝜎 = d
R0S

(1)
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where 𝜎 is the ionic conductivity, d (μm) is separator thickness, R0 (Ω) is
bulk resistance, and S (cm2) is the surface area of the separator. The corre-
sponding ionic conductivity values are shown in Figure S13b (Supporting
Information).

Nyquist plots for Na||Na symmetric cells: The potentiostatic EIS on
Na||Na symmetric cells was conducted at OCP, using an alternating volt-
age with an amplitude of 0.001 V and frequency range of 100000 to 0.01
Hz. The resulting Nyquist plots are depicted in Figure S26 (Supporting
Information).

Exchange Current Density Measurements: The exchange current density
related to the sodium electrodeposition process at various current densi-
ties could be calculated from the following equation (Equation 2)[41]:

i ≈ i0
2F
RT

𝜂 (2)

where i is applied current density, i0 is the exchange current density, F
is Faraday constant, R is gas constant, T is temperature, and 𝜂 is total
overpotential. The corresponding ionic conductivity values are shown in
Figure S23 (Supporting Information).

Na-ion Transference Number Measurements: EIS and CA measurements
were performed to calculate the Na+ transference number. The calcu-
lation formula for the ion transference number is expressed as follows
(Equation 3): [68–71]

tNa+ =
(
ISS

(
ΔV − IΩ,0Ri,0

))
(
IΩ,0

(
ΔV − ISSRi,SS

)) (3)

here, ∆V represents the polarization potential, IΩ,0, and Iss denote the cur-
rents at pristine and steady states, respectively. Ri,0 and Ri,SS represent the
interfacial resistance of the Na||Na symmetric cells before and after CA
measurement, respectively.

Computational Details: With respect to the density of each solvent,
each model therefore contains respectively: sixty six Dig molecules, thirty
three Dig molecules and forty seven MTHF molecules (50:50 in concen-
tration), forty Dig molecules, and forty six THF molecules (60:40 in con-
centration). The three systems were going under abs-initio molecule dy-
namics (AIMD) simulations with CP2K[72] in the NVT canonical ensemble
at room temperature, 300 – 310K. The simulations ran simultaneously in
ten trials for a total time of 30 ps in a timestep of 0.25 fs. Smaller sys-
tems of mixtures (Dig: THF and Dig: MTHF)) are built in different ratios
(0:100, 20:80, 40:60, 50:50, 80:20, 100:20) to compute theoretical infrared
(IR) spectroscopy through ORCA[73] with PBE functional to confirm the
systematic model.

To determine the selectivity of each solvent near the cation regions,
the AIMD trajectories were screened one by one to attain a series of oxy-
gen atoms in contact with the target ions at the respective radius. Subse-
quently, the certain solvents were determined, on average, with standard
deviation by examining the AIMD trajectories statistically. An example is
shown, such as the numbers of oxygens that interact with sodium cation
at the certain radius are twenty four for a single AIMD trajectory, where
eight are from THF and sixteen are from Dig. Post-analysis follows with
eight THF molecules and twelve Dig molecules as each Dig molecule can
have three oxygen atoms. There are a total of nine sodium cations in the
system, so this results in ≈0.9 THF per sodium ion that interacts closely
with anions and likewise, 1.3 Dig per sodium ion that stays near anions.
After that, more AIMD trajectories are computed statistically to achieve
the final result in Figure 2a–d.

Solvation behavior describes the interaction of a solvent and a cation
that occurs while migrating the ion from one electrode to the other through
the electrolyte medium.[8] Specifically, the reaction of solvating the sodium
cation is defined as

Na++nSolvent (s) → Na+−Solventn (4)

where n is the number of solvents, and more than one solvent can exist in
the solvation structure of the cation. To quantify the solvation behavior, the

free energy of solvation ΔGsol, the property to define the thermodynamic
preference of the reaction, can be calculated by the following equation:

ΔGsol = Gcomplex −
(

GnSolvent(s) + GNa
+
)

(5)

where the complex is the solvation structure, Na+-Solventn, the opposite
of this reaction, on the other hand, is the desolvation of the structure.

Free energy Gcomplex, GnSolvent(s), and GNa
+ are calculated with

ORCA[73] with PBE functional using the Implicit Solvation Model to con-
sider the solvation environment of each system. The first solvation shell
of each system is considered using the coordination number of each sol-
vent at the peak of the radial distribution function diagram in Figure S16
(Supporting Information). Here, the solvation and desolvation-free energy
of the first solvation shell for three solvent systems (Figure S47, Support-
ing Information), Dig:THF (60%), Dig, and Dig:MTHF (50%) in Table S4
(Supporting Information) were calculated. Among the three solvents, the
Dig solvent system presented the strongest solvation behavior, which was
consistent with the trend observed in single-molecule solvent-free energy
in Table S5 (Supporting Information).
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the author.
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