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Sodium (Na) batteries are of growing interest due Na Plating Pre-Plating SEI Formation
to the higher earth abundance of sodium than lithium, as well as 000 ' ' ' ' ; o
their promising theoretical energy density when metallic Na ¢ NaFSI in G1
anodes are used. However, Na plating and stripping are heavily 2 %[ NaFSlin G3 1
influenced by the physicochemical properties of the solid E
electrolyte interphase (SEI), which is directly influenced by the -o.04} G1f0-- - G3 G; v
solvent and salt used for the electrolyte. While most studies focus 3 - \ Y
on the SEI that forms on the surface of Na metal after plating, we E»—o.os L ( J ( PR
expand this analysis by identifying a nanoscale “pre-plating” SEI 3 Alcc m‘
that forms on the current collector (CC) prior to the onset of Na 008 . . . . .

plating. Here, we systematically investigate an array of Na salt and -02 00 02 04 06 08 10 12
glyme solvents in the electrolyte and determine the associated Voltage (V' vs. Na)

impacts on pre-plating SEI formation on aluminum CCs. By

combining analytical electrochemistry approaches with a multimodal suite of spectroscopy techniques (X-ray, infrared, and Raman),
supported by density functional theory calculations, we reveal a direct correlation between the Na* coordination environment and
pre-plating SEI composition. We find that longer-chain glymes produce larger proportions of organic alkoxide products in the
interphase, consistent with increased Na"—glyme interactions, while the fraction of salt-derived inorganic products (e.g, NaF)
correlates with Na*—anion coordination. These insights highlight the critical influence of electrolyte composition—particularly

solvent identity and Na" coordination—on the initial SEI formation in anode-free Na batteries.

sodium metal anode, anode-free batteries, electrolyte coordination, solid electrolyte interphase, surface chemistry

Given concerns surrounding the earth abundance and supply
chain vulnerability of lithium (Li) in Li-ion batteries, there is
growing interest in developing rechargeable batteries that use
more sustainable and geographically distributed materials,
while still enabling comparable energy density. Batteries based
on sodium (Na) are a compelling alternative due to the
~1000-fold higher concentration of Na in the earth’s crust. Na
metal anodes have a reasonably high theoretical specific
capacity (1166 mAh/g, 1128 mAh/cm?), in comparison to
graphite anodes in Li-ion batteries (372 mAh/g, 818 mAh/
cm®) and Li metal anodes (3860 mAh/g, 2060 mAh/cm?).' ™
A major challenge with the use of Na metal, however, is the
higher chemical reactivity compared to Li, which leads to poor
reversibility in conventional carbonate-based battery electro-
lytes and has hindered Na battery development until the past
decade.*”® In 2015, Seh et al. reported Na plating/stripping
with ~99.9% Coulombic efficiency (CE) using NaPF4 in
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glymes®—a reversibility benchmark that has been decades in
the making for Li metal anodes.”

The two most prominent mechanisms of Coulombic
inefficiency in Li systems are the formation of inactive
“dead” Li, in which the loss of physical and/or electrical
contact between plated Li and the current collector (CC)
prevents Li stripping,”” and the formation of a solid electrolyte
interphase (SEI), which modulates Li electrochemistry at the
electrode/electrolyte interface. SEI formation accounts for the
majority of capacity loss in highly reversible Li systems (295%
CE)."" In these systems, the formation of a highly functional
SEI enables relatively homogeneous Li plating/stripping that in
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turn decreases the likelihood of electronically isolated Li
deposits. The same two mechanisms of capacity loss are
typically proposed for Na metal anodes. Consistent with this
understanding, the high CE of the NaPF¢/glyme systems
compared to other solvents has been attributed to the
formation of a compact, inorganic-rich SEI on the surface of
the plated Na.”'" It is therefore of critical interest to deepen
our fundamental understanding of the relationships between
electrolyte formulation and the resulting SEI chemistry in
highly reversible Na electrolyte systems.

Recent studies have explored Na SEI in other glyme-based
systems, similarly reporting high reversibility usin% the salts
NaBF,,'* NaOTTf,"? highly concentrated NaFSL'*"'" and even
the fluorine-free NaBPh,.'® The SEI layers in these systems
have also been observed to exhibit an inorganic-rich
composition (typically dominated by NaF and/or Na,O).
Given these compositional trends, as well as the reported
thermodynamic and electrochemical stability of glymes'**’
compared to carbonates, glyme solvents are typically thought
to play a supporting role. It has been proposed that weaker
Na*—solvent interactions allow for a relative increase in Na*—
anion coordination, resulting in an increase in the amount of
salt-derived SEI phases.”' ™ However, decoupling the roles of
the solvent and salt in SEI formation—which involve multiple
different reaction pathways—is less well understood for Na
electrolytes. The composition and role of solvent-derived
organic phases in the SEI, in particular, warrants further
investigation.

Another important aspect of Na electrochemistry is the
physicochemical environment of the CC surface before plating
onset, which governs the early stages of nucleation and growth
during the first formation cycle of the battery. This is
particularly important in “anode-free” configurations—which
maximize theoretical energy density—where the initial
nucleation processes occur on a heterogeneous metal surface.”*
In Li metal systems, for example, wetting behavior,”® electrical
resistance”® and chemical inhomogeneity** of the CC surface
can cause current focusing during Li nucleation, intensifying
the heterogeneity of Li deposits and hindering extended
cycling performance. The native oxide species that are
inevitably present on the surface of Cu CCs have also been
found to chemically react with plated Li,”” which can influence
nucleation behavior. Not only is the CC surface before cell
construction important, but the formation charging protocols
at potentials above 0 V vs the Li electrode have also been
found to promote electrolyte decomposition and alter the
surface composition, resulting in the formation of an SEI layer
before the onset of Li plating.” Similarly, electrolyte
decomposition has also been observed in Na-based electrolytes
on the surface of a Cu CC.””*° Recently, Dettmann et al.
observed that substrate composition (Cu, glassy carbon, and
silicon) impacts the decomposition of both Li- and Na-based
carbonate electrolytes (LiPF; and NaPF¢ in ethylene
carbonate) at their respective positive potentials, leading to
different interfacial compositions.”’

Motivated by these previous studies, the goal of this work is
to deepen our understanding of the various factors that
influence SEI formation on the CC surface in anode-free Na
systems. We selected Al as the CC material, given its
technological relevance and increasing use in anode-free Na
batteries as an alternative to Cu. This use is motivated by the
higher earth abundance (and lower cost) of Al, lower density
of Al (which reduces battery weight), and lack of alloying

behavior with Na.”**7** In this study, we systematically
examine various Na salts and glyme solvents to explore the
relationship between the Na* coordination environment in the
electrolyte and SEI composition at “pre-plating” (positive)
potentials.

The electrolytes examined are conventional Na battery salts
(NaPF,, NaBF,, NaFS], NaOTf, and NaTFSI) in glymes of
increasing lengths (G1 (1,2-dimethoxyethane), G2 (bis(2-
methoxyethyl) ether), G3 (triethylene glycol dimethyl ether),
and G4 (tetraethylene glycol dimethyl ether)). Electrochemical
measurements in anode-free Na—Al cells reveal irreversible
reductive capacities before the onset of Na plating in each
electrolyte. Compositional analysis reveals the presence of both
anion and solvent decomposition products on the CC surface,
providing evidence of a pre-plating SEI. The composition of
this interphase is dependent on both electrolyte composition
and polarization potential, which suggests competition
between multiple electrolyte decomposition pathways. Spec-
troscopic measurements further demonstrate a correlation
between Na'—glyme coordination and solvent-derived alk-
oxide products in the pre-plating SEI, which is further
investigated by ab initio simulations. This work emphasizes
the impact that electrolyte composition can have on the early
stages of battery operation, enabling a more complete
understanding of the relationships between electrolyte
composition, SEI formation, and surface chemistry of the
CC in anode-free systems.

All electrolyte preparation was conducted inside an argon (Ar)
glovebox (O, content < 0.5 ppm, H,O content < 0.5 ppm) with a
standalone solvent trap. All solvents were dried over activated
molecular sieves for at least 72 h; the water content for each solvent
was determined to be <10 ppm by Karl Fischer (KF) titration. All
salts were vacuum-dried at 100 °C overnight. One mol of salt was
used per 1 L of solvent, unless the salt was partially soluble or
insoluble. Battery-grade Na metal chips were used as-received.
Manually prepared Na foil electrodes were cut and rolled from a
Na ingot in the Ar glovebox. Al and Cu foil CCs were punched,
cleaned, and vacuum-dried overnight at 60 °C. Celgard 2325 was
vacuum-dried overnight at 60 °C for the separator. All other coin cell
components were sonicated and vacuum-dried overnight at 60 °C.

“Anode-free” Na—Al coin cells were constructed inside the Ar
glovebox and crimped at 1200 psi. Na—Al cells were utilized for all
electrochemical measurements; voltages are plotted with respect to
the Na electrode. A Bio-Logic potentiostat was used for linear sweep
voltammetry (LSV), cyclic voltammetry (CV), galvanostatic reduc-
tion, and potential hold experiments. All electrochemistry was
performed at 30 °C. Ionic conductivity measurements were
performed inside the Ar glovebox with a conductivity probe. The
probe was immersed in 10 mL of electrolyte until a steady reading was
obtained. Three readings were acquired per electrolyte.

All CC samples were rinsed with G1 and vacuum-dried at room
temperature inside the Ar glovebox. Samples were hermetically sealed
for transfer to their respective analysis machines. Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
measurements were performed under ambient air conditions, utilizing
a spectral resolution of 4 cm™ and an averaged accumulation of 64
scans with background subtraction. X-ray photoelectron spectroscopy
(XPS) samples were mounted to the sample stage in another Ar
glovebox and transferred to the XPS chamber without air exposure.
High-resolution spectra were calibrated to the adventitious carbon
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Figure 1. Reduction behavior of NaPFy in glyme electrolytes onto Al current collectors. (a) 25 galvanostatic Na plating/stripping cycles of NaPF
in G1 at 0.5 mA/cm? to 1 mAh/cm?, with a 1 V cutoff during stripping. (b) Initial galvanostatic reduction and (c) the resulting incremental
capacity analysis of NaPF, in G1, G2, and G4 onto Al at 0.01 mA/cm? (d) Initial linear sweep voltammetry from OCV to plating onset performed
at 1 mV/s. Each curve corresponds to one sample obtained in a Na—Al coin cell, where Al is the working electrode and Na is the reference/counter

electrode.

peak at 284.8 eV, fit using CasaXPS, and background-subtracted for
data presentation. Scanning electron microscopy (SEM) samples were
double-sealed under Ar and shipped to Argonne National Lab for
analysis. Samples were mounted on SEM stubs in another Ar glovebox
and transferred to a plasma focused ion beam (PFIB) SEM dual-beam
system for imaging in an airtight transfer system under Ar. Stitched
micrographs of Al CCs were acquired and used to select
representative regions for X-ray energy dispersive spectroscopy
(EDS) mapping. Electrolyte samples for Raman spectroscopy were
placed inside glass tubes and sealed inside the Ar glovebox. Raman
spectroscopy was performed on the sealed samples using a 785 nm
laser. Raman spectra underwent peak deconvolution and background
subtraction for data presentation. Additional experimental details such
as product and vendor information, sample preparation procedures,
and analysis parameters are included in the Supporting Information.

Density functional theory (DFT) calculations were carried out usin§
the Gaussian 16 software package™ at the @B97X-D level of theory’
coupled with the 6—31+G(d,p) Pople basis set.””** Solvation effects
using the Polarizable Continuum Model (PCM)*>*° as implemented
in Gaussian, where dielectric constants ¢ = 7.54, 7.363, 7.578, and
7.79 were used for G1, G2, G3, and G4, respectively.41 Vibrational
frequency calculations were performed to confirm that the optimized
structures are local minima of the potential energy surfaces by the
absence of imaginary frequencies. Small imaginary frequencies (<10
cm™") were ignored. The Gibbs free energies (G) were calculated
assuming standard conditions, 25 °C and 1 atm.

Classical molecular dynamics (MD) simulations of NaFSI in G1—
G4 were performed using GROMACS" with the OPLS-AA force
field.**** Coordination environments and ion-pair populations
(aggregate, AGG; contact ion pair, CIP; solvent-separated ion pair,

SSIP) were analyzed from isothermal—isobaric (NPT) ensemble
trajectories at 298.15 K and 1 bar. Additional computational
details** ™ are included in the Supporting Information.

Figure la shows the voltage traces during galvanostatic plating
and stripping of Na onto an Al CC for an electrolyte composed
of NaPF4 in Gl, using the same electrolyte and cycling
conditions as Seh et al. (0.5 mA/cm? 1 mAh/cm? 1 V
cutoff). While we observed a high average CE of 99.7% for
cycles 2 through 25, the CE of the first cycle (light blue trace)
was noticeably lower at 97.8% (Figure S1 in the Supporting
Information). These trends are consistent with the CE data
reported by Seh et al.’ In this study, we observed a first cycle
capacity loss of ~0.02 mAh/cm® However, not all of this
capacity loss can be attributed to chemical reactions between
plated Na metal and the electrolyte—we observed a small but
reproducible amount of reductive capacity before the onset of
Na plating in the first cycle (~0.001 mAh/cm?, as shown in
Figure S2). We define the areal charge passed before the
nucleation of plated Na as Q,,., as has been previously
defined in anode-free Li systems.”” The magnitude of Qe
increased with lower galvanostatic current densities (Figure
S2), reaching ~0.005 mAh/cm? at a current density of 0.01
mA/cm® At lower current densities, the voltage vs capacity
curves of Figure S2 deviated from linear capacitive behavior to
greater extents, indicating an increase in Faradaic reactions at
the CC (likely attributed to SEI formation) enabled at slower
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Figure 2. Linear sweep voltammetry of a range of Na-based electrolytes. LSV at 1 mV/s was performed from OCV to Na plating. The salts used
were NaPF, NaBF,, NaOTf, and NaFSI, with concentrations of 1 mol per L. unless saturated (as for NaBF, in G2) or insoluble. Solvents used
were G1, G2, G3, and G4 as noted above each column. Each curve corresponds to the average of three samples, with the surrounding shaded area
corresponding to one standard deviation. Curves are offset for clarity, with grid lines corresponding to 0 mA/cm” and a scale bar of 0.01 mA/cm?
Vertical dotted lines provide a visual guide to the electrochemical features at 0.3 and 0.9 V.

time scales. Therefore, in this study we focus on the lowest
current density conditions (0.01 mA/cm?) to provide sufficient
time to probe these initial Faradaic reactions prior to the onset
of Na deposition.

We next varied glyme chain length in the electrolyte to
examine the impact of electrolyte chemistry on pre-plating
reduction. Figure 1b shows the galvanostatic reduction of
NaPF in G1 (light blue trace), G2 (blue), and G4 (dark blue)
onto an Al CC. (NaPF4 was insoluble in G3). We observed a
monotonic increase in Qun as the glyme chain length
increased. We also observed a difference in the voltage trace
shape, where a plateau emerged around 0.9 V for the longer
glymes, which appeared to account for the higher value of
Qonsee- TO quantify these differences, an incremental capacity
(dQ/dV) curve is plotted in Figure lc. The peak at 0.9 V,
which increases in magnitude from G1 to G4, suggests that a
distinct Faradaic reduction reaction is occurring at this
potential.

Linear sweep voltammetry (LSV) was performed with the
same electrolyte formulations to better probe the reaction
dynamics. Figure 1d shows the LSV traces swept from open
circuit voltage (OCV, typically >1.5 V) to the onset of plating
at a scan rate of 1 mV/s. This scan rate was chosen to provide
similar time scales to the ~0.01 mA/cm? galvanostatic
reduction experiments. Along with the previously identified
peak beginning at ~0.9 V, the LSV revealed an additional
reductive feature beginning at ~0.3 V. The potentials of these
reduction peaks observed herein are similar to those reported
by Dettmann et al. from LSV (10 mV/s) of NaPF in ethylene
carbonate onto Cu (~0.8 V) and glassy carbon (~0.25 V),
which the authors attributed to electrolyte decomposition.”'
We compared LSV on two other CCs (Cu and stainless steel,
Figure S3) and observed reductive features at both ~0.9 and
~0.3 V regardless of substrate; we thus similarly conclude this
electrochemical behavior corresponds to electrolyte decom-
position. There were slight differences in the relative current

densities of the two reductive reactions (i.e., the LSV curve
shapes) for the different CCs (Figure S3), which suggest some
degree of substrate dependence. This is to be expected, as a
range of chemical and structural interactions along the
electrolyte—substrate interface will impact the associated
reaction pathways.”*

To examine the influence of using nonether solvents, we also
performed LSV experiments with NaPFg in a series of
carbonate-based solvents onto Al (Figure S4). The LSV of
the carbonates similarly exhibited reductive features. The
presence of these two reductive peaks in both ethers and
carbonates—solvents with different functional groups and
decomposition pathways—indicates that the reductive pro-
cesses at these potentials are associated with common
constituents, such as the salt species (Na* and/or PF") or
any shared electrolyte impurities, not just the solvent.
However, the reductive features were shifted to more cathodic
potentials (by ~0.1 V) in carbonates compared to the glyme-
based electrolytes (Figure 1d), which suggests that the reaction
thermodynamics are impacted by solvation.”" Additionally, the
differences in current density of the 0.9 V peaks observed with
different glymes (Figure 1d), which have relatively similar
Guttmann donor and acceptor numbers,®> suggest that the
solvent also impacts electrochemical reaction dynamics (i.e.,
transport and/or kinetics). We note that these effects do not
preclude decomposition pathways involving the solvent, which
we will discuss in the following sections.

To further examine the role of salt and solvent species on
these pre-plating reduction reactions, we performed a system-
atic study of various electrolyte compositions. Salt and solvent
were independently varied while the concentration was held
constant at 1 mol per Ly, Figure 2 shows an array of LSV
curves, where the columns represent the different solvents (G1
through G4), and the rows represent different fluorinated salts
(NaPF,, NaBF,, NaOTf, and NaFSI). Further quantitative
analysis of the LSV curves is available in Figures S5—S7.
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Figure 3. Cyclic voltammetry of NaFSI in glymes. (a) The 1st, 2nd, and Sth CV cycles of one representative cell containing NaFSI in G1 at a scan
rate of 1 mV/s. The blue shaded area is a visual guide that demonstrates current density associated with irreversible reduction. (b) The 1st CV
cycle (black) of one cell containing NaFSI in G2, G3, or G4 overlaying the 1st CV cycle of NaFSI in G1 (orange) from (a). Current density is
normalized to each cell’s respective value at 0 V for comparison purposes, with the dotted lines indicating 0 mA/cm® The red shaded areas
demonstrate additional irreversible current density compared to the G1-based electrolyte. (c) Percent of irreversible charge passed during the 1st
CV cycle. The red area again corresponds to additional irreversible capacity compared to the G1-based electrolyte. The average value for three cells
is shown for each electrolyte, with error bars corresponding to one standard deviation.

Broadly speaking, the LSV curves within a specific column (i.e.,
using different salts but the same solvent) exhibited the same
general shape. This further suggests that these reductive
processes are associated with the Na* cation and/or an anion-
derived fluoride (the only other common salt moiety among
the four anions).

We observed clear differences in electrochemical behavior
across the columns of Figure 2 as the glyme chain length
increased. Most notably, the LSV curves for the G3 and G4
electrolytes exhibited a dominant peak near 0.5-0.8 V, in
contrast to the two distinct electrochemical features of the G1
and G2 electrolytes. The broad reduction peak overshadowed
the expected feature at 0.3 V for the G3 electrolytes. We
investigated whether this peak might be convoluting other
reduction processes in this potential window or might reflect a
change in reaction potential for the longer glymes. The NaFSI
electrolytes were chosen as a case study, given the solubility of
the salt in all four glymes. Galvanostatic reduction and dQ/dV
of NaFSI in G1-G4 (Figure S8) displayed the same
prominent voltage plateau near 0.9 V for all four glymes, as
well as the smaller characteristic reductive feature at 0.3 V.
Therefore, we could confirm that the different LSV curve
shapes of Figure 2 reflected different reaction dynamics of the
same pair of electrochemical reactions—with the reaction at
0.9 V in particular facilitated in the G3 and G4 electrolytes.

As an additional case study, we examined the electro-
chemical behavior of another common fluorinated salt,
NaTFESL In contrast to the other anions, which have been
broadly reported to enable high CE values during Na plating/
stripping in a variety of electrolyte configurations,”''~"”
NaTFSI-based electrolytes are reported to be irreversible.
Interestingly, the LSV of NaTFSI in G1-G4 (Figure S9)
exhibited significant differences to those of the other anions.
We did not observe the distinct electrochemical feature near
0.9 V for any of the four NaTFSI-based electrolytes, though a
smaller amount of reductive current density was still observed.
This further suggests that the prominent Faradaic reaction at
0.9 V is dependent on anion chemistry, as discussed in the
Supplementary Analysis section of the Supporting Information.
Despite the absence of the 0.9 V feature, the reductive features
at 0.3 V were still present (though slightly suppressed) in the
NaTEFSI electrolytes. The lower-potential reaction is therefore
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not inherently coupled to the 0.9 V reaction. We next
investigated whether these Faradaic reactions constituted
irreversible electrolyte decomposition.

The irreversibility of the pre-plating reduction reactions was
observed using cyclic voltammetry (CV), with NaFSI in G1
again as the model system. A potential window between 0 and
2 V was chosen to avoid Na plating, while also providing a
sufficient positive potential to probe the reaction at 0.9 V.
Figure 3a shows the first, second, and fifth CV cycle of NaFSI
in G1 onto Al The first cycle exhibited a clear asymmetry in
current density, with a greater magnitude in the reductive
current compared to the oxidative current. The oxidative
current density exhibited a somewhat flat profile that indicates
the presence of capacitive and/or pseudocapacitive effects.’®
These effects are further evident through rate-dependent CV
sweeps for a representative electrolyte in Figure S10. Notably,
the majority of the irreversible reductive capacity occurred
during the first cycle (Figure 3a), as the second and fifth cycles
essentially overlaid during both reduction and oxidation.

The blue shaded area in Figure 3a provides a visual guide for
this first cycle irreversibility. The irreversible charge was
observed to primarily occur within the potential range of 0—0.9
V, indicating that the 0.3 and 0.9 V reduction reactions are
associated with irreversible Faradaic electrolyte decomposition
at the CC surface. For the Gl solvent, the amount of
irreversible charge was relatively larger in the more cathodic
potential range (0—0.3 V). A plot of the charge passed vs time
for NaFSI in G1 is shown in Figure S11, which indicates that
~0.002 mAh/cm® of the charge passed during the first CV
cycle was irreversible. This first cycle irreversibility of NaFSI in
G1 was calculated across three different cells, with the average
value (35%) and standard deviation shown in blue in Figure
3c.

We next examined the CV cycling behavior of NaFSI in
G2—G#4 (with multiple cycles included in Figure S12). Figure
3b shows the first CV cycle of each electrolyte normalized and
overlaid onto that of NaFSI in G1. The reductive sweeps
matched well from 0.3 to 0 V for all NaFSI electrolytes. The
reductive curve of NaFSI in G2 was broadly similar to that of
Gl but with slightly more irreversible reduction at higher
potentials. The first cycle irreversibility increased by $% (red
bar, Figure 3c) to 40% on average across three cells.
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Interestingly, the reductive peaks near 0.9 V for both the G3
and G4 electrolytes corresponded with a large increase in first
cycle irreversibility at 52 and 49%, respectively. To investigate
whether any surface passivation that occurred at more cathodic
potentials (0—0.3 V) impacted the reversibility of the 0.9 V
reaction, we next performed CV for the NaFSI electrolytes
between 0.4 and 2 V (Figure S13). The first cycle irreversibility
of the 0.9 V reaction mirrored the trend of Figure 3c for all
electrolytes, which confirms that the reduction reaction at this
higher potential is largely irreversible. Together, these results
indicate a connection between electrolyte formulation and
irreversible capacity, and suggest that glyme length alters the
relative proportions of decomposition products obtained from
the 0.9 vs 0.3 V reactions.

The amount of irreversible charge associated with these pre-
plating processes is consistent with the formation of an SEI
layer with a thickness comparable to those reported in
literature. While a detailed analysis of the composition of
this “pre-plating SEI” will be presented in the following
sections, for the sake of simplicity, we consider the formation
of an inorganic NaF layer. This is a reasonable first-order
approximation, as we have previously determined that salt
species are prominent reactants at these pre-plating potentials,
and NaF is the most commonly identified SEI component
derived from fluorinated anions.”'' Under these simplifying
assumptions, the irreversible charge capacity that is passed
during the first CV cycle corresponds to SEI formation of a
thickness of ~12 nm (further details in the Supplementary
Analysis section of the Supporting Information). Notably, this
is the same order of magnitude of the postcycling SEI observed
via both XPS sputtering (~4 nm)® and cryogenic scanning
transmission electron microscopy (~25—30 nm)11 of NaPF; in
glymes. This further illustrates the importance of analyzing the
formation of a pre-plating SEI in this study, which can
dramatically alter the surface chemistry of the CC upon which
Na nucleation and growth will occur.

We also note that there are two small features in the
oxidative sweeps of all four electrolyte formulations. These
features occurred near 0.7 and 1.3 V—approximately 0.4 V
more positive than each of the reductive features near 0.3 and
0.9 V—which suggests some degree of reversibility for both of
the associated reduction reactions. Prior work has shown that
in addition to the reductive SEI components, the presence of
surface oxides on the CC may also play a role in this redox
behavior, which can participate in quasi-reversible conversion
reactions with Na””®* or can chemically react with the alkali
metal (as has been demonstrated with Li).”” Aurbach et al.
have also demonstrated that surface oxides can modulate the
underpotential plating and stripping processes of Li metal,
leading to both cathodic and anodic peaks at positive
potentials vs Li/Li* on noble metal electrodes.”” These redox
processes may also correspond to the reversible (electro)-
dissolution of Na-based SEI phases.””®” Nevertheless, what
this electrochemical behavior suggests is that in addition to the
electrolyte composition, which is our focus here, the CC
surface chemistry plays a role in the pre-plating SEI. These pre-
plating reactions are also of particular scientific interest for
anode-free systems, as the electrochemical reversibility of SEI
components is otherwise convoluted by the Faradaic current
associated with plating and stripping phenomena, which may
have their own sources of Coulombic inefficiency. Given the
importance of surface chemistry to these various interfacial

mechanisms, we next performed compositional analysis on the
pre-plating SEI.

Given the distinct electrochemical signatures observed above 0
V vs the Na electrode for the different electrolyte formulations
during the previous section (Figures 1 and 2), we hypothesized
that we would observe compositional differences on the CC
surface with different glyme lengths. We continued to utilize
the NaFSI formulations as a model system given the salt’s
solubility in all four glymes, with additional analyses of other
relevant salts included in the Supporting Information. We
performed constant current, constant voltage (CC/CV)
measurements to systematically investigate pre-plating SEI
compositions at a range of potentials: 1, 0.75, 0.5, 0.25, and 0
V. Further details on the experimental protocols, as well as
representative voltage and current profiles for NaFSI in G1—
G4, are shown for reference in Figure S14. Samples were cut in
half after preparation, with one-half designated for ATR-FTIR
and the other for XPS.

We first performed ATR-FTIR because of the technique’s
high surface sensitivity. It has been previously demonstrated by
Aurbach et al. that the decomposition of Li-based electrolytes
at pre-plating potentials can form infrared (IR)-active surface
films, with the resulting IR spectra containing signatures of
organic bonds similar to those seen in the bulk electrolyte, as
well as the emergence of new species derived from solvent
decomposition.”®® We reasoned that ATR-FTIR should
likewise detect compositional changes in the nanoscale pre-
plating SEI layer associated with solvent decomposition in Na
electrolytes. Ether groups are IR-active, with C—O stretching
vibrational modes observed near 1100 cm™ for G1—G#4 in the
liquid state.”” These vibrational modes have been reported to
shift to near 1070 cm™ when the ether oxygen is coordinated
to Na* in the bulk liquid electrolyte.">'®”*”" We therefore
focused on these wavenumber regions when analyzing the pre-
plating SEL

Figure 4 shows the IR spectra of the Al CC surface after
CC/CV experiments using NaFSI in G1—-G4. For each
electrolyte formulation, a coin cell from the same batch was
held at OCV over the course of the experiment, with the IR
spectra of these Al CCs labeled “OCV” in gray. Given the
rinsing and vacuum-drying process for each sample, as well as
the nanoscale thickness of these surface films, it is unlikely that
there are significant quantities of liquid electrolyte entrapped
on the CC surface. We therefore interpret IR features in these
wavenumber regions to correspond to solid glyme-derived
species in the SEI that are formed upon electrolyte
decomposition, the most probable of which are Na alkoxides.*®
Na methoxide (NaOMe) and Na ethoxide (NaOEt) reference
samples, shown in Figure S15,"%” exhibited dominant IR
peaks at 1061 and 1084 cm™' for NaOMe and at 1110 cm™
for NaOEt. Accordingly, we ascribe IR features from
approximately 1050—1090 cm™ to NaOMe, indicated by the
red band in Figure 4, and features from approximately 1090—
1125 cm™ to correspond to either NaOEt or non-Na*-
coordinated C—O moieties” (as possible in longer-chain
alkoxide species), indicated by the gray band in Figure 4.

For the pre-plating SEI of all NaFSI in glyme electrolytes
(Figure 4a—d), Al CCs held at OCV exhibited weak
transmittance features in both C—O stretching regions. This
indicates a nonzero amount of C—O-containing species on the
CC surface arising from chemical exposure to the electrolyte. A
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Figure 4. IR spectra of pre-plating SEI derived from NaFSI in glymes. (Top) Offset IR transmittance spectra for samples held at OCV, 1V, 0.75,
0.5,0.25, or 0 V for 2 h in NaFSIin (a) G1, (b) G2, (c) G3, or (d) G4. Peaks in the gray wavenumber region are assigned to non-Na*-coordinated
C—O stretching modes® or Na ethoxide species,”” and peaks in the red region are assigned to Na methoxide species.”> The vertical axis scaling is
equal across all columns, with a scale bar of 0.1% transmittance (%T). Curves are vertically offset for comparison purposes. Each curve corresponds

to the average of three spectra, with the surrounding shaded area corresponding to one standard deviation.

separate Al CC rinsed with GI and then dried also showed
similar features in these same regions (Figure S16). Together,
these observations suggest that some degree of interfacial
chemical reaction between the CC and the solvent occurs prior
to the application of Faradaic current,”* possibly driven by
degradation pathways involving electrolyte impurities. As the
applied potential decreased from 1 to 0 V, however, a clear
emergence of IR features near 1070 cm™! occurred, consistent
with NaOMe formation. Difference spectra with respect to the
OCV sample confirmed a monotonic increase in NaOMe with
decreasing potential (Figures S17 and S18) for the pre-plating
SEI of all electrolytes. In contrast, there were negligible
changes in the amount of non-Na*-coordinated C—O species
or NaOEt within error (Figure S18).

We also note that there were changes in the relative shapes
and intensities of IR features within the NaOMe region (most
notably near 1058, 1066, 1073, and 1082 cm™). These
distributions of features indicate subtle differences in the local
electronic and bonding environments of alkoxide species across
the different pre-plating SEI, which further suggests that
solvent decomposition pathways are influenced by glyme
length. Overall, these data support the presence of a pre-plating
SEI—and notably, one that contains organic species even prior
to Na deposition.

To investigate whether alkoxide species were present with
the other electrolytes, we also examined the IR spectra of the
pre-plating SEI from NaPFq in G1, G2, and G4 (Figure S19)
and NaOTf in G1 and G3 (Figure S20) at these same applied
potentials. These electrolyte formulations were chosen to
compare the behavior of G1 vs longer-chain glymes (G2—G#4)
using the same salts as earlier. NaBF, was insoluble in G1 and
thus excluded from further analysis. As the applied potential
decreased from 1 to 0 V for all of these electrolytes, the pre-
plating SEI similarly exhibited monotonic increases in NaOMe.
This suggests broader similarities in solvent decomposition
behavior when these salts are used, in accordance with the
similar electrochemical features of Figure 2.

We also examined the IR spectra of NaTFSI in G1—G4. We
previously showed in Figure S9 that these electrolytes

exhibited different electrochemical behavior than the other
fluorinated electrolytes. Figure S21 plots the IR spectra of the
pre-plating SEI obtained through CC/CV for each NaTFSI
electrolyte, with LSV included for reference. Notably, the
amount of alkoxides in the pre-plating SEI of NaTFSI in G3
and NaTFSI in G4 increased from 1 to 0.5 V, but remained
constant from 0.5 to 0 V. Interestingly, the changes in
electrochemical behavior for these electrolytes correlated with
changes in CC surface chemistry—and thus different
physicochemical properties (e.g, electronic and ionic con-
ductivity) of the pre-plating SEI, as further discussed in the
Supplementary Analysis.

Because IR spectroscopy is limited to vibrational modes that
induce a change in dipole moment, we next employed XPS as a
complementary technique, using the other half of each pre-
plating SEI sample. The pre-plating SEI of NaFSI in G1-G4
formed at the full range of applied potentials (1 V through 0
V) were again examined first. Elemental analysis based on the
XPS survey scans (Figure S22) indicates that the spatially
averaged surface compositions for all samples were majority O
(40—48%), C (17—29%), and Al (20—25%), with minor Na
(5—10%) and F (1—6%) components and trace amounts of S
(£2.6%) and N (<1.6%). High-resolution core scans and
component peak quantification for each sample are included in
the Supporting Information (Figures $23—S30, with associated
references and supplemental discussion). In contrast to the IR
data, the XPS data showed no obvious trends in pre-plating
SEI composition as a function of applied potential. This
highlights the importance of utilizing complementary techni-
ques to XPS that can identify more subtle changes associated
with surface chemical bonding environments, in particular
organic phases with unique vibrational fingerprints. Never-
theless, we observed distinct differences in the pre-plating SEI
composition across the different electrolyte formulations.

The C 1s spectra of the pre-plating SEI formed at 0 V from
different NaFSI-based formulations are shown in Figure Sa.
The C 1s spectra exhibited at least four distinct peaks. We
assigned the peak at ~285 eV to C—C moieties (dark gray)
and the peak at ~286.5 eV (blue) to C—O moieties.”” C—C
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Figure 5. XPS of pre-plating SEI formed at 0 V for NaFSI in glymes. (a) C Is spectra of the surface species from the NaFSI in G1—G4 samples.
Spectra were calibrated to the adventitious (C—C) carbon at 284.8 eV.”> C—O occurs at ~286.5 eV.”> The peaks at ~288 and ~289 eV were
assigned to C=0 and O—C=0 moieties, respectively,”* as discussed in the Supporting Information. (b) Compositional percentage of C—O
species in the pre-plating SEI, calculated by applying C 1s peak deconvolution to the atomic percentages obtained via survey scan. (c) F 1s spectra
from the NaFSI in G1—G4 samples. NaF occurs at ~685 eV and S—F (from residual or fragmented NaFSI salt) at ~688 eV.%” (d) Relative
amounts of NaF, calculated via F 1s peak deconvolution and atomic percentages. (b) and (d) display the average value for two detection spots per
sample, with the error bars denoting the minimum and maximum values.

can be attributed mainly to adventitious carbon, with glyme-
based decomposition products such as NaOEt also possible.”®
The C—O moieties are attributed mainly to Na alkoxides, with
NaOMe the most likely species based on the previous IR data.
Alkoxides are the most likely product following scission of one
of the ether (C—O—C) bonds in a glyme molecule; both
methoxide and ethoxide references are reported to contain a
C—O component peak in XPS.”° We assigned the peaks at
~288 eV and ~289 eV to carbonyl (C=0) and carboxyl (O—
C=0) moieties, respectively, given their binding energies.75
However, these species are not expected to form via the
reduction of glyme-based electrolytes and may derive from
various other solvent, salt, and/or contaminant species as
discussed in the associated text of Figure $23."'77°~" While
the rinsing, drying, and sample loading conditions were
consistent among the different samples, systematic differences
in the amount of adventitious carbon or other possible
contaminants cannot be ruled out, so we focus our analysis on
the C—O component peak.

The compositional percentage of C—O species in the pre-
plating SEI of each electrolyte formulation is shown in Figure
Sb. This percentage was calculated by weighting the atomic
percentage of C obtained via survey scan by the deconvoluted
peak areas from the C 1s spectra; additional calculation details
are included in the Supporting Information. The bar plot
represents the average value from two detection spots on the
sample, with the error bars denoting the minimum and

maximum values. We observed a general increase in alkoxide
species moving from GI1 to the longer-chain glymes G2—G4,
with the largest quantity of alkoxides detected for the G3
formulation. Figure S31 shows the relative proportion of C—O
in the pre-plating SEI formed at all applied potentials (1 V
through 0 V); this general trend for the amount of alkoxides
was consistent across the other samples.

Figure Sc shows the F 1s spectra of the pre-plating SEI
formed at 0 V from the different NaFSI-based formulations.
Two distinct peaks were observed: NaF at ~685 eV and S—F
species at ~688 eV.”'*”>”? We attribute the majority of S—F
species detected via XPS to residual or fragmented NaFSI salt
(NaN(SO,F),), given that the S—F peaks in the F 1s spectra
corresponded to salt-based peaks'””>"”*" in the S 2p and N 1s
spectra of the same samples (Figures $24—526). Nevertheless,
the presence of NaF indicates that decomposition of the FSI™
anion did occur. This is further supported by the fact that NaF
peaks in the F 1s spectra corresponded to similar proportions
of decomposed salt products (SO,, Na;N, or NSO™)*'"757% in
the S 2p and N 1s spectra, respectively. The relative
proportions of NaF in the pre-plating SEI are shown in Figure
5d, with the other salt-derived products included in Figure S32.
Notably, the proportion of NaF species in the Gl-based
formulation was nearly double those of the longer-chain
glymes. In contrast to the nonmonotonic trend observed for
the alkoxide species of Figure Sb, which peaked at G3, the
amount of NaF species was roughly constant for G2—G4.
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We also examined the pre-plating SEI of both NaFSI in G1
and NaFSI in G3 formed at a potential of 0 V using SEM-EDS,
as shown in Figures S33—S3S. These two electrolytes were
chosen as representative for the short vs long chain glymes. Al
dominated the EDS spectra for the two samples, and there
were no discernible differences in their microscale morphology
compared to a bare Al CC. This further supports that the
thickness of the pre-plating SEI is at the nanoscale. Both the
Gl and G3 samples exhibited spatially heterogeneous
distributions of F-containing species at the microscale via
EDS, which indicates the presence of salt-decomposition
products and/or residual salt, both of which are consistent with
the XPS data. Notably, there was a considerably more
homogeneous distribution of both the Na and C signal in
the G3 sample, which suggests a relatively uniform coverage of
Na alkoxide species at the microscale with sufficient thickness
for EDS detection. Future experiments to probe physicochem-
ical heterogeneity at the nanoscale using techniques such as
cryogenic transmission electron microscopy® "** will be useful
to analyze the impact of the pre-plating SEI on ensuing Na
nucleation and growth.

The presence of organic alkoxide species on the CC surface
with applied potential suggests that the pre-plating reactions of
Figure 2 facilitate solvent decomposition, either directly (via
electrochemical reduction of a glyme at the interface) or
indirectly (via chemical reaction between a glyme and another
reduced product in the electrolyte). While the electrochemical
data suggests the latter, this warranted further investigation
into the formation mechanisms of the pre-plating SEL
Furthermore, the different proportions of salt vs solvent
decomposition products observed herein (Figure S) provide
evidence that the interphase composition is influenced by
electrolyte formulation—in particular glyme length. As the
four glymes are chemically similar, we hypothesized that these
changes in pre-plating SEI composition must result from
mechanistic changes of electrolyte decomposition caused by
changes in the Na* coordination environment. We therefore
next examined Na* speciation in these electrolytes.

We first examined the distribution of Na*—anion coordination
environments within the bulk electrolytes NaFSI in G1-G4
using Raman spectroscopy. Figure 6a shows the Raman spectra
of NaFSI in G1 (top) through G4 (bottom). Raman features in
this wavenumber range are associated with expansion/
contraction vibrational modes of the FSI™ anion, which are
especially sensitive to cation coordination.”® Spectra are
normalized to the total area of the component peaks, as the
salt concentration was constant among the four electrolytes,
but the background fluorescence varied between samples. The
blue component peak near 718 cm™ is attributed to FSI~
anions that are either not coordinated to Na* (“free”) or in a
solvent-separated ion pair (SSIP) with Na*."””>*? The orange
peak near 729 cm™! is attributed to FSI™ in a contact ion pair
(CIP) with Na*, and the red peak near 740 cm™" is attributed
to FSI” in an aggregate (AGG) conﬁgureition.l7’79'83 Peak
fitting parameters are shown in Table S1. Based on these fits,
the broad distribution of FSI™ anions in the bulk electrolyte for
each glyme is shown in Figure 6b, which agrees with the
predicted distribution by classical molecular dynamics (MD)
simulations shown in Figure $36.%*

Free/SSIP FSI” anions represented the largest relative
fraction for all glymes, but the amount of free/SSIP FSI™ did
increase considerably from G1 (56%) to G3 (80%) then
slightly decreased for G4 (72%). In other words, electrolytes
with longer glymes exhibited lesser degrees of Na*—FSI~
coordination, and thus greater degrees of Na'—glyme
coordination. Notably, this trend mirrors that of the alkoxide
species in the pre-plating SEI of NaFSI in G1—-G4 shown
during XPS (previously shown in Figure Sb). This trend
indicates that an increase of solvent-derived products within
the pre-plating SEI correlated with an increase of Na"—glyme
coordination in the bulk electrolyte. Furthermore, the amount
of salt-derived NaF in each formulation (from Figure 5d)
roughly followed the proportion of CIP, such that an increase
in salt-derived products occurred with higher degrees of Na"—
ESI” coordination. While a more detailed accounting of
specific Na* coordination environments would benefit from
future computational studies, these results suggest a broader
connection between Na* coordination and the composition of
the pre-plating SEI. We therefore extended this analysis to
other Na-based electrolytes.

The Raman spectra and average distribution of OTf™ anions
in the bulk electrolyte for NaOTf in G1—G4 are shown in
Figure 6¢,d. The OTf™ §,(CF;) vibrational mode was utilized
for fitting,*> as peaks from the 1,(SO;) vibrational mode near
1030 cm ™" overlapped with glyme peaks in the Raman spectra.
OTf was also observed to exist in free/SSIP, CIP, and AGG
conﬁgurations.gs’86 NaOTf exhibited the same general
speciation trends as NaFSI with respect to glyme length, but
ion-pairing interactions were substantially more favorable in
the NaOTf-based electrolytes. For example, NaOTf in G1 had
majority AGG and minority CIP species, while NaOTf in G3
had majority CIP and minority free/SSIP species (and still the
largest proportion of free/SSIP anions of the NaOTf series).
Figure 6ef show the Raman spectra and average anion
distribution for NaTFSI in G1-G4. TESI™ expansion/
contraction vibrational modes were used for fitting, with
free/SSIP and CIP TESI™ observed.®” NaTESI again exhibited
the same general speciation trends as NaFSI, with the least and
most free/SSIP TFSI™ observed for G1 and G3, respectively.

Given the largest differences in Na* speciation between the
G1- and G3-based electrolytes, we next compared the pre-
plating SEI derived from these specific electrolytes. Figure 6g
shows the compositional percentages of solvent-derived (C—
O) vs salt-derived (NaF) species in the pre-plating SEI formed
at 0 V. The XPS spectra for NaFSI in G1 and G3 were shown
previously in Figure S, and the spectra for the NaOTf and
NaTESI electrolytes are shown in Figures $37 and $38.%'*7
Changes in PFy~ coordination are not observable through
conventional Raman vibrational modes® such that we could
not obtain comparable NaPF, speciation data. Nevertheless,
we also performed XPS on the pre-plating SEI of NaPF in G1,
G2, and G4 (Figures S39 and $40)°™75 for the sake of
comparison. Consistent with NaFSI, the pre-plating SEI of
NaOTf{, NaTFSI, and NaPF; all exhibited increases in C—O
alkoxide content with the longer glymes (Figure 6g), providing
further evidence that increased solvent decomposition
correlates with an increase in Na*—glyme coordination.

The salt-derived NaF content, on the other hand, exhibited
surprising differences in behavior in Figure 6g. Unlike NaFSI,
the pre-plating SEI of NaOT{ exhibited slight increases in NaF
content from G1 to G3. Interestingly, the NaF content in the
pre-plating SEI of both NaFSI and NaOTf correlated with the
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Figure 6. Relationships between bulk electrolyte speciation and pre-plating SEI composition in glyme-based electrolytes. (a) Raman spectra of
NaFSI in G1—G4. The peak near 718 cm™! is attributed to FSI™ anions that are either uncoordinated to Na* (free) or in a solvent-separated ion
pair (SSIP) with Na*, the peak near 729 cm™ is attributed FSI™ in a contact ion pair (CIP) with Na*, and the peak near 740 cm™" is attributed to
FSI™ in an aggregate (AGG) conﬁguraticm.”’83 (b) The average distribution of FSI™ anions in each glyme in the bulk electrolyte, based on the
Raman spectra. (c) Raman spectra and (d) the average distribution of OTf™ anions for NaOTf in G1—G4. 750 cm™ corresponds to free/SSIP
OTf", 754 cm™" corresponds to CIP OTf", and 758 cm™ corresponds to AGG OTf.*>* (e) Raman spectra and (f) the average distribution of
TFESI™ anions for NaTFSI in G1—G4. 740 cm™" corresponds to free/SSIP TFSI~, and 744 cm™ corresponds to CIP TESI™."” All spectra are
normalized to the total area of the component peaks. (g) Pre-plating SEI components from NaFSI, NaOTf, and NaTFSI in G1 or G3, formed at a
potential of 0 V for 2 h, based on the XPS spectra of Figures 5 and S37 and S38. The compositional percentage of C—O and NaF species in the pre-
plating SEI are shown, calculated from atomic percentages from the survey scans and deconvoluted peak areas from the C 1s and F Is scans,
respectively. The average value for two detection spots per sample is displayed, with the error bars denoting the minimum and maximum values.

amount of CIP (not AGG) in their respective bulk electrolytes. the S—C bond in these electrolytes instead of direct fluoride
This correlation suggests that Na'—anion coordination abstraction (Supplementary Analysis).”*”'%° While direct
facilitates anion decomposition at the interface at pre-plating analysis of anion decomposition mechanisms requires further
potentials (to form NaF among other species, see Supple- investigation, we interpret the data of Figure 6 to indicate that
mentary Analysis),”’™”® with the assumption that CIP Na'—anion coordination also modulates the pre-plating SEI
reduction is more likely to occur than AGG reduction due composition, with a mechanism-dependent impact on the
to transport and/or kinetic limitations. On the other hand, the proportions of salt-derived phases.
amount of NaF in the pre-plating SEI of NaTFSI was Given the correlation between Na' coordination and
comparatively low, and roughly constant for both G1 and G3. electrolyte-derived species in the pre-plating SEI—in particular
However, the proportion of CF;/RCEF,-containing phases the trends in C—O species observed for all Na electrolytes
(Figure S38) was significantly larger than NaF and did examined herein—we further examined the link between Na*
correlate with CIP TFESI™ in the bulk electrolyte. This suggests coordination and solvent decomposition. This was also
that TFSI™ decomposition primarily occurs via the scission of motivated by the reported thermodynamic and electrochemical
J https://doi.org/10.1021/jacsau.6c00193
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Figure 7. Thermodynamics of G1—G#4 reduction from DFT calculations. Gibbs free energy of one-electron reduction of an (a) uncoordinated
glyme molecule vs (b) multiple glyme molecules coordinated with Na* (Na(Gx),,*, m = 2 or 3) with a fixed Na—O coordinated of 6, as detailed in
the Supporting Information. (c) Representative geometries for an uncoordinated G3 vs Na(G3),".

stability of glymes.'”?® It has been reported that Li*

coordination environments can alter the redox potential of Li
plating/stripping (0 V vs Li/Li*),°"'°" which in turn alters the
thermodynamic driving forces of electrolyte decomposition
and ensuing SEI formation onto the surface of plated Li
metal.'"”" We thus examined whether shifts in the redox
potential of Na/Na" may also impact SEI formation at more
positive (pre-plating) potentials. We measured relatively minor
shifts in the redox potential of the Na electrode (~0.1 V) with
increasing glyme length (as discussed in Figure S41),°'%>!'%?
which we do not anticipate to be a dominant factor in
determining the reaction pathways and product formation at
pre-plating potentials.

We next used computational modeling to study the influence
of the solvation environment on the thermodynamics of glyme
decomposition. We began by examining the decomposition
reaction free energies of neat glyme molecules, G1—G4. The
dissociation reaction was modeled as C—O bond cleavage
(Reaction R1) to yield a methoxy fragment (OCHj;) and the
complementary fragment, as Seguin et al. discussed: '™

CH,(OCH,CH,),0CH, — CH,(OCH,CH,), + OCH,
(R1)

where n = 1 to 4 for G1—G4, respectively. The DFT-computed
decomposition reaction free energies (AGdecomp in eV) for
neutral and anionic (one-electron reduced) glymes are shown
in Table S2. The free energies of the one-electron reduction of
neat neutral glyme molecules are also included.

For neutral glyme molecules, the decomposition free energy
is consistently high and endergonic (>2.85 eV), as expected.
However, upon electrochemical reduction of glyme, decom-
position from the reduced glyme species to an OCH;™ anion
species and a radical is exergonic in the range of AGgecomp. =
—1.59 to —1.69 eV. Note that several cleavage schemes were
considered depending on electron distribution during bond
dissociation (e.g,, homolytic vs heterolytic cleavage), and the
lowest-energy reactions were selected for analysis (Figure
S42). These computational results indicate that electro-
chemical reduction of glymes is required for decomposition

reaction, since neutral molecules are thermodynamically stable
vs Na. However, the consistently endergonic free energy of
reduction shown in Figure 7a (0.48—0.61 eV) shows that the
direct electrochemical reduction of bare glymes is thermody-
namically unfavorable (highly negative onset potentials; further
details are included in the Supplementary Analysis section of
the Supporting Information).

Guided by these findings, we further studied the
decomposition of glymes coordinated to a Na' cation. Only
reduced Na*—glyme species (with a net zero charge) were
considered for decomposition given the increased reactivity
discussed above. We first examined the possible decomposition
pathways of a single glyme molecule (G1—G4) coordinated to
Na’, as shown in Figure S43, to better discern the reaction
tendencies using a simple system. Reaction R2 (below) is the
most energetically favorable decomposition pathway of the
prereduced Na'—glyme clusters after reduction, exhibiting
exergonic free energies (AGdecomP. = —0.63 to —0.95 eV) for all
four Na'-coordinated glyme species after reduction.

Na — CH,(OCH,CH,),OCH,
— CH,(OCH,CH,), + Na — OCH, (R2)

The decomposition products for this reaction are neutral Na
methoxide and the complementary radical fragment; this is
consistent with the presence of Na methoxide detected herein
by IR spectroscopy (Figure 4). The geometries and reduction
free energies of these single-glyme coordinated species
(Na(Gx),*) are shown in Figure S44. Compared with neat
glymes, the reduction free energies are more exergonic by —1.1
to —1.8 eV, indicating a greater propensity for reduction and
thus decomposition when the glyme molecules are coordinated
with Na.

Since the ion coordination environment strongly influences
reactivity prediction in DFT,'*'%° we next performed free
energy calculations of Na'—glyme clusters that contained
multiple glyme molecules with the Na* coordination number
held constant at six: three G1 molecules (with bidentate
coordination) or two G2—G4 molecules (with tridentate
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coordination), as shown in Figure S$45. The corresponding
decomposition reaction scheme is shown in Reaction R2a for
reduced clusters (net zero charge):

Na — [CH,(OCH,CH,),0CHj],

—CH,(OCH,CH,), + (Na — OCH,)[CH,(OCH,CH,),
OCH3]m—l
(R2a)

where m = number of glyme molecules (2 or 3), and n = 1 to 4
for G1 to G4, respectively. The free energy of one-electron
reduction of these multiple-glyme coordinated species (Na-
(Gx),,") is shown in Figure 7b. In this case, the reduction was
considerably less exergonic for the Gl-based coordination
environments (—0.46 eV) compared to those of the longer-
chain glymes (—0.70 to —0.83 eV), representing a clear
demarcation in reduction behavior between G1 and G2—G4
when glymes are the sole solvating species, which is in good
agreement with the experimental trends observed in Figure 6.

Overall, these DFT calculations demonstrate that Na*
coordination markedly increases the thermodynamic driving
force for glyme breakdown via reduction-triggered decom-
position. Furthermore, the multimolecule cluster model
reproduces the instability of longer glymes, which agrees
with the experimentally observed irreversibility. It is important
to note that the magnitude of the reduction free energies of the
clusters remains at a moderate level, which corresponds to
negative potentials vs Na/Na" in this particular computational
model (details in the Supplementary Analysis section).
However, experimentally we observe that glyme-derived SEI
species are present at pre-plating potentials (>0 V). Therefore,
additional factors need to be considered to fully describe the
pre-plating SEI formation behavior. While a detailed computa-
tional study of these factors is beyond the scope of this paper,
we outline several possible contributions®>**'%~"'% in the
Supplementary Analysis.

In this work, we have systematically examined the formation
and composition of the pre-plating SEI that forms on Al
current collectors in a range of glyme-based Na electrolytes. By
correlating electrochemical reduction events and ex situ
compositional analysis, we demonstrate that electrolyte
decomposition can occur at potentials significantly more
positive than the onset of Na plating, forming both solvent-
and salt-derived SEI products. The amount of organic alkoxide
phases in the pre-plating SEI can be predictably modulated by
glyme chain length, in agreement with Na" coordination trends
in the bulk electrolyte. The amount of salt-derived components
also correlates with Na'—anion coordination, though the
specific phases present are dependent on the anion. While
prior work on studying the SEI in Na electrolytes has primarily
focused on the reactions that occur on the surface of the plated
(metallic) Na phase, the insights from this study help us to
build a more complete understanding of the relationships
between electrolyte composition, SEI formation, and the
surface chemistry of the CC.

While the overall loss of Na inventory in a battery associated
with this nanoscale pre-plating SEI formation is small, we
hypothesize that the implications of its presence on the
subsequent cycling processes of a Na metal anode are
significant. For example, while the CC in anode-free systems

is often idealized as a single metallic phase, the chemical
composition (and associated heterogeneity) of the surface is
known to play a critical role in the nucleation and growth
behavior of the subsequent plating and stripping process.”* As
we show here, the formation of a composite pre-plating SEI
layer can be systematically tuned by controlling both
electrolyte formulation and applied potential—analogous to a
battery formation cycle.”® The resulting composition and
phase of the surface layer will dramatically alter key functional
properties including electronic and ionic conductivity (impact-
ing overpotential and transport processes), surface energy
(impacting wetting and critical radius for nucleation), and
current focusing along the surface. These material properties
will, in turn, alter the nucleation process on the CC and affect
critical ﬁ§ures of merit, including Coulombic efficiency and
stability.'"" Additionally, the presence of surface passivation
layers on the CC also controls galvanic corrosion processes in
anode-free systems, which will influence the calendar life of the
battery.”*" "

While the focus of the present study was on developing a
fundamental understanding of the relationships between
electrolyte formulation and the surface chemistry of the
resulting pre-plating SEI, future work can expand upon this
knowledge to explore the ability to leverage these “tuning
knobs” to alter the CC surface with the goal of rationally
controlling the subsequent plating and stripping processes. The
detailed chemical analysis of the pre-plating SEI composition
reported herein can also be used to inform computational
models that better describe the early stages of nucleation on
the CC surface, with respect to key parameters that will
influence the electrochemical reduction of Na* ions to neutral
adatoms, the surface diffusion and coalescence of Na into
critical nuclei, and the crystallization and growth of Na
deposits.”* Ultimately, this study shows how these material
properties all link back to the electrolyte composition,
providing insights into rational design of next-generation
electrolytes from a molecular perspective.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.6c00193.
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