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ABSTRACT

Lithium metal battery behavior is strongly influenced by the electrolyte environment from which the solid-electrolyte
interphase develops, yet the effects of combining anions in dilute multi-salt formulations remain incompletely understood.
Combinations of LiFSI, LiTFSI, and LiNO; in DME, at a total Li* concentration of 1molkg™', were investigated using
complementary spectroscopy, electrochemistry, and microscopy. Raman and 'H/’Li NMR spectroscopy reveal composition-
dependent changes in imide-anion association, DME coordination-sensitive spectral features, and the average Li* environment.
These changes are accompanied by interfacial impedance responses and lithium deposit morphologies. Most notably, all
nitrate-containing formulations show improved preservation of a lithium reservoir formed on Cu, sustaining 80-86 reversible
cycles with average Coulombic efficiencies close to 99%, while displaying limited impedance evolution and more continuous
deposits. Within this nitrate-containing series, FSI and TFSI produce distinct spectroscopic and interfacial responses,
even though a ranking in reservoir reversibility cannot be established. TFSI is shifted predominantly toward noncontact
environments upon nitrate addition, whereas FSI retains a substantial contribution from contact-associated configurations.
The combined results demonstrate that multi-salt electrolytes cannot be described as simple superpositions of their single-salt
components and support a working interpretation in which the anion composition modulates the prereduction Li* solvation
ensemble and subsequent interfacial evolution.

enabled the rapid development of portable electronics and elec-
tric vehicles, their energy density is approaching the practical

1 | Introduction

The growing electrification of transportation and the increasing
deployment of renewable energy infrastructures continue to drive
the development of electrochemical energy storage systems with
higher energy density, longer lifetimes, and improved sustain-
ability [1]. Although conventional lithium-ion batteries have

limits imposed by graphite-based negative electrodes [2]. Further
improvements in battery performance therefore require the adop-
tion of alternative electrode chemistries capable of storing larger
amounts of lithium while minimizing the fraction of electrochem-
ically inactive materials within the cell [3, 4].
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Among all candidate anode materials, lithium metal is widely
regarded as the ultimate negative electrode because of its excep-
tionally high theoretical specific capacity (3860mAhg™), low
density (0.534gcm™), and the most negative electrochemical
potential among practical electrode materials (—3.04V vs. the
standard hydrogen electrode) [5]. These characteristics make
lithium metal particularly attractive for next-generation battery
technologies based on high-capacity cathodes and, most impor-
tantly, for so-called zero-excess (anode-free) lithium metal
batteries (ZE-LMBs) [6-8]. In these architectures, the cell is
assembled without alithium metal anode, and all cyclable lithium
is initially stored within the cathode. During the first charge,
lithium is plated directly onto a bare current collector, creating
the active lithium reservoir required for subsequent cycling [9].
By eliminating excess lithium and host-anode materials, this
configuration maximizes the practical energy density of the device
and represents one of the most promising routes toward battery
systems exceeding 400 Wh kg™ [10].

The absence of excess lithium, however, introduces a fundamental
challenge [11]. Because the total lithium inventory is strictly
limited, every irreversible side reaction directly consumes active
lithium and permanently reduces the cell capacity. Consequently,
the long-term viability of zero-excess cells depends critically
on the reversibility of lithium plating and stripping during the
earliest stages of cell operation [12]. The initial lithium deposi-
tion on the bare support surface is particularly important [13]
as it establishes both the morphology of the lithium reservoir
and the initial solid—electrolyte interphase (SEI), which together
determine the subsequent evolution and stability of the interface
[14, 15]. Morphological instabilities may lead to the formation
of electrically disconnected “dead” lithium [16, 17], while contin-
uous electrolyte decomposition promotes SEI growth and progres-
sive lithium consumption [18]. These degradation mechanisms
remain among the principal obstacles preventing the practical
implementation of ZE-LMBs.

Over the past decade, substantial efforts have therefore been
devoted to electrolyte engineering as a means of controlling
lithium deposition and stabilizing the SEI [19-25]. A broad
body of literature has demonstrated that the structure of the
primary Li* solvation shell strongly influences the reduction path-
ways occurring at the electrode surface and, consequently, the
composition and properties of the resulting SEI [26]. This under-
standing has led to the development of highly concentrated elec-
trolytes [19], localized high-concentration electrolytes [27-29],
fluorinated solvent systems [30, 31], and a wide range of electro-
lyte additives designed to promote inorganic-rich interphases
[32-39], while weakly solvating electrolytes have been developed
to increase anion participation in the Li* coordination environ-
ment at conventional salt concentrations by limiting the coordi-
nating ability of the solvent [40, 41]. More generally, recent work
has emphasized that electrolyte behavior cannot be described
solely in terms of cation-solvent coordination: cation-anion,
anion-solvent, solvent-solvent, and higher-order interactions
collectively determine ion association, transport, desolvation,
and interfacial chemistry [42]. In particular, both anion-solvent
interactions and cation-anion solvation engineering have been
shown to provide additional degrees of freedom for tuning elec-
trolyte properties beyond conventional solvent-centered descrip-
tions [43, 44].

This broader picture is especially relevant to multi-salt elec-
trolytes, in which several anions with different coordinating
and interphase-forming tendencies coexist within the same
liquid phase. Lithium salt anions, like bis(fluorosulfonyl)imide
(FSI), bis(trifluoromethanesulfonyl)imide (TFSI), and nitrate
(NO;"), provide representative examples. FSI-based electrolytes,
for example, can generate lithium fluorine-rich (LiF) SEIs
with favorable passivation properties [45], whereas nitrate-
containing formulations promote nitrogen-containing inter-
phases comprising lithium nitride (Li;N) and lithium nitrogen
oxides (LiN,O,) species [11]. TFSI-based electrolytes, in turn, offer
high oxidative stability and compatibility with high-voltage cath-
odes [46]. Combining salts containing these anions has therefore
been explored as a route to improve lithium plating/stripping
reversibility, deposit morphology, and cycling stability [47-62].

The behavior of such mixtures, however, cannot necessarily be
inferred by superimposing the properties of the individual salts.
Changing the relative abundance and identity of the anions modi-
fies not only the number of potentially reducible species but also
the ion association equilibria and the average Li* solvation envi-
ronment. Recent molecular dynamics and experimental investi-
gations of mixed LiTFSI/LiNO; glyme electrolytes, for example,
have shown that varying the ratio between weakly associating
TFSI and more strongly associating NO;~ substantially modifies
both solvation structure and dynamics [63]. Nevertheless, estab-
lishing such effects experimentally remains challenging because
most spectroscopic observables are ensemble averaged and do
not uniquely identify the complete molecular composition of the
primary Li* coordination shell. Moreover, comparatively little is
known about how composition among coexisting anions may
modify Li* solvation in dilute multi-salt electrolytes and how this
correlates with the formation and stability of lithium deposited on
a current collector.

The present work addresses this question through a system-
atic investigation of low-concentration, multi-salt ether elec-
trolytes based on LiFSI, LiTFSI, and/or LiNO; dissolved in
1,2-dimethoxyethane (DME). Binary and ternary formulations
were prepared while maintaining a constant total Li* molality
of 1molkg™, allowing the effects of anion identity and combina-
tion to be compared without simultaneously changing the total
salt content. A modified Aurbach protocol [64-66] was used
to form and repeatedly cycle a finite lithium reservoir on bare
copper substrates against a lithium metal counter electrode (CE).
This CullLi configuration is used here as a controlled model for
investigating the electrolyte-dependent processes governing the
formation and stability of the lithium interface, establishing a
rational basis for the development of advanced multi-salt elec-
trolyte formulations. Two- and three-electrode measurements,
electrochemical impedance spectroscopy (EIS), ex situ optical
and electron microscopy, Raman spectroscopy, and 'H/’Li NMR
were combined to correlate electrolyte composition with ion
solvation/association, average Li*/DME environments, interfa-
cial evolution, and lithium morphology.

The results reveal two principal composition-dependent
effects: First, the nitrate-containing formulations are clearly
distinguished from the nitrate-free electrolytes by their mark-
edly improved preservation of the lithium reservoir, more
limited evolution of the working electrode (WE) impedance
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during partial stripping, and more continuous lithium deposits.
Second, substantial spectroscopic differences remain within
the nitrate-containing series: Raman spectroscopy shows that
TFSI is shifted toward predominantly noncontact environ-
ments in the presence of LiNO;, whereas FSI retains a signif-
icant contribution from contact-associated configurations.
These differences are accompanied by composition-dependent
changes in the DME Raman response and in the average 'Li
and 'H NMR environments but do not produce clearly distin-
guished differences in lithium reservoir reversibility. Taken
together, these observations demonstrate that the behavior of
multi-salt electrolytes is nonadditive and support a working
interpretation in which the complete anion composition modu-
lates the prereduction Li* solvation ensemble and, as a conse-
quence, the subsequent interfacial evolution.

2 | Experimental Section

2.1 | Electrolyte Preparation and Electrochemical
Cell Assembly

Lithium bis(fluorosulfonyl)imide (LiFSI, Sigma-Aldrich) was
used as received from the supplier. Lithium bis(trifluorometha-
nesulfonyl)imide (LiTFSI, Sigma-Aldrich) and lithium nitrate
(LiNO;, Sigma-Aldrich) were dried at 120°C overnight prior
to use. All salts were dissolved in 1,2-dimethoxyethane (DME,
Sigma-Aldrich), which was dehydrated over 4 A molecular sieves
for 1 week before use. Salt and solvent quantities were weighed on
a microbalance inside an Ar-filled glove box (H,0, O, < 0.5 ppm);
electrolytes were freshly reformulated for every measurement.

Two-electrode measurements were performed in Swagelok-type
cells (12mm inner diameter), using ultrasmooth copper disks
(10mm diameter, 20 um thickness, surface roughness < 0.1 um)
as the working electrode and mechanically cleaned flattened
lithium foil (0.5 mm thickness, 10 mm diameter) as the counter
electrode. A Celgard separator soaked with 40 L of electrolyte was
placed between the electrodes. Three-electrode measurements
employed the same working and counter electrode materials with
identical geometrical dimensions (total cell area 2.545 cm?), sepa-
rated by a Celgard-Whatman-Celgard stack soaked with 120 uL
of electrolyte and incorporating a lithium reference electrode,
allowing the working electrode (WE) and counter electrode (CE)
responses to be measured independently.

2.2 | Galvanostatic and Impedance
Electrochemical Test Protocols

Galvanostatic lithium plating/stripping was performed with a
Biologic VSP-1 potentiostat using a modified Aurbach protocol
comprising three stages [64-66]. In the pre-cycling stage, cells
were held at open-circuit voltage for 1h and then cycled five
times between 0.01 and 1V at 0.25mA cm ™ to initiate inter-
phase formation. In the lithium reservoir formation stage,
4mAhcm™ of lithium was deposited at 0.25mAcm™> and
2mAhcm™ was subsequently stripped at the same current
density, leaving a nominal 2mAhcm™ reservoir. In the
working stage, lithium was repeatedly plated and stripped
(1mAhcm™ at 1mA cm™?) until a voltage cutoff of +1V was

reached. All capacities and current densities were normalized
to the geometric electrode area (0.785 cm® for the two-electrode
cells). Under these conditions, the average Coulombic effi-
ciency (CE,,) is calculated as [64]

CEavg =1- [(Qres - QW)/nrerw] % 100

where Q. is the amount of lithium capacity of the reservoir, Q,, is
the capacity exchange during each working cycle, and n,, is the
number of reversible cycles completed before the voltage cutoff
is reached.

EIS was performed with the same potentiostat immediately after
cell assembly and after each stage of the cycling protocol, using
a 10mV perturbation over the frequency range from 650kHz to
0.15Hz, centered on the voltage measured at the end of each
stage. Prior to quantitative analysis, a Kramers-Kronig (K-K)
test was applied to the measured spectra to assess data quality
(typical residual errors of ~#10% on the imaginary component
and ~0.5% on the real component). K-K-validated spectra were
fitted with the equivalent circuit R;(R,Q,)(R;Q5)(R,Q,), where R;
is the bulk electrolyte resistance, R,, R;, and R, are interfacial
resistances associated with processes occurring at progressively
lower characteristic frequencies, and Q,, Q; and Q, are constant-
phase elements. Equivalent capacitances, C ,, were derived from
the fitted CPE parameters, and characteristic time constants were
calculated as 7, = R, Ceq -

2.3 | Raman and Nuclear Magnetic Resonance
(NMR) Spectroscopy

Each formulated electrolyte was transferred, inside an Ar-filled
glove box, into a sealed 1-mm-thick quartz cuvette and moved
to the spectrometer in a sealed container; the cuvette was
exposed to air only for the duration of acquisition. Raman
spectra were collected using a Horiba Jobin-Yvon spectrometer
equipped with a TRIAX 550 monochromator and a Symphony
IT liquid nitrogen-cooled CCD detector. A 633-nm laser source
was attenuated to 4mW using a 0.4 OD neutral density filter.
Spectra were acquired with an instrumental resolution of approx-
imately 2.6cm ™', using an acquisition time of 60s and averaging
three scans. Frequency calibration was performed against a
cyclohexane standard, and intensities were normalized to the
band at 1453cm™". The S-N-S stretching region of the imide
anions (700-770cm™) and the conformational region of DME
(780-905cm™") were analyzed using constrained Lorentzian
and Voigt line-shape models, respectively. The detailed fitting
procedure, spectral assignments, constraints, and limitations are
described in the Supporting Information.

'H and "Li NMR spectra of each formulated electrolyte were
acquired on a Bruker Avance III HD 600 MHz spectrometer using
a coaxial configuration: A 2.5-mm inner tube containing 200 L
of DMSO-d¢ with 0.1% tetramethylsilane (TMS) was inserted into
a 5-mm outer tube containing 400uL of electrolyte. Following
magnetic field shimming, spectra were acquired with standard
pulse protocols. "H spectra were calibrated against the TMS reso-
nance of the inner reference; 'Li spectra were calibrated against an
external standard of 1M LiCl in D,0, acquired immediately after
each electrolyte measurement.
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2.4 | Optical and Electron Microscopy

At selected steps of the cycling protocol, cells were disassem-
bled inside an Ar-filled glove box (O,, H,0O < 0.5ppm) and the
electrodes recovered. For macroscopic imaging, electrodes were
transferred to the microscope, without air exposure, to a custom-
built airtight optical sample holder and imaged immediately after
cycling, using a Keyence (VHX-X1 series) digital microscope.
Electrodes were then rinsed three times with pure DME and dried
overnight in the glove box prechamber under dynamic vacuum.
For scanning electron microscopy (SEM), electrodes were trans-
ferred without air exposure using a second custom-built airtight
holder, and micrographs were collected at 15kV acceleration
voltage with a 30-us dwell time at multiple magnifications.
Energy-dispersive X-ray spectroscopy (EDX) elemental maps and
single-point spectra were acquired on the same instrument.

3 | Results
3.1 | Electrolyte Formulations

The electrolyte matrix was designed to compare the effects of
anion identity and anion combination while maintaining a constant
total salt molality in the main formulation series. Six DME-based
electrolytes with a total nominal Li* molality of 1mol kg™ were
prepared: the single-salt formulations LiFSI (E1) and LiTFSI (E2);
the equimolar binary mixtures LiFSI/LiTFSI (E3), LiFSI/LiNO,
(E4), and LiTFSI/LiNO; (ES); and the equimolar ternary mixture
LiFSI/LiTFSI/LiNO; (E6). This series enables lithium plating/strip-
ping reversibility, interfacial impedance evolution, and deposit
morphology to be compared as a function of anion composition
without varying the overall salt content.

A complementary concentration series was prepared for spectro-
scopic analysis. Single-salt LiFST and LiTFSI electrolytes were exam-
ined at 0.333, 0.5, and 1mol kg™, together with an oversaturated
LiNOs/DME reference prepared from a nominal composition of
1mol kg™' (E7). These additional formulations were used to distin-
guish concentration-dependent changes in the Raman and NMR
responses from those associated with the combination of different
anions. The complete electrolyte compositions are shown in Table 1.

3.2 | Lithium Reservoir Formation and
Reversibility in CullLi Cells

The effect of electrolyte composition on lithium reservoir formation
and durability was first assessed in CullLi cells using the modified
Aurbach protocol described in Section 2.2. Unlike conventional
Coulombic efficiency (CE) measurements, in which the electrode
surface is continuously consumed and reconstructed during cycling,
this protocol first establishes a well-defined lithium reservoir and
subsequently probes its preservation during repeated plating and
stripping. Representative voltage profiles are shown in Figure 1,
while the corresponding number of reversible cycles, n,,, and
average Coulombic efficiency, CE,,, are shown in Table S1.

Clear differences emerge between the nitrate-free and nitrate-
containing formulations. Among the single-salt electrolytes,
E2 shows particularly poor reservoir reversibility, reaching the
voltage cutoff after only three reversible cycles and yielding a

TABLE 1 | Composition of the investigated DME-based electrolytes
(mOI kg_lsolvent)-

Electrolyte LiFSI LiNO; LiTFSI
E1-033 0.333 — —
E1-05 0.5 — —
E1l 1 — —
E2-033 — — 0.333
E2-05 — — 0.5
E2 — — 1
E3 0.5 — 0.5
E4 0.5 0.5 —
E5 — 0.5 0.5
E6 0.333 0.333 0.333
E7* — 1 —

*Oversaturated solution.

CE,, of 66.66%. E1 performs better but remains limited to 23
cycles, with a CE,, 0f 95.65%. Combining LiFSI and LiTFSI in E3
produces only a modest improvement, extending the response to
29 cycles and increasing CE,, to 96.55%. By contrast, all nitrate-
containing electrolytes sustain between 80 and 86 reversible
cycles before consuming the Li reservoir and yield closely similar
CE,, values of 98.75%-98.84%. Under the present experimental
conditions, nitrate incorporation in the electrolyte composition
appears to be the common feature associated with markedly
improved preservation of the lithium reservoir.

Although the nitrate-containing electrolytes E4-E6 display
similar CE,,, values and cycle numbers (cf. Table S1), their voltage
responses are not identical. E5 (LiTFSI/LiNO,) develops a larger
mean cell polarization during working stage cycling than E4 and
E6, while the evolution of the end-of-stripping voltage follows
a somewhat different trend. These differences are not reflected
in CE,, or in the reservoir lifetime, indicating that the voltage
profile evolution provides complementary information on the
electrochemical response of the different formulations. Because
the two-electrode response includes contributions from both the
working and counter electrodes, however, the origin of these
differences cannot be assigned from the CullLi cell response alone.

Inspection of the reservoir formation step provides additional
information on the early electrochemical response of the different
systems. Most formulations exhibit a nucleation overvoltage close
to —60mV, with the exception of E2, for which a value of approx-
imately —30 mV is observed. More pronounced differences appear
during subsequent lithium growth: most electrolytes reach a
deposition plateau near —10mV, whereas ES5 stabilizes at a some-
what larger absolute overvoltage of approximately —15mV. The
subsequent partial stripping profiles are comparatively similar
across the electrolyte series. The clearest composition-dependent
differences during reservoir formation therefore emerge during
lithium growth rather than during the initial nucleation event or
the first stripping step.

To distinguish the contributions of working and counter elec-
trodes, the same reservoir protocol was subsequently applied

4 of 16

ChemElectroChem, 2026

85UB0 1 SUOWILIOD BAIER1D) 8|gedljdde sy Ag peussnob aJe Ss[o1Le YO ‘88N JO Sa|nJ oy Ariqi8ulUO AS|IM UO (SUONIPUOD-PUR-SWBIWOY A3 | I A1q 1 Bul|UD//SANY) SUONIPUOD PUe SWiS | 8y 88S *[9202/TT/20] Uo Akl auljuo A8|IM ‘oulio] 1d 11iod B (q1g SIS 0uLo L 1Q 001ueM[od Ag TEE0L 989/200T 0T/I0p/LI0d" Ao im Aseldijpujuo-adoine-Ans ey sdiy wody pepeojumoq ‘1z ‘9202 ‘91209612



(a) i 1.00
80 - |
s 60 E
g ] 1075 8
£ S
3 20 i mmmml" I ;
" F“I 1050°G
" — e
2 20 r‘ Ul :
: €
: ) ’ H025 £
> .60 °
—FE1 ©
] =52l 000
-100 =
T 50 100 150 200

Time [h]

(b)
100
41.00
80
S 60 T
- O
E L] 0.752
= 20 | ‘ £
+ i)
5 2
2 o {050°g
[’ = i
> 204 I g
> g
8 404 | [
= — 4025 £
> .60
e E4 (&)
-80 — )
. H0.00
-100 4 ——E6
T T T T T
0 50 100 150 200

Time [h]

FIGURE 1 | Representative voltage profiles recorded during the modified Aurbach protocol [64-66] for CullLi cells containing (a) nitrate-free

electrolytes E1-E3 and (b) nitrate-containing electrolytes E4-E6. The applied current density program is shown on the right axis.

in a three-electrode configuration containing a lithium refer-
ence electrode. Because this configuration differs from the
two-electrode cells in electrode area, separator arrangement,
and electrolyte volume, the absolute overpotentials cannot be
compared directly between the two setups. Nevertheless, the
principal qualitative trends are retained: nitrate-free electro-
lytes, and E2 in particular, show a rapid increase in polariza-
tion, whereas the nitrate-containing formulations maintain a
substantially more stable working electrode response during
cycling (Figure S1-S3).

The three-electrode measurements further show that the
lithium counter electrode can contribute substantially to the
overall CullLi voltage response, particularly during the early
stages of cycling. For example, in E6 the counter electrode
overpotential is larger than that of the working electrode during
reservoir formation and remains appreciable during the first
working cycles (Figure S3). Similar qualitative behavior is
observed for the other nitrate-containing formulations. The
larger overall cell polarization observed for E5 in the two-
electrode configuration should therefore not be attributed
exclusively to the Cu-supported lithium reservoir (for a qualita-
tive comparison, see Figure S4). Indeed, the working electrode
overpotentials of E4-E6 become comparatively similar during
initial working cycles (Figure S1b). These results highlight the
well-known importance of separating working electrode and
counter electrode contributions when comparing electrolyte-
dependent voltage responses [67].

Isolating the working electrode contribution also reveals differ-
ences among the nitrate-containing electrolytes that are not
apparent from CE,, or reservoir lifetime alone. As shown in
Figure S5, E5 exhibits larger working electrode hysteresis and
end-of-stripping polarization during the initial cycles, followed
by a lower and comparatively stable response during extended
cycling. E4 and E6 display different transient evolutions despite
reaching similar reservoir lifetimes and average Coulombic effi-
ciencies. These differences indicate that the nitrate-containing
formulations follow distinct electrode-specific polarization path-
ways, but they do not establish a corresponding ranking in overall
lithium reservoir reversibility.

3.3 | Interfacial Impedance Evolution During the
Lithium Reservoir Formation Stage

EIS was used to follow the evolution of the electrode/electro-
lyte interfaces during lithium reservoir formation, first in the
two-electrode CullLi configuration and subsequently in a three-
electrode cell to distinguish the contributions of the Cu-supported
lithium deposit and the lithium counter electrode. Spectra
were recorded after each stage of the electrochemical protocol
described in Section 2.2.

In the two-electrode cells, the initial response at open-circuit
voltage is predominantly capacitive and highly resistive, consis-
tent with the blocking behavior of the bare Cu working electrode
combined with the contribution of the preexisting interface at
the lithium counter electrode. Following pre-cycling, a broad
interfacial contribution develops as electrochemical activity is
established at the copper surface. Subsequent lithium deposition
and partial stripping lead to a marked decrease in the overall
impedance (Figures S6 and S7). This evolution is consistent
with the formation of a larger electrochemically active surface
upon lithium deposition, although changes in interphase trans-
port and surface area effects cannot be separated in the two-
electrode configuration.

At comparable stages of the protocol, the nitrate-free electrolytes
E1-E3 generally show a lower absolute cell impedance than
the nitrate-containing formulations E4-E6. The high-frequency
intercept varies comparatively little across the electrolyte series,
whereas larger composition-dependent differences occur in the
interfacial response. The main differences among the formula-
tions therefore arise predominantly from electrode/interfacial
contributions rather than from the bulk Ohmic resistance.
Because the two-electrode spectra contain contributions from
both electrodes, however, these differences cannot be assigned to
the Cu-supported lithium deposit alone.

To separate the electrode-specific contributions, the same reservoir
formation protocol was repeated in a three-electrode cell containing
a lithium reference electrode. At OCV, the Cu working electrode
shows an almost purely capacitive response, whereas the lithium
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counter electrode already exhibits a structured interfacial response
associated with its preexisting passivated surface. After pre-cycling, a
broad impedance contribution develops at the Cuworking electrode,
confirming its increasing contribution to the overall cell response
(Figure S8). Absolute impedance values obtained in the two cell
configurations cannot be compared directly because of differences
in electrode area, separator arrangement, and electrolyte volume.
Nevertheless, the high-frequency intercepts remain of comparable
magnitude, while the main composition-dependent differences are
retained in the interfacial region.

During lithium reservoir formation, the freshly deposited lithium
at the working electrode exhibits a lower interfacial impedance
than the lithium counter electrode (Figure 2). The counter elec-
trode contribution also changes substantially between lithium depo-
sition and the subsequent partial stripping step. Consequently,
after lithium deposition, a substantial fraction of the impedance
measured in the two-electrode configuration can originate from the
lithium counter electrode, as suggested by the overall WE-CE impe-
dance response of the three-electrode measurements (Figure S10).
This observation is consistent with the electrode-specific voltage
measurements discussed above and illustrates the difficulty of attrib-
uting the impedance response of CullLi cells exclusively to the freshly
deposited lithium working electrode.

The working electrode spectra display a broad high-to-medium-
frequency response together with a smaller low-frequency contri-
bution. Both features remain clearly visible after deposition and
partial stripping in the nitrate-free electrolytes, whereas the low-
frequency contribution is markedly reduced, or nearly absent,
in the nitrate-containing formulations. The effect of nitrate addi-
tion is therefore not simply a decrease in the absolute value of
the interfacial impedance; rather, it changes the evolution and
relative weight of the different relaxation processes associated
with lithium deposition and stripping. To compare these changes
quantitatively, the working electrode spectra were analyzed using
an equivalent circuit model.

As the EIS spectra were acquired under nonideal conditions,
their validity was assessed using a K-K test. Residual deviations
were approximately 0.5% for the real component and reached

approximately 10% for the imaginary component, with the largest
deviations occurring in the medium-to-low-frequency region.
Given the deviations observed in the K-K test, a quantitative
interpretation of the low-frequency contribution was treated with
particular caution.

In the Bode representation of the WE spectra (Figure S11), the
high-to-medium-frequency region (10°~10°Hz) can be resolved
into at least two contributions, while an additional contribution
appears at lower frequency. To provide a consistent comparative
description without introducing an excessive number of fitting
parameters, the spectra were fitted using the equivalent circuit
R(R,Q,)(R5Q5)(R4Q,). R, accounts for the Ohmic contribution,
while the three R,Q, elements describe relaxation processes
occurring at progressively lower characteristic frequencies. The
corresponding equivalent capacitances Ceq, and characteristic
time constants 7, = R, C,, are shown in Tables 2, S2, and S3. In
every case, the CPE exponents of the (R,Q,) and (R;Q5) loops were
about 0.6-0.7 and 0.8-0.9, respectively.

Physical interpretation of the individual R,,Q,, contributions was
guided by previous impedance studies of lithium electrodes
[67-72], together with the fitted capacitance and characteristic
frequency ranges. The higher-frequency R,Q, contribution, char-
acterized by equivalent capacitances in the low-microfarad range,
is consistent with processes involving ion transport across the
passivating interphase, which typically yields effective capac-
itances in the 10°-107 F range for thin SEI films. The
intermediate-frequency R;Q; contribution displays larger equiv-
alent capacitances and is consistent with interfacial Faradaic
processes that may include Li* desolvation and charge transfer.
The lowest-frequency R,Q, contribution is particularly sensitive
to changes occurring during lithium removal, including changes
in electrochemically active area and deposit connectivity. These
assignments can be used as a phenomenological framework for
comparing the electrolyte formulations, even though they should
notbe regarded as unique identification of the underlying elemen-
tary processes.

The fitted parameters (Tables 2, S2, and S3) reveal markedly
different evolutions for the nitrate-free and nitrate-containing
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FIGURE 2 |

Nyquist plots of the working electrode in the LiNOs-free (a) and LiNO;-containing (a’) electrolyte, and the respective ones for the

lithium counter electrode (b and b’) after lithium deposition at the working electrode (filled symbols) and after the subsequent partial stripping step

(open symbols).
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TABLE 2 | Principal equivalent circuit fitting parameters for the high-to-medium frequency impedance response of the WE after plating (Aft.plt.)

and stripping (Aft.Strip.) in each electrolyte composition.

R,, Ohm R;, Ohm Ceqas UF Cegs» UF

Electrolyte Aft. plat. Aft. strip. Aft. plat. Aft. strip. Aft. plat. Aft. strip. Aft. plat. Aft. strip.
El 0.36 1.36 0.45 2.04 32.67 8.54 50.39 26.13
E2 2.62 2.94 1.91 34.49 8.54 9.33 41.66 9.69
E3 0.42 3.21 0.48 2.31 17.18 11.40 62.57 39.43
E4 0.90 1.02 2.14 2.14 31.56 39.97 57.20 117.20
E5 2.04 2.15 2.34 2.45 8.98 8.70 80.07 98.90
E6 1.42 1.59 2.46 2.55 25.61 21.81 48.98 57.46

electrolytes. In E1 and E3, R, increases after partial stripping
from 0.36 to 1.36Q and from 0.42 to 3.21Q, respectively, while
Ceq> decreases. R; also increases in both formulations, although
it remains comparatively low in absolute terms. E2 behaves
differently: R, changes only slightly from 2.62 to 2.94 Q, whereas
R; increases sharply from 1.91 to 34.49Q, and C.q; decreases
from 41.66 to 9.69uF. An even larger change is observed in
the lowest-frequency contribution, for which R, increases from
1.01 to 261Q (Figures 2 and S9). This pronounced change in
the medium- and low-frequency response is consistent with the
severe interfacial deterioration accompanying the rapid reservoir
failure observed for E2 (Figures 1a and S2).

By contrast, the nitrate-containing electrolytes show only limited
changes in the fitted resistance values between the deposited and
partially stripped states. For E4, E5, and E6, R, changes from 0.90
t01.02Q, from 2.04 to 2.15Q, and from 1.42 to 1.59 Q, respectively.
Over the same step, R; also remains essentially unchanged at
approximately 2-2.5 Q. The Cq, also shows comparatively small
changes, whereas Cy; increases to different extents depending on
the salt combination. Importantly, the nitrate-containing formu-
lations do not exhibit the pronounced increase in medium- and
low-frequency resistance observed for the nitrate-free systems,
particularly E2.

Taken together, the EIS results indicate that nitrate incorpora-
tion does not simply minimize the initial interfacial resistance.
Instead, its clearest effect is the comparatively limited evolution of
the working electrode impedance between lithium deposition and
partial stripping. By contrast, the nitrate-free electrolytes show
substantially larger changes in one or more interfacial contribu-
tions, with E2 displaying the most pronounced increase in both
medium- and low-frequency resistance. The impedance evolution
is therefore consistent with a more persistent electrochemically
active interface in the nitrate-containing formulations during
partial lithium removal. This behavior parallels their substan-
tially longer lithium reservoir lifetime, although the equivalent
circuit analysis alone does not identify the chemical origin of the
improved interfacial response.

3.4 | Lithium Reservoir Morphology and Surface
Elemental Distribution

The morphology of the lithium reservoir remaining on the copper
working electrode after deposition of 4mAh cm™ and subsequent

stripping of 2mAh cm™ was examined by optical microscopy and
SEM. Samples were transferred without exposure to air using
the procedures described in Section 2.4 and the airtight holders
shown in Figure S12. The combined optical and SEM observa-
tions reveal pronounced differences depending on the electrolyte
composition in deposit coverage, continuity, and characteristic
morphology (Figures 3 and S13-S15).

At the macroscopic scale, all electrodes exhibit some degree
of spatial heterogeneity, particularly near the edges of the
copper substrate, where irregular and filamentous deposits are
more frequently observed, consistent with the locally higher
electric field arising from edge effects (Figure S13). Within this
common pattern, the nitrate-free electrolytes E1-E3 produce
less continuous coverage of the copper surface than the nitrate-
containing formulations (Figure S13a-c). E1 and E2 display
pronounced island-like deposits separated by exposed or poorly
covered regions, with the most severe heterogeneity observed
for E2. In this electrolyte, a substantial amount of detached
lithium remained adhered to the separator during cell disman-
tling, leaving corresponding uncovered regions on the copper
substrate (Figure S14c). E1 displays a denser population of
smaller, moss-like deposits but no comparable accumulation of
detached material on the separator (Figure S14a). The binary
LiFSI/LiTFSI electrolyte E3 produces smoother and more
extended deposits than either single-salt formulation, although
localized clusters and small amounts of detached material
remain visible near the electrode perimeter (Figure S14b).

In marked contrast, all nitrate-containing electrolytes E4-E6 yield
substantially more continuous copper coverage and little evidence
of material transfer to the separator. The remaining reservoirs
display a more uniform metallic appearance, although differ-
ences among the three formulations remain visible. E4 and E5
show greater spatial heterogeneity and more clearly distinguish-
able surface features, whereas E6 produces the most homoge-
neous macroscopic coverage within the nitrate-containing series
(Figure S13d-f).

The SEM images at different magnifications provide further
insight into these differences (Figures 3 and S15, capturing
the same regions as Figure S13). E1 forms compact, intercon-
nected moss-like domains with characteristic dimensions of
approximately 10 um, locally covered by smoother surface debris
and separated by rough grain boundaries (Figures 3a and
S15a). E2 produces more discrete, approximately cylindrical, or
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FIGURE 3 | Representative SEM images of the lithium reservoirs remaining on copper after deposition of 4mAh cm ™ followed by stripping of
2mAhcm 2 in electrolytes (a) E1, (b) E2, (¢) E3, (d) E4, (e) E5, and (f) E6. Scale bars: 10 um.

elongated deposits with a broad size distribution (Figures 3b
and S15b). The material recovered from the separator displays a
morphology resembling that remaining on the copper electrode
(Figure Sl4e,f), with denser, finely structured regions and more
damaged, entangled deposits elsewhere. E3 forms larger and
smoother domains with greater lateral continuity than E1 and
E2, although voids and local variations in connectivity remain
apparent (Figures 3c and S15c¢).

A different morphology is observed for the electrolyte formu-
lations containing lithium nitrate. Denser deposits with excel-
lent lateral continuity are formed on the copper surface, with
smoother and more rounded morphologies and discrete surface
debris, especially in the case of E4 (Figures 3d and S15d). E5
displays a broader distribution of deposit sizes and closer lateral
packing, although local voids and darker embedded regions
remain visible (Figures 3e and S15e). E6 forms comparatively
smooth, rounded domains with a narrower apparent size distri-
bution and the most continuous packing of the series (Figures 3f
and S15f). Surface debris is less prominent for E5 and E6 than
for E4.

These morphological observations are consistent with the elec-
trochemical response described previously (vide supra). The frag-
mented reservoir and extensive material detachment observed
for E2 are consistent with its rapid loss of reversibility and the
pronounced increase in low-frequency impedance during strip-
ping. Conversely, the greater continuity of the nitrate-containing
deposits is consistent with their improved reservoir preserva-
tion and more limited impedance evolution. The morpholog-
ical differences among E4, E5, and E6 are nevertheless more

pronounced than their differences in CE,, and n,,, indicating
that deposit morphology alone does not determine electrochem-
ical reversibility. These observations indicate that reservoir rever-
sibility cannot be inferred from morphology alone and must also
depend on the electrochemical properties and connectivity of the
evolving interface.

EDX mapping of the nitrate-containing deposits reveals addi-
tional spatial heterogeneity in their surface elemental distribution
(Figures S16-S18). Carbon and oxygen signals are more intense
in the surface debris and along some of the boundaries between
neighboring lithium domains, whereas fluorine, nitrogen, and
sulfur are distributed more uniformly across the broader deposit
regions. Single-point EDX spectra acquired from darker regions
between deposits also show lower fluorine and sulfur content than
those obtained from the surrounding surface.

These results demonstrate that the visible morphological features
are accompanied by differences in surface elemental composi-
tion. However, the interaction volume of EDX, its relatively
limited sensitivity to light elements, and the absence of chem-
ical state information preclude the identification of specific SEI
compounds or the assignment of a depth-resolved interphase
structure. The carbon- and oxygen-rich regions may contain a
larger contribution from solvent-derived decomposition products,
whereas the more uniformly distributed fluorine-, nitrogen-, and
sulfur-containing regions may include salt-derived species. These
assighments remain tentative, however, and the EDX results
are therefore considered only as phenomenological evidence
of lateral compositional heterogeneity rather than as a direct
determination of SEI composition.
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3.5 | Raman Evidence for Composition-Dependent
Ion Association and DME Coordination

Raman spectroscopy was used to examine changes in ion
association and solvent coordination dependent on electrolyte
composition through two complementary spectral regions: the
S-N-S stretching modes of FSI and TFSI between 700 and
770cm™", and the conformational modes of DME between 780
and 1050cm ™.

3.5.1 | Imide-Anion Coordination

Following established assignments [73, 74], the S-N-S stretching
bands were deconvoluted into low-, intermediate-, and high-
frequency contributions associated, respectively, with predom-
inantly noncontact or solvent-separated anion environments
(SSIP), direct Li*-anion contact ion pair environments (CIP),
more strongly associated or aggregated configurations (AGG).
These components are used here as operational spectroscopic
populations describing increasing degrees of Li*-anion associa-
tion rather than as uniquely defined molecular structures. In
particular, the Raman spectra distinguish changes in the extent
of contact association of the imide anions but do not uniquely
determine the microscopic structure or stoichiometry of the
corresponding coordination complexes.

The single-salt electrolytes reveal clear differences between
the two imide anions (Figure 4 and Table S4). For LiTFSI,
the fitted populations change only slightly between 0.333 and
1mol kg™*, with 81%-84% SSIP, 15%-18% CIP, and approximately
1% AGG. TFSI therefore remains predominantly in noncontact
environments over the concentration range investigated. LiFSI
shows a similarly limited concentration dependence, but a
substantially larger contribution from contact-associated species,
with 52%-54% SSIP, 34%-38% CIP, and 10%-12% AGG. These

distributions are consistent with greater participation of FSI than
TFESI in direct Li*-anion association.

The binary LiFSI/LiTFSI electrolyte E3 differs from the corre-
sponding 0.5m single-salt references. Relative to E1-05, the FSI
AGG fraction increases from 10% to 23%, while the SSIP and
CIP fractions decrease from 54% to 48% and from 36% to 29%,
respectively. By contrast, the TFSI distribution changes only
slightly relative to E2-05, with an increase in SSIP from 82%
to 85% and a decrease in CIP from 17% to 14%. This indicates
that the coexistence of the two imide salts promotes higher-order
association preferentially involving FSI while slightly reducing
the participation of TFSI in contact-ion pairs.

The addition of LiNO; produces more pronounced changes in
imide-anion distributions. In the LiTFSI/LiNO; electrolyte ES5,
the TFSI SSIP fraction increases from 82% in the corresponding
0.5 m single-salt reference to 91%, while its CIP fraction decreases
from 17% to 8%. TFSI is therefore shifted toward predominantly
noncontact-associated environments in the presence of nitrate.
Conversely, the FSI distribution remains close to that of the
corresponding 0.5m single-salt reference E1-05, retaining a high
CIP fraction of 39% and an AGG fraction of 7%. FSI conse-
quently remains substantially involved in contact-associated envi-
ronments despite the presence of nitrate.

The ternary electrolyte E6 displays the same qualitative distinc-
tion between the two imide anions. Relative to the corresponding
0.333m single-salt references, the FSI population shifts toward
greater association, with the AGG fraction increasing from 12%
to 20% and the SSIP fraction decreasing from 54% to 42%.
TFSI instead becomes more involved in SSIP species, with a
decrease in CIP from 15 to 11%. The analysis of the imide
band therefore shows that the response of FSI and TFSI to
nitrate addition is markedly different: TFSI becomes less involved
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in contact-associated configurations, whereas FSI retains, and
in E6 even increases, its contribution to more strongly associ-
ated environments.

Because the S-N-S region probes only the imide anions, these
observations do not directly determine nitrate occupancy within
the Li* coordination environment. They nevertheless demon-
strate a composition-dependent redistribution of imide-anion
association upon LiNO; addition, which is considered below
together with the DME Raman response and NMR results.

3.5.2 | DME Conformational Population

The DME conformational region provides complementary infor-
mation about solvent participation in the Li* coordination
environment. In fact, owing to its flexible ether backbone
(CH;0-CH,-CH,-OCH;), DME exists in the liquid phase as
several conformers, which are distinguished by their trans (T)
and gauche (G/G’) dihedral sequences. At room temperature,
the dominant conformers are TGT, TTT, TGG’, TGG, and TTG.
Upon introduction of a lithium salt, this population is expected to
reorganize toward the TGT and TGG conformations compatible
with chelating coordination geometries around Li*, at the expense
of the other non-chelating forms [75-77].

Indeed, in agreement with previous literature assignments
[75-77], in the 950-1050cm™" region, salt addition produces an
increase of the relative intensity of the band near 1022cm™,
commonly associated with TGT-rich DME contributions, at the
expense of the feature near 995cm ™, usually associated with the
TTT-like conformations (Figure 5). This evolution is therefore
consistent with a redistribution of the DME population toward
folded geometries favored upon Li* coordination. The change is
most evident for LiTFSI and less pronounced for LiFSI, while
the multi-salt formulations display intermediate or composition-
dependent responses. In the LiNO;-containing electrolytes, an
additional band appears near 1035cm™", associated with the N-O
stretching mode of nitrate.

More diagnostic, though more challenging to deconvolute is the
800-905cm ™" region, which contains partially overlapping contri-
butions from both free DME conformers and lithium-coordinated
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FIGURE 5 | Raman spectra of the DME region for the studied elec-
trolyte compositions.

species. On the basis of the literature discussed in Note S1,
the fitted components were therefore assigned operationally to
free-DME and Li*-perturbed DME contributions rather than to
unique [Li(DME),]* molecular complexes. The fitted parameters
are shown in Table S5.

At comparable salt molalities, the LiFSI solutions show a larger
contribution from the low-frequency region, sensitive to the
formation of coordinated entities, than the corresponding LiTFSI
solutions, together with differences in the distribution of the free-
DME conformational contributions (Figure S19). These observa-
tions indicate that FSI- and TFSI-containing electrolytes perturb
the DME conformational ensemble differently.

To provide a common basis for comparison among spectra
acquired and fitted under identical conditions, an apparent
coordinated-DME descriptor, npygap, Was derived from the
fitted Raman contributions (Table S6). This parameter is model
dependent and is used only for relative comparison among the
investigated electrolytes and should not be interpreted as an abso-
lute Li* solvation number. The values do not vary monotonically
with salt concentration. At 0.333 and 0.5m, LiTFSI gives slightly
higher values than LiFSI, whereas the two 1 m single-salt electro-
lytes give essentially identical values of 2.42-2.43. Among the
1m formulations, E3 displays the highest npyp ,p, value, equal to
2.57, while the single-salt electrolytes E1 and E2 give values close
to 2.4. The addition of lithium nitrate leads to lower values: E4
and E5 are characterized by npyg .p, = 1.74 and 1.55, respectively.
The ternary electrolyte E6 does not follow this decrease, being
characterized by npygap, = 2.40. The DME response to nitrate
addition is therefore strongly dependent on the complete anion
composition rather than on nitrate content alone.

E4 and E5 display the lowest npyp opp values of the series, with E5
giving the smallest value, whereas E6 retains a value comparable
to the single-salt 1m formulations. The differences among the
E4-E6 electrolytes confirm that the effect of nitrate on the DME
spectral response depends strongly on the accompanying imide
anion and cannot be described by a single monotonic trend.

Taken together, the two Raman regions demonstrate a
composition-dependent reorganization of both the imide-anion
association and the DME spectral response. TFSI shifts toward
predominantly noncontact-associated environments upon nitrate
addition, whereas FSI retains a substantial contribution from
contact-associated configurations. These differences are accom-
panied by non-monotonic variations in the coordination-sensitive
DME bands. The combined Raman observations therefore
demonstrate that the multi-salt formulations cannot be described
as simple superpositions of the corresponding single-salt electro-
lytes. They are consistent with a redistribution of the Li* solvation
ensemble as the anion composition changes, without uniquely
determining the complete molecular composition of the primary
Li* coordination shell.

3.6 | NMR Signatures of the Li* and DME
Coordination Environments

To complement the Raman spectroscopy analysis, 'Li and "H
NMR were combined to probe the average environment of
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the Li* cation and the response of the DME solvent, respec-
tively. The spectra of the complete electrolyte series are shown
in Figure S20. A single 'Li resonance is observed for each
electrolyte formulation. This behavior is consistent with a
rapid exchange among the different Li* coordination envi-
ronments on the NMR timescale, although the presence of
several unresolved or rapidly interconverting species cannot be
excluded. The chemical shifts should therefore be interpreted
as composition-dependent averages rather than as signatures of
individual coordination complexes.

In the single-salt solutions, the ’Li resonance progressively
shifts upfield with increasing salt molality, consistent with
composition-dependent changes in the average Li* environ-
ment and shielding as ion association increases. At 0.333
and 0.5m, the shift is slightly more pronounced for LiTFSI
than for LiFSI. At 1 m, however, the resonances of E1, E2,
and the binary LiFSI/LiTFSI electrolyte E3 converge within a
relatively narrow range of around —1.3 ppm. Thus, although the
two imide salts produce distinguishable average Li* environ-
ments at lower molality, these differences become substantially
smaller in the 1 m formulations.

A more pronounced change is observed upon introduction of
LiNO;. The nitrate-containing electrolytes E4-E6 display ’Li
resonances shifted downfield relative to the nitrate-free 1m
formulations, with values of approximately —0.75ppm for E4
and E5 and —1.00ppm for E6. The supernatant recovered from
the oversaturated LiNO;/DME preparation E7 shows the most
downfield resonance at approximately —0.08 ppm. Because the
dissolved LiNO; concentration in this oversaturated reference
could not be determined independently, E7 should be regarded as
a qualitative nitrate-rich reference rather than as a quantitative
1m solution. These results demonstrate that the presence of
nitrate substantially modifies the average electronic and coordi-
nation environment experienced by Li*. The ’Li shifts alone
do not establish the specific position or population of NO;~
within the primary coordination shell. However, when considered
together with the Raman results, the downfield displacement
of the nitrate-containing formulations is consistent with nitrate
contributing to the composition-dependent reorganization of the
Li* coordination environment.

The 'H resonances of the DME CH, and CH, groups provide
complementary information on the average solvent environment.
In the single-salt series, both resonances shift upfield relative to
neat DME as the salt molality increases, with LiTFSI producing
a larger displacement than LiFSI at comparable molality. The
E3 resonances lie between those of the corresponding 1 m single-
salt electrolytes, showing an approximately intermediate solvent
response when FSI and TFSI coexist.

The effect of nitrate on the 'H resonances is less pronounced
than that observed by 'Li NMR. E4 and E5 display chemical
shifts close to those of the corresponding 0.5m LiFSI and LiTFSI
references, with only small additional displacements. E6 lies
slightly downfield of E3 while remaining upfield of the dilute
single-salt references, whereas E7 produces only a limited shift
relative to neat DME. The solvent response therefore does not
vary simply with nitrate content but depends on the complete
salt composition.

Taken together, the "Li and "H NMR results provide complemen-
tary evidence of the reorganization of the electrolyte environment
when the composition changes. The "Li resonance clearly distin-
guishes the nitrate-containing formulations from the nitrate-
free imide electrolytes, while the 'H shifts reveal more subtle
changesin the average DME environment. These observations are
consistent with the composition-dependent redistribution of ion
association and solvent coordination inferred from Raman spec-
troscopy, although they do not provide well-defined individual
anion populations within the primary Li* solvation shell.

4 | Discussion

The combined electrochemical, impedance, morphological, and
spectroscopic results reveal two important effects of electrolyte
composition on the global behavior. First, the introduction of
LiNO; in electrolyte composition clearly separates E4-E6 from
the nitrate-free formulations E1-E3. All nitrate-containing elec-
trolytes preserve the lithium reservoir for 80-86 cycles, with CE,,
values close to 99%, while showing only limited changes in the
working electrode impedance between lithium deposition and
partial stripping at the beginning of the galvanostatic protocol.
They also produce more continuous deposits with little evidence
of detached lithium. By contrast, the nitrate-free electrolytes
exhibit shorter reservoir lifetimes, greater evolution of the inter-
facial resistance during stripping, and less continuous lithium
coverage. These convergent observations indicate that nitrate
incorporation is the common compositional feature most clearly
associated with improved reservoir preservation under the condi-
tions investigated. Its presence does not minimize the initial
interfacial resistance; rather, the nitrate-containing formulations
exhibit a substantially more limited evolution of the working
electrode interfacial response during partial lithium removal.

Second, the nature of the accompanying imide anion produces
distinct changes in ion association and in the coordination-
sensitive DME Raman response. Raman analysis shows that
TFSI is predominantly present in noncontact environments and
becomes even more strongly shifted toward SSIP-like configura-
tions upon addition of LiINO;. In E5, this evolution is accompanied
by the lowest value of the Raman-derived apparent coordinated
DME descriptor, npypapp. FSI shows a different behavior: It
retains substantial CIP and AGG contributions in both E4 and
E6, remaining significantly involved in contact-associated config-
urations in the presence of nitrate. The ternary formulation
E6 combines increased association of FSI with reduced contact
association of TFSI while retaining a npyp .y, value comparable
to those of the 1 m single-salt formulations. The response of the
ternary system therefore cannot be described as a simple average
of the corresponding binary electrolytes. More generally, the
non-monotonic DME response across E4-E6 shows that nitrate
addition does not produce a simple, composition-independent
displacement of DME from the Li* coordination environment.

Importantly, the marked spectroscopic differences among E4, E5,
and E6 do not translate into an equally marked ranking of reser-
voir reversibility. Their CE,,, values and cycle numbers remain
closely similar, and three-electrode measurements show that the
lithium counter electrode makes a substantial contribution to the
overall cell polarization, including in ES. The larger two-electrode
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polarization of E5 therefore cannot be interpreted as a direct
measure of the behavior of its Cu-supported lithium reservoir.
E6 produces the most homogeneous deposit morphology of the
nitrate-containing series after lithium reservoir formation despite
displaying spectroscopic characteristics that differ substantially
from both E4 and E5. A direct relationship between a more
homogeneous solvation ensemble and superior electrochemical
performance therefore cannot be established from the present
data. The most robust interpretation is instead that nitrate is the
common compositional factor associated with improved reser-
voir preservation, whereas the coexisting imide anions modulate
ion association, the solvent response, deposit morphology, and
electrode-specific polarization without producing a correspond-
ingly defined ranking in CE,,, or reservoir lifetime.

These observations support a picture in which the prereduction
solvation ensemble depends on the complete salt composition and
may influence the subsequent interfacial response. In a multi-salt
electrolyte, the contribution of an anion to interfacial processes
cannot be inferred simply from its bulk concentration because the
different anions and solvent molecules participate in combined
ion association and coordination equilibria. The combination
of nitrate with the bulky, weakly coordinating TFSI produces a
pronounced decrease in the contact-associated TFSI population,
whereas FSIretains substantial CIP and AGG contributions when
nitrate is present. These results establish that salt pairing modi-
fies the relative association states of the imide anions. Recent
literature calculations performed within a common computa-
tional framework also report different intrinsic Li*~anion binding
strengths for NO;~, FSI, and TFSI [78], with calculated values of
—6.91, —6.01, and —5.67¢V for Li*-NO,~, Li*~FSI, and Li*-TFSI,
respectively. The weaker Li*~TFSI interaction is thus consistent
with the qualitative picture described above. These observations
are also consistent with recent molecular dynamics simulations,
corroborated experimentally, showing that the TFSI/NO; ™ ratioin
mixed glyme electrolytes strongly affects both solvation structure
and solvation dynamics [63].

These complementary observations, however, provide informa-
tion on intrinsic association tendencies but do not directly deter-
mine the composition of the primary Li* coordination shell.
They should therefore not be regarded as quantitative predictors
of the coordination shell compositions, which also depend on
solvent competition, ion aggregation, concentration, and collec-
tive interactions. Nevertheless, composition-dependent changes
in these prereduction environments may in turn alter the relative
availability and reactivity of electrolyte components during Li*
desolvation and interfacial reduction as well as modify the reduc-
tion pathways involved in SEI formation [79].

This interpretation necessarily relies on a correlative approach.
Raman spectroscopy directly probes changes in imide-anion asso-
ciation and in the coordination-sensitive DME spectral response,
while the "Li and '"H NMR shifts confirm that the average cation
and solvent environments depend on the complete salt composi-
tion. Neither technique, however, provides a direct quantitative
measurement of nitrate occupancy within the primary Li* coor-
dination shell. Similarly, the limited impedance evolution and
improved deposit continuity observed for E4-E6 demonstrate
a more persistent electrochemical and morphological response
during partial lithium removal but do not identify its chemical

origin. In particular, the formation of SEI domains rich in Li;N,
LiN,O,, or LiF cannot be established from the present SEM/EDX
and electrochemical measurements because direct chemical-state
and depth-resolved characterization would be required. Similarly,
the CullLi reservoir protocol employed here probes the formation
and preservation of a finite lithium reservoir under controlled
half-cell conditions and is not equivalent to an operational zero-
excess full cell. The present results therefore establish correlations
among electrolyte composition, spectroscopic response, lithium
morphology, and interfacial evolution but are not sufficient to
assign a unique molecular or interphase mechanism.

The proposed picture can be compared with two established
approaches to controlling Li* coordination. In highly concen-
trated and localized high-concentration electrolytes [80, 81],
extensive anion participation in the primary coordination shell is
promoted mainly by reducing the relative availability of solvent
molecules. Weakly solvating electrolytes achieve a related effect
at conventional salt concentrations by using solvents with limited
donor ability or steric constraints, thereby favoring anion coordi-
nation over solvent coordination [40, 41]. More recent electrolyte
design concepts have further emphasized that cation-anion,
anion-solvent, solvent-solvent, and higher-order interactions
collectively determine the resulting solvation ensemble rather
than acting as independent variables [42]. In particular, anion-
solvent interactions have been identified as an additional means
of tuning transport, desolvation, and interfacial chemistry [43],
while multi-salt systems have been used to engineer cation—
anion solvation through the simultaneous presence of chemically
distinct anions [44]. In the present case, the total salt molality
remains fixed at 1 mol kg~' and DME is retained as the solvent; the
principal variable is instead the identity and relative proportion
of the coexisting anions. The observed redistribution of imide
association and the nonadditive DME response therefore identify
salt pairing as a complementary route for tuning the solvation
ensemble at comparatively low total salt concentration. This inter-
pretation is consistent with previous reports of improved lithium
reversibility in multi-salt electrolytes [47-55], while indicating
that their behavior cannot necessarily be understood as the simple
superposition of independently acting salts.

From a design perspective, these findings suggest that the effec-
tiveness of a functional anion depends not only on its presence
in the electrolyte but also on how the complete salt composition
modifies ion association and the solvent environment. In the
present series, pairing nitrate with TFSI produces a pronounced
shift of TFSI toward noncontact-associated configurations and a
comparatively [ow npyp .5, Whereas FSI retains a greater degree
of contact association. These differences do not, however, estab-
lish preferential nitrate occupancy quantitatively and do not
translate into a simple ranking of reservoir reversibility. The
broader implication is therefore not that one specific anion pair
is universally optimal but that multi-salt electrolytes should be
designed by considering the mutual effects of their constituent
salts on ion association, solvent coordination, and interfacial
response rather than treating their functions as independently
additive. Salt pairing can thus provide an additional design vari-
able for dilute electrolytes, complementary to increasing salt
concentration or decreasing solvent coordinating strength. Its
relevance to practical zero-excess architectures will require direct
validation in cathode-limited full cells.
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5 | Conclusion

The present study demonstrates that the behavior of low-
concentration multi-salt electrolytes cannot be understood solely
from the independent properties of their constituent salts. In
1mol kg™' DME electrolytes, the nitrate-containing formulations
show markedly improved preservation of the lithium reservoir,
with average Coulombic efficiencies close to 99%, limited evolu-
tion of the working electrode impedance during partial strip-
ping, and more continuous lithium deposits. These effects are
common to the nitrate-containing formulations E4-E6, despite
their distinct voltage responses, deposit morphologies, and spec-
troscopic signatures.

Raman and "Li/'"H NMR spectroscopy further show that the
accompanying imide anion modifies ion association and the DME
and Li* environments in the nitrate-containing formulations.
TFSI is readily shifted toward noncontact configurations in the
presence of LiNO;, whereas FSI retains a substantial contribution
from contact ion pair and aggregate configurations. The DME
response also depends strongly on the complete anion composi-
tion and does not vary monotonically with nitrate content. The
ternary electrolyte displays a nonadditive response, confirming
that multi-salt solvation cannot be described as a simple superpo-
sition of the corresponding single-salt systems.

Overall, the results support a coordination-oriented interpre-
tation in which the complete salt composition modifies ion
association and the prereduction Li* solvation ensemble, with
corresponding changes in lithium deposition and interfacial
evolution. Although the present data do not establish the quan-
titative population of the individual anions within the primary
Li* coordination shell or a direct causal relationship between
solvation shell composition and specific SEI products, they iden-
tify salt pairing as a relevant design variable for dilute multi-salt
electrolytes. The broader implication is that the salts contained
in the electrolytes should not be considered as independently
acting sources of interphase-forming species: Their mutual effects
on ion association, solvent coordination, and interfacial response
must also be taken into account. Salt pairing therefore provides a
complementary strategy for tuning dilute electrolyte formulations
without requiring an increase in total salt concentration.
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