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Abstract

Use of electrolyte additives at mM loadings to control the surface chemistry of lithium metal anodes
(LMAs) is a leading strategy to improve safety, efficiency, and reliability of lithium metal batteries and
promote various types of electrosynthetic reactions. Whereas previous studies employed either inorganic
or organic additives, in this study we report the first organometallic additive, Mo,(mea)s [1, mea = 2-(2-
methoxyethoxy)acetate], a dimolybdenum paddlewheel complex that is stable under Li plating conditions.
Unlike more classically used crown ether additives, complex 1 features cation binding sites in the second
coordination sphere that promote reversible Li" coordination. Furthermore, binding of Li" ions to 1
induces aggregation of cationically charged coordination oligomers/polymers that assemble at the LMA
surface due to electrostatic attraction. Upon surface immobilization and incorporation into the solid-
electrolyte interphase (SEI), the additive serves multiple beneficial functions. It was found to protect the
LMA against parasitic side reactions by chemical passivation, produce modest but measurable
improvements to Li plating properties (e.g. overpotential, surface structure, Coulombic efficiency), and
modulate the composition and thickness of the SEI. The latter effect translates to significantly decreased
resistance in battery settings due to improved interfacial charge transport properties. The most notable
benefit to battery cycling performance comes from calendar aging tests, which show that the presence of
the additive protects the LMA from parasitic side reactions that would otherwise decrease overall cell
cycling efficiency Collectively, these data disclose a new tactic for designing electrolyte additives using
principles of organometallic synthesis.

Introduction

Whereas ubiquitous lithium-ion batteries use graphitic anodes to host Li" ions in the charged state, several
next-generation battery schemes will depend on hostless lithium metal anodes (LMAs) that boast high
specific capacities (3860 mAh g') and low potentials (-3.04 V vs. SHE) necessary to enable a vertical
leap in the energy density of rechargeable batteries.'” The adoption of devices with LMAs has faced
impediments primarily related to safety risks, including the potential for short circuits and thermal
runaway, that stem from unwanted Li dendrites growing on the anode surface during Li plating (charging)
and stripping (discharging) cycles. Additionally, capacity fade due to parasitic side reactions at the highly
reactive LMA surface remains a problem for lithium metal batteries (LMBs).>* Use of LMAs also
extends beyond batteries to other applications such as electroreduction of N, to NH3,” a commodity
chemical critical to sustaining the human population.® Therefore, it is critical to identify strategies
enabling control of Li plating and stripping processes and protection of the anode from spontaneous
reactions with the electrolyte.
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Improving the stability of LMBs and/or controlling surface reactivity of LM As hinges on controlling the
solid-electrolyte interphase (SEI). This critical layer that forms natively on the reactive LMA surface
stabilizes the electrode-electrolyte interface by preventing direct contact between the reducing Li metal
and the reducible electrolyte. The SEI must be mechanically robust, allowing for lithium ion and charge
transport processes while accommodating LMA volume changes during battery cycling.’ Specific
electrolytes have been employed to create robust SEIs, with lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and lithium bis(fluorosulfonyl)imide (LiFSI) emerging as leading candidates.”® The beneficial
effects of these electrolyte components are attributed to their decomposition at the LMA surface into LiF-
rich SEls, a phenomenon known to increase the stability of LMBs by impeding dendrite formation and
promoting lithium ion transport characteristics.” While crystalline LiF has poor Li" transport properties,
amorphous LiF, especially when doped with lithiophilic impurities, has the potential for fast Li"
transport.'“!! Thus, although LiF-rich SEI layers tend to be beneficial, having SEIs that are too rich in LiF
negatively impacts battery performance.'? In other words, optimizing the ratio of LiF to other SEI
components is critical. Therefore, identifying ways to precisely control SEI composition is also of great
interest. Strategies being investigated to selectively deposit optimal SEI compositions include electrolyte
design," electrode manipulation,'* and use of electrolyte additives.'* Additives have a rich history of
improving battery life and functionality in lithium-ion batteries'> and many additives have been explored
to enhance LMA properties.'* Of particular relevance to this study, recent works have demonstrated
beneficial effects of crown ethers (e.g., 15-crown-5, 18-crown-6) as electrolyte additives.'®"’

Electrolyte additives are typically classified as either purely inorganic (e.g. LiNO3;, LiAsFe, AICl3) or
purely organic (e.g. vinylene carbonate, fluoroethylene carbonate).?’ In this study, we report what we
believe to be the first organometallic additive species. The additive is based on the so-called
“paddlewheel” motif that typically consists of a binuclear (M- -M) metal unit spanned by four bridging
ligands (e.g. carboxylates) to create a 4-fold symmetric environment (e.g. [M2(OAc)4]""). These bimetallic
paddlewheel complexes represent a privileged motif in coordination chemistry and have applications in
catalysis,”’ > medicine,?* and investigations of fundamental bonding concepts.”> >’ Among these
compounds, Group VI complexes such as Mo,(OAc)s have played an important role in developing
knowledge of metal-metal bonding due to their electronic configurations leading to quadruple (M=M = o
+ 2m + &) metal-metal bonds.?*>° Importantly, the quadruply-bonded paddlewheel complexes are known
to be stable even at potentials relevant to Li plating.*'*? As part of our investigations of second
coordination sphere effects on these dimolybdenum paddlewheels,”* we decided to install second-sphere
cation binding sites into the molecular architecture. Here, we report that one such complex that, when
used as an electrolyte additive, not only influences the nature and composition of the SEI but also
incorporates itself into the SEI as a lithiophilic species. In doing so, the additive serves several functions
including passivation of the LMA toward parasitic side reactions, improvement of Li plating properties,
and attenuation of charge transfer resistance. Notably, a significant improvement in battery cycling
performance was measured in the presence of the additive during calendar aging tests, indicating that the
protection imparted on the LMA toward parasitic side reactions serves a useful and practical benefit.

Results & Discussion

We adapted a literature synthesis of the canonical paddlewheel complex, Mox(OAc)s,** to prepare the title
Mos(mea)s [1, mea = 2-(2-methoxyethoxy)acetate] complex on gram scale in >90% yield in a single step
from commercially available 2-(2-methoxyethoxy)acetic acid and Mo(CO)s (Scheme 1). Bulk samples of
1 were characterized by 'H NMR spectroscopy and elemental analysis (see Supporting Information).
Compared to relatively insoluble Mox(OAc)s, 1 showed significant solubility in organic solvents like
acetonitrile, tetrahydrofuran (THF), dimethyl carbonate, and 1,2-dimethoxyethane (DME, monoglyme).
Unlike air-stable Mo2(OAc)s, 1 underwent air oxidation within seconds of air exposure, converting to an
unknown diamagnetic species. Therefore, all subsequent experiments were carried out in inert-
atmosphere gloveboxes. The solid-state structure of 1 determined by X-ray crystallography features a
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Mo=Mo bond distance of 2.09891(16) A, which is quite similar to the corresponding distance of 2.093(1)
A for MOz(OAC)4.35

Scheme 1. Synthesis of Moz(mea)s (1).?
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 Solid-state structure from X-ray crystallography is shown as 50%-probability thermal ellipsoids (H
atoms and a co-crystallized solvent molecule omitted).

Exposure of 1 to various Li" salts indicated that the oxygen-rich environment surrounding the
dimolybdenum unit in 1 is capable of Li" binding, a phenomenon we initially discovered from X-ray
crystallography experiments. For example, when attempting to grow crystals of 1 in the presence of
LiBF4, we instead obtained crystals of Mo,(mea)s-4LiBF4 (2). The solid-state structure of 2 (Figure 1a)
features a 1D chain of Mox(mea)s units in which each mea group has captured a Li" ion to give an overall
4:1 Li":Mo stoichiometry. In the structure of 2, each mea ligand has a carboxylate oxygen atom bridging
between Mo and Li" as well as two ether oxygens chelating Li" in a hemi-crown manner. The
coordination spheres of each Li" are completed by BF4 anions, which bridge between Li" cations to
propagate the 1D chain. The Mo=Mo bond distance in 2 is 2.0875(9) A, indicating a shortening of ~0.012
A from 1 upon Li" binding. Such bond contractions can be indicative of changes to the electronic nature
of the Mo=Mo bond via ligand field effects. For example, a Mo=Mo contraction of similar magnitude
was observed when replacing two acetate ligands from Mo2(OAc)s with guanidate ligands, which also
corresponded to a significant shift in the Mo,”"/Mo,*" reduction potential.*® In this case, the change in
Mo=Mo bond distance likely reflects a change in donor strength of mea upon Li" binding.
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Figure 1. Solid-state structures (polymer expansion views) of (a) [Mo2(mea)]-4LiBF4 (2) and (b)
[Mox(mea)s]-1.5LiTFSI (3) determined by X-ray crystallography (selected atoms shown as 50%-
probability thermal ellipsoids, H atoms co-crystallized solvent molecules omitted).

Next, similar experiments were conducted with LiTFSI [TFSI = N(SO2CFs).7], an electrolyte often used
in lithium battery cells. Crystals of Mox(mea)s-nLiTFSI were grown from solutions in both DME and
THF. The solid-state structure from DME (3, Figure 1b) features an overall 1.5:1 Li":Mo; stoichiometry
comprising a zig-zag shaped 1D chain. Here, the chain propagates via Li" cations bound to mea ligands
from neighboring Mo,(mea)s sub-units. There are also “dangling” Li" cations not involved in propagating
the chain whose coordination spheres are completed by TFSI™ anions. The coordination polymer backbone
is cationically charged, and so there are also outer-sphere TFSI™ anions in the lattice for charge balance.
The structure from THF (4, Figure S1) is generally like that of 3 and features THF ligands bound to Mo
centers along the Mo=Mo axis.’” Because these extended coordination polymers depend to some extent
on anion moieties bridging between sub-units and/or coordinating “dangling” Li" ions in the solid state, it
is unlikely that the crystallographic structures reflect solution behavior. Nonetheless, these data imply
that, upon Li" binding to 1, coordination oligomers or polymers can form in solution from aggregation via
intermolecular mea---Li"---mea bridging.

"Li NMR measurements were used to establish that Li" binding by 1 does occur in solution, as well. Both
the chemical shift and the linewidth of the 'Li NMR resonance for LiTFSI were found to change
depending on 1:LiTFSI ratio in solution, with higher 1:LiTFSI ratios giving more downfield shifted and
broadened signals (Figure 2a). Based on literature precedent, the single 'Li NMR resonance observed
under all conditions examined can be assigned as the weighted average of bound and unbound Li" ions
that are in rapid exchange on the NMR timescale.*® As such, it was not possible to distinguish the four
potential Li* binding sites in 1 by 'Li NMR spectroscopy in this case.’* However, the average Li" binding
constant (K;) for all the binding sites was determined to be 1.53 = 0.15 M™' based on this 'Li NMR data
(see Supporting Information for derivation). This average binding constant is relatively small compared to
non-aqueous cation binding by crown ethers and crown ether-appended transition metal systems even in
comparable solvent environments,**** which play a role in Li" mobility in the SEI (see below).
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Figure 2. (a) Effect of added Mox(mea)s (1) on "Li NMR spectrum of 5 mM LiTFSI in DME:CDCl; (4:1)
for Mo,:Li ratios up to 4 (maroon spectrum is of an external LiTFSI standard); (b) effect of LiTFSI on the
Mo, " /Mo,*" couple of 1 in mixed LiTFSI/NBusOTf electrolytes (1 M total ion concentration in DME);
(c) change in half-wave potential for the Mo,”"/Mo,*" couple as a function of LiTFSI concentration; (d)
demonstration of 5 mM [Mox(mea)s]-nLi" passivating the working electrode toward bulk [NBu4]"
reduction (Pt working electrode, 100 mV s scan rate).

To probe the individual Li" binding sites in 1, we employed density functional theory (DFT) calculations
to analyze the Gibbs free energy changes associated with the simulated reactions represented by equation
1. The first Li" binding event (n = 1 in equation 1) was calculated to be roughly thermoneutral (AG; = 0.1
kcal mol ™), consistent with the weak (reversible) binding indicated by 'Li NMR experiments. Binding a
second Li" ion (n = 2) is also feasible (AG2-yuns = 4.2 kcal mol™) provided the two Li" ions are bound to
mea ligands that are trans to one another. However, binding two Li" ions in a cis orientation or binding a
third Li" ion (n = 3) were both found to be thermodynamically inaccessible under standard conditions
(AGa.cis = 26.5 kcal mol™! and AG; = 36.6 kcal mol™). These calculations indicate that, on average, each
molecule of 1 will bind <2 Li" ions in solution while always maintaining a trans disposition between Li"
ions to minimize charge repulsion.

Mos(mea)s + n[Li(DME),]" — [Mox(mea)s nLi]™ + 2nDME (eq 1)

Next, we carried out exploratory cyclic voltammetry (CV) measurements, motivated by previous
observations that cation binding sites impact the reduction potentials and reactivity profiles of transition
metal complexes.** Dimolybdenum paddlewheels are known to show excellent electrochemical and
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chemical redox reversibility by CV associated with the §-bonding electrons.”® Accordingly, the CV of 1 (5
mM in 0.5 M LiTFSI/DME) showed a reversible (Figures S11-S13) redox event at 3.53 V vs. Li/Li that
is assigned to the Mo, "/Mo,*" couple. When CV measurements for 1 were conducted in a mixed
LiTFSI/NBusOTf electrolyte (1.0 M total ion concentration in DME, Figure 2b), the half-wave potential
(Ei2) value was found to depend on LiTFSI concentration, with the shift in half-wave potential (AE1.)
moving to more positive potentials with increasing [LiTFSI]. At concentrations of [LiTFSI] > 400 mM,
the AE; plateaued at ~50 mV (Figure 2c). The fact that AE,, is relatively small in this case is attributed,
in part, to the weak binding of Li" by 1. For comparison, AE;» > 100 mV is typically observed for crown
ether-functionalized transition metal systems with significantly stronger cation binding characteristics.****
In this regard, the behavior observed by CV coincides with conclusions reached from "Li NMR
measurements and DFT calculations.

Figure 2d shows the influences of 1 and/or LiTFSI additives on the CV of NBusPFs (0.5 M in
dimethylcarbonate) electrolyte. The CV in the absence of additives showed electrolyte reduction onset at
~0 V vs. Li"/Li. Upon adding 1 (5 mM) to this electrolyte, new small features of unknown origin were
observed at ~0.25 and ~0.5 V in addition to the reversible [Mo2]’"/[Mo,]*" couple at 3.5 V, but there was
only a minimal effect on the electrolyte reduction profile at ~0 V. However, to our surprise, the presence
of both 1 and LiTFSI at low loadings (5 mM each) completely suppressed reduction of the bulk
electrolyte near ~0 V. Our interpretation of these results is that the interaction of 1 and LiTFSI produces
some [Mox(mea)s nLi]"" species (or aggregate thereof) that dramatically influences electrode surface
chemistry, in this case effectively expanding the potential window of the electrolyte by passivating the
working electrode towards [NBus]" reduction. Characterization of surface species will be discussed
below.

Inspired by these observations and the previous literature on crown ethers as electrolyte additives,'*™"’ we

went on to examine effects of 1 on Li plating/stripping behavior. In initial experiments (e.g. Figure S15),
CV scans were swept anodically starting at open-circuit potential (~3 V vs. Li"/Li), which allowed for the
observation of the reversible Mo,’"/Mo,*" redox event in the first cycle that effectively served as an
internal current and potential standard. Upon passing through Li plating and stripping potentials and re-
scanning anodically in subsequent cycles, not only was the Mo,’/Mo,*" couple maintained, but also its
current and peak shape changed in a manner that was dependent on the electrolyte (LiTFSI vs. LiFSI; FSI
= N(SO,F),), solvent (mono- vs. tetraglyme), and working electrode (Pt vs. glassy carbon). From these
observations, we concluded that (a) solution-phase 1 is robust even under Li plating conditions, and (b)
some type of electrocatalytic reaction occurs at the Mo, " /Mo,*" potential, presumably involving solution-
phase 1 promoting transformation(s) of electrolyte component(s) or degradation product(s) thereof.
Although solution-phase electrocatalysis at these potentials is beyond the scope of lithium metal anode
chemistry, a thorough analysis of this data set is presented in Supporting Information.

Data presented in Figure 3 focuses on the CV region associated with Li plating and stripping. In the
absence of additives, CV experiments with LiFSI (1 M in DME) showed clear plating and stripping
waves that were monitored over 50 cycles (Figure 3a). The maximum stripping current (~0.9 mA) was
observed at Cycle 1. By Cycle 10, the stripping current faded to its minimum value of 0.55 mA.
Subsequently, stripping current increased then stabilized at ~0.6 mA by Cycle 50. Over 50 CV cycles in
the presence of 1 (5§ mM), the stripping current started at ~0.8 mA, dropped to ~0.5 mA, then stabilized at
~0.6 mA (Figure 3b). Thus, overall, the effect of additive 1 on stripping current is deleterious at Cycle 1
(Figure 3c) before converging to behavior that is nearly indistinguishable from the baseline case (Figure
3d). More significant changes were evident when examining Li plating overpotentials. The presence of 1
increased plating overpotential by ~20 mV at Cycle 1 (Figure 3c) but then decreased it over time such
that, by Cycle 50, the overpotential was smaller with additive 1 than without (Figure 3d). On the other
hand, stripping overpotentials were seemingly unaffected in these experiments. The slope of the stripping
wave’s rising edge was slightly less steep in the presence of 1, indicating that the additive slows Li
stripping rates.*®*” Overall, the presence of additive 1 does not block Li plating/stripping despite its
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chemical passivation of the working electrode, and it also has a modest but measurable beneficial effect
on Li plating overpotential once a stable SEI has been established over the first few cycles.*®
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Figure 3. Comparisons of Li plating and stripping behavior of LiFSI (1 M in DME) examined by CV (Pt
working electrode, 10 mV s') with and without additive 1 (5 mM).

Next, a Cul|Li coin cell reservoir method established by Adams et. al.** was used to examine the effect of
1 as an additive in a more realistic lithium metal battery setting. According to this method, after a Cu
surface conditioning plating/stripping step, a Li reservoir was plated on a Cu working electrode, then a
fraction of Li was stripped and plated in each cycle, and finally the entire reservoir was stripped in the last
cycle. The final amount of stripped Li divided by the initial reservoir amount plated was used as a
representative Coulombic efficiency (CE) value, on average, for the ensemble of cycles conducted.
Several coin cell conditions were screened (Figure S27), and LiFSI at 4 M concentration in DME with 1
as an additive at <3 mM concentrations were identified as suitable conditions for further experimentation.
Using these conditions, an extended protocol with smaller (i.e., faster) plating and stripping cycles was
employed to efficiently examine longer term effects (Figure 4a).** Here, while the average CE remained
constant regardless of additive concentration (Figure 4b), the overpotentials for Li nucleation and growth
varied depending on [1]. The electrolyte mixture with no additive showed larger overpotentials both
initially and throughout the experiment compared to the case with 1 mM 1 as an additive (Figure 4c).
While the nucleation overpotential returned to its baseline value when additive concentration increased to
3 mM, the overpotential for growth maintained a lower value even at the higher additive loading. Overall,
these coin cell experiments are aligned with the CV experiments discussed above in that they indicate
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modest but measurable changes to overpotentials induced by additive 1, which presumably promotes
deposition of a surface layer with slightly lower resistance than the native SEI.
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Figure 4. Effect of additive 1 on Cul|Li half-cell cycling: (a) charge/discharge profile following a protocol
with initial long Li plating/stripping cycles on Cu followed by 200 rapid cycles then complete stripping of
the Li reservoir; (b) average Coulombic efficiency as a function of additive concentration; (¢) nucleation
and growth overpotentials as functions of additive concentration.

Several of the behaviors observed during CV and coin cell measurements imply that [Mo,(mea)s-nLi]""
(or a derivative thereof) impacts the nature of the SEI and/or incorporates into the SEI structure.
Therefore, the Li anodes from the Cul|Li coin cells described above were washed with DME after
completion of the cycling experiments and analyzed by X-ray photoelectron spectroscopy (XPS).
Whereas Li content was constant regardless of whether 1 was used as an additive (Figure 5a), major
differences in F and Mo content were evident by XPS. In the absence of additive 1, features were
observed at 685 and 689 eV that are assigned to the F 1s binding energies of LiF and organofluorine (—
CF) species, respectively.””'** In the presence of 1 mM 1, only the 685-eV feature for LiF was observed
and the organofluorine peak was absent (Figure 5b). These results imply that low loadings of 1 as an
electrolyte additive influence SEI formation substantially, here suppressing organofluorine deposition and
favoring LiF formation. (The specific effects on SEI composition are highly electrolyte dependent; see,
for example, Figure S28.) A larger ratio of LiF to —CF can be indicative of a thinner SEI, as inorganics
such as LiF tend to be found at higher concentrations near the anode surface.'>*° For the cell with 1 mM
1, the presence of immobilized Mo was also evident by XPS (Figure 5¢). Two features at 232 and 235 eV
were observed that are assigned to the Mo 3ds/, and 3d5,, binding energies, respectively, of the surface-
bound species. Metallic Mo or surface Mo alloys are expected to have Mo 3ds;, binding energies of ~228
eV, whereas Mox(OAc)s was previously reported to have a binding energy of 232 eV.’! The presence of
Mo centers in a higher oxidation state than Mo(0) metal suggests that the surface Mo species in these
experiments have intact Mo=Mo bonds rather than having undergone reduction to the metallic Mo’ state,
even at the extreme potentials of a Li metal anode. Taken together, it can be concluded that use of 1 as an
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electrolyte additive both dramatically influences the nature and composition of the SEI and results in
incorporation of discrete Mo=Mo species into the SEI structure.
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Figure 5. XPS characterization of the anode surface after extended cycling focusing on the (a) Li 1s, (b) F
1s, and (c) Mo 3d binding energies. Baseline curves indicate cells with no additive.

The anode surfaces from the Cul|Li coin cells were further analyzed by scanning electron microscopy
(SEM). In both the control conditions and an experiment with 3 mM 1 in 4 M LiFSI/DME, Li plating was
observed to have started at the edges and grown toward the center of the anode (Figure S30), which is
likely due to a non-uniform distribution previously reported for coin cells.”> When the anodes were
examined after one conditioning cycle and one lithium plating step, it was evident that the plated Li
exhibited a smoother surface with fewer small, feather-like features in the presence of additive 1 (Figure
6a) compared to the control (Figure 6b). However, after extended cycling (200 cycles), the two SEM
images showed quite similar morphologies (Figure S33).

Figure 6. SEM characterization (14000x magnification) of anode surfaces after 1 charge step (4 M
LiFSI/DME) of a Cu||Li cell showing surface morphology of plated Li with (a) 3 mM 1 additive, and (b)
no additive.

To further probe the nature of the SEI, we conducted cycling experiments in symmetric Li||Li cells and
periodically performed electrochemical impedance spectroscopy (EIS) measurements. Charge/discharge
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profiles with and without 3 mM 1 additive were monitored over 300 cycles each (Figure 7a). In the first
few cycles, measurable changes in cycling profile and overpotentials were noted in the presence of 1
(Figure 7b). Figure 7¢ shows the net additive effect of 1 on Li plating overpotential (Mo — Mbaseline). At the
first plating cycle, the overpotential of the Mo-containing cell produced an overpotential that was
markedly worse than that of the baseline (~100 mV larger). However, at the 10" cycle, the overpotential
of the baseline cell began to exceed that of the 3 mM 1 cell and maintained a slightly higher overpotential
up to 300 cycles. This effect of 3 mM 1 aligns nicely with the CV experiments which suggested beneficial
effects on Li plating/stripping overpotentials resulting from the presence of additive 1.
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Figure 7. Effect of additive 1 (3 mM) on Li||Li coin cell cycling: (a) charge/discharge profile over 300
cycles with blue circles indicating time points at which EIS measurements were taken; (b)
charge/discharge profile for the first 4 cycles highlighting effect of additive 1 on overpotential; (¢) net
additive effect on plating overpotential as a function of cycle number; EIS measurements (d) before
cycling, (e) at Cycle 10, (f) at Cycle 200, and (g) at Cycle 300.

In an effort to understand the working mechanism of 3 mM 1 during cycling, EIS measurements were
also conducted at the points indicated by circles in Figure 7a.>> When examining pristine cells before
cycling, there was significantly more impedance with additive 1 compared to the baseline case (Figure
7d). This indicates that, upon exposure of 1 to the cell at OCP even before cycling, there is already in-situ
formation of [Mox(mea)s-nLi]"" complexes and/or oligomers that localize at the anode surface and act as
insulating SEI components. We attribute both the spontaneous assembly on the anode surface and the
insulating behavior to the positive charge of the additive/Li" complex and the resulting electrostatic
shielding effect.'®!”**>* In support of this working model, we conducted a separate experiment in which a
Li||Li coin cell was left at OCP for 7 h, during which EIS measurements were taken every 30 min (Figures
S34-S38). In the absence of additive 1, as expected,” impedance grew over time as the Li reacts with the
electrolyte. Surprisingly, in the presence of additive 1 (3 mM), impedance decreased over time. The
decrease does not vary linearly with t* as is commonly observed for growing SEI layers during storage
(Figure S36 vs. Figure S37).> Interestingly, the decrease in impedance fits to an exponential decay,
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perhaps indicating this phenomenon is governed by a first order process (Figure S38). We suspect that the
source of this decrease in impedance is related to some activation process of 1 (as seen in the symmetric
cell cycling), which requires a reaction/adsorption step. This process is likely to be first order kinetically.
However, more detailed analysis is required to elucidate the mechanism.

Nevertheless, EIS data taken at different cycles revealed that the addition of 1 has a positive impact in
terms of decreasing overall impedance. Cycles 10 (Figure 7¢), 200 (Figure 7f), and 300 (Figure 7g) with
and without additive were nearly superimposable in the high-frequency region, indicating that additive 1
appears not to impact ion transport properties of the SEI.>® Substantial differences were evident at the
mid- and low-frequency regions, which nominally should report on charge transfer and diffusion in bulk
electrolyte, respectively. However, after cycling, Li electrodes are often transformed from planar surfaces
to high surface-area porous morphologies.”® Hence, the Li-ion diffusion impedance also probes the
diffusion through this porous SEI/non-planar Li matrix. The interpretation of the broad low frequency
half-semicircle likely includes a closed Warburg transmissive boundary”® with non-reflective electrodes
such as Li. Additive 1 apparently lowers resistance toward charge transfer and/or mass transport. Direct
attempts to deconvolute the charge transfer resistance from diffusion resistance through the SEI/Li-matrix
(via equivalent circuit modeling) was not successful due to the overlap in frequency. However, their
trends with cycling could be more revealing of their relative importance. As Li metal is never considered
to be plated in a planar manner,” the Li-ion diffusion impedance is expected to only increase with cycling
(i.e., the Li electrode becomes thicker and more tortuous with cycling). However, Figure 7e (10" cycle)
clearly indicates a low frequency impedance that is larger than that of Figures 7f-g (200" and 300"
cycles), suggesting that the diffusion impedance contribution from the SEI/Li matrix is not dominating.
The fact that the impedance decreases with cycling indicates that the plating of fresh, high surface-area Li
metal is occurring (since impedance is inversely proportion to electrochemically active surface area), and
its impact on impedance likely overshadows any impact of the diffusion impedance from the SEI/Li
matrix. Thus, additive 1 plays an important role in enhancing charge transfer. As the observed differences
in impedance could stem from differing electrochemically active surface structures rather than from
incorporation of 1 decreasing charge transfer resistance, it was important to confirm that the surface areas
are roughly the same between the two samples. The relative surface area increase were gauged by
comparing the relative decrease in impedance for the high-frequency semi-circle (SEI impedance), which
clearly shows a similar impedance drop from the 10" cycle (Figure 7¢) to 200" and 300" cycles (Figures
7f-g) for both electrolyte mixtures. This indicates that surface area increase is roughly the same between
the two electrolyte. Because the surface areas were roughly similar according to this analysis, the
impedance of the cell containing additive 1 being lower than baseline is attributed to the ability of 1 to
decrease charge transfer resistance.
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Figure 8. Voltage profiles for Cu||Li coin cells subjected to 1-week aging tests at 1 mA cm™.
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If 1 forms a molecular layer over the Li surface, it might also provide better protection of the anode than a
heterogeneous passivation layer with non-zero porosity (i.e., SEI) toward spontaneous reactions with
electrolyte. Some indication of such behavior was already discussed above (e.g., Figure 2d). Accordingly,
we briefly explored the impact of 1 on calendar aging of Li metal anodes (Figure 8). In these experiments,
a reservoir of Li was plated onto Cu electrodes, left for a certain amount of time to allow for the cell to
“calendar age”, then stripped off. Like the CE experiments above, the CE was calculated by dividing the
final lithium stripped by the reservoir of plated lithium (Figure 8, middle panel). The CE after 1 week
(Figure 8) was 87-91% with additive 1 (3 mM) and 78-85% in the control condition of 4 M LiFSI in
DME. These preliminary aging results suggest that 1 chemically and/or electrostatically shields the
electrode, similar to the effect observed with crown ethers and other additives'*!” and in good agreement
with cycling and EIS data discussed above.
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Figure 9. Schematic of the Mo,(mea)s-modified SEI in this study.

Conclusions

The title complex, Moz(mea)s (1), was studied as an electrolyte additive in the context of lithium metal
batteries. In solution, "Li NMR spectroscopy and cyclic voltammetry indicated that the Li* binding sites
in the second coordination sphere of 1 have small binding constants and rapidly exchange Li" ions with
the bulk solution. According to X-ray crystallography, Li* binding to 1 can also induce aggregation to
generate cationically charged coordination oligomers/polymers. Several observations including XPS
characterization imply that these cationic aggregates spontaneously assemble electrostatically on lithium
metal anode surfaces (Figure 9), wherein they dramatically impact the nature and composition of the
solid-electrolyte interphase (SEI). Specifically, additive 1 promotes selective decomposition of LiFSI into
a LiF-rich SEI that also contains the additive, itself, without reduction to metallic Mo’. The modified SEI
was shown to be chemically passivated towards parasitic reactions with electrolyte according to cyclic
voltammetry and calendar aging experiments, show modest improvements to Li plating properties (i.e.,
overpotential, surface structure) according to electrochemical cycling and surface microscopy
measurements, and exhibit decreased impedance due to improved interfacial charge transport properties
according to electrochemical impedance spectroscopy. The benefit appears to increase with cycling (to
some extent), indicating some activation/formation process in the functioning mechanism of the
Mo,(mea)s. Although the individual effects of the additive are modest in some cases, the ensemble of
these effects leads to significant improvement in battery cycling performance after calendar aging.
Furthermore, this report represents the first use of an organometallic species as an electrolyte additive,
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thus opening a new design space for development in this frontier area expected to impact next-generation
energy storage devices.
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