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ABSTRACT. Although Li metal batteries offer the highest possible specific energy density, 

practical application is plagued by Li filament growth with adverse effects on both Coulombic 

efficiency and battery safety. The structure and resulting properties of the solid electrolyte 

interphase (SEI) on Li metal is critical to controlling Li deposition morphologies and achieving 

high efficiency batteries. In this report, we use a combination of nuclear magnetic resonance 

(NMR) spectroscopy and X-ray photoelectron spectroscopy (XPS) to show that fast Li transport 

and low solubility at the electrode/SEI interface in 0.5 M LiNO3 + 0.5 M LiTFSI electrolyte bi-

salt in 1,3-dioxolane:dimethoxyethane (DOL:DME, 1:1, v/v) are responsible for the formation of 
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low surface area Li deposits and high Coulombic efficiency, despite the fact that the SEI is thicker 

and chemically more heterogeneous than LiTFSI alone. These data suggest that SEI design 

strategies that increase SEI stability and Li interfacial exchange rate will lead to more even current 

distribution, ultimately providing a new framework to generate smooth Li morphologies during 

plating/stripping. 
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Leveraging the exceptionally high specific capacity of Li metal anodes is critical to realizing many 

emerging next generation battery technologies such as Li-S,1,2  Li-air,3–6  and all solid-state 

batteries.7–11 However, challenges surrounding the reversibility of Li deposition have severely 

limited the cycling efficiency of Li metal batteries.12–22 Immediately upon contact with liquid 

electrolytes, Li metal anodes develop a solid electrolyte interphase (SEI) that is comprised of 

electrolyte decomposition products.23,24  Instabilities in the SEI on rechargeable Li metal anodes 

create local heterogeneities in current distribution during Li stripping/plating.12,16,25–29 The 
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resulting uneven Li deposition architectures (i.e., Li filaments) lead to low Coulombic efficiency 

(CE) and eventually, cell failure.13,30–40 Li filament growth can also contact the cathode, leading to 

short-circuiting events and serious safety hazards.12,17,20,21,41–44 

  It is well-established that electrolyte formulation can be leveraged to tune Li deposition 

morphologies,13,15,24,45,46 likely by altering SEI composition and arrangement. Claims that a 

thinner, more homogeneous SEI is correlated with smooth Li deposition and high CE are 

ubiquitous in the literature,13,15,47–58 likely due to the fact that uncontrolled SEI growth can hinder 

Li transport to the underlying electrode. However, recent reports indicate that the SEI formed in 

high performance LiTFSI/LiNO3 salt mixtures in ether-based solvents is actually thicker than the 

SEI on Li metal compared to  LiTFSI alone.30,59 The presence of the salt additive (LiNO3) also 

deposits additional LixNyOz reduction products on the surface of Li metal, increasing the 

compositional complexity of the SEI.2,60–63 Taken together, these findings strongly suggest that we 

must carefully reevaluate the assumed relationship between SEI thickness/heterogeneity and 

CE/deposition morphology in Li metal batteries.  

Here, we use a combination of scanning electron microscopy (SEM), electrochemical 

measurements, nuclear magnetic resonance (NMR) spectroscopy, and X-ray photoelectron 

spectroscopy (XPS) to identify the molecular origin of performance enhancement of upon addition 

of LiNO3 to Li metal anodes cycled in 1,3-dioxalane:dimethoxyethane (DOL:DME, 1:1, v/v). 

Comparison of the electrochemical performance and Li deposition morphologies for 1 M LiTFSI, 

0.5 M LiTFSI, and 0.5 M LiNO3 + 0.5 M LiTFSI show substantially higher CE values and low 

surface area Li deposits in the presence of LiNO3. Remarkably, quantitative NMR and XPS 

demonstrate that the SEI formed in electrolytes containing LiNO3 are thicker and more 

heterogeneous (i.e., contain more diverse chemical compounds), suggesting that these parameters 
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do not dictate plating morphologies. Detailed analysis of spin-lattice (T1) relaxation and exchange 

spectroscopy (EXSY) NMR measurements show that enhanced electrochemical performance for 

LiNO3-containing bisalts is instead correlated with an increased Li exchange rate between Li metal 

and the SEI. Higher Li exchange rates are concomitant with LixNyOz decomposition products in 

the SEI and decreased SEI solubility, suggesting that improving interfacial conductivity and 

stability are key to SEI engineering efforts.  

 Li deposition behavior in ether solvent with and without LiNO3 was examined via post 

mortem SEM analysis. Both 1 M LiTFSI and 0.5 M LiTFSI in DOL:DME (1:1 v/v) result in the 

formation of high surface area Li deposits (Figure 1a, b) and poor CEs (74% for 0.5 LiTFSI and 

86% for 1 M LiTFSI after five cycles, followed by a rapid decline to approximately 45% over 100 

cycles, Figure 1d). Upon addition of LiNO3 to the electrolyte (0.5 M LiNO3 + 0.5 M LiTFSI in 

DOL:DME), the Li deposits observed after galvanostatic polarization exhibit flat, bud-like 

 

Figure 1. SEM data showing Li microstructural morphology in a) 0.5 M LiTFSI and b) 0.5 M LiTFSI + 0.5 M 

LiNO3 after galvanostatic polarization at 1 mA cm-2 for 2 h in Li/Li symmetrical coin cells. Scale bar = 30 μm. c) 

CE measurements for 0.5 M LiTFSI (black squares), 1 M LiTFSI (orange circles) and 0.5 M LiTFSI + 0.5 M 

LiNO3 (green triangles) in Li/Cu half cells. Li was plated on Cu at 0.5 mA cm-2 for 1 h and stripped at 0.5 mA cm-

2 to 1 V for each cycle. Error bars represent standard error for N = 3.  
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architectures (Figure 1c) and high CE (97%) over 100 cycles (Figure 1d). The observed trends in 

CE are consistent with increasing overpotentials for both 1 M and 0.5 M LiTFSI electrolytes and 

decreasing overpotential for 0.5 M LiNO3 + 0.5 M LiTFSI electrolyte as a function of cycle 

number (Figure S1). 

 The high CE, smooth Li deposition behavior, and decreased overpotential upon addition 

of LiNO3 suggests that LiNO3 decomposition leads to changes in the SEI that are responsible for 

the improved battery performance. The impact of LiNO3 addition on SEI composition was 

quantitatively evaluated with 7Li MAS SSNMR measurements (Figure 2). 7Li SSNMR shows two 

distinct resonances, one corresponding to the Li metal electrode (~265 ppm) and the other 

corresponding to Li in the SEI (~0 ppm). A combination of strong Li-Li dipole-dipole coupling 

and rapid Li ion exchange likely prevents resolution of discrete Li-containing compounds (e.g., 

Li2O, LiF) in the SEI using single pulse NMR acquisition (Figure S9 shows that similar resolution 

 

Figure 2. a) 7Li SSNMR (MAS = 15 kHz) of electrolyte decomposition products cycled in 0.5 M LiTFSI (black), 

1 M LiTFSI (green), and 0.5 M LiTFSI + 0.5 M LiNO3 (orange). Li metal peak is cut out to highlight quantitative 

differences in the SEI peak at ~0 ppm, which correspond to the amount of Li-containing decomposition products 

and Li salt remaining on the Li electrode surface. b) 7Li solid-state NMR spectrum (gray) along with SEI peak 

deconvolutions corresponding to Li2O (blue), Li near F (yellow), Li near H (green), and the peak deconvolution 

sum (red) for a representative 0.5 M LiTFSI + 0.5 M LiNO3 sample. Inset above the SEI peak show the weighted 

CP experiments along with the Li2O (in a separate model compound sample) single pulse experiment used to 

deconvolute the full SEI peak in grey. Peak deconvolutions are fit using methods described in the experimental 

section. Asterisks denote spinning sidebands. 
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is obtained in 6Li NMR, suggesting this is primarily due to Li exchange). 1H→7Li and 19F→7Li 

cross polarization magic-angle spinning (CPMAS) solid-state NMR (SSNMR) were used to 

transfer magnetization between individual nuclei and resolve the chemical shift and full width at 

half maximum (fwhm) values that correspond to individual compounds in the SEI. In the cross-

polarization (CP) experiment, magnetization transfer from nucleus A (e.g., 1H) to a separate 

nucleus B (e.g., 7Li) results in NMR signal from B nuclei which are close in space (< 3 nm) to A 

nuclei. From 1H→7Li and 19F→7Li CPMAS, Li species near 1H (i.e., organic compounds, such as 

PEO, Figure 2b, green) and Li species near 19F (i.e., LiTFSI/LiF, Figure 2b, yellow) can be clearly 

 

Figure 3. a) 2D 7Li-7Li EXSY cartoon showing chemical exchange between the SEI (red) and Li metal (blue) 

with cross peaks shown in purple. b) Representative 2D solid-state 7Li-7Li NMR EXSY contour plots and 

corresponding 1D slices for electrolyte decomposition products in 0.5 M LiTFSI. For each composition (a-b), the 

separate panels denote: i) 1D row slices at the LiF chemical shift in the indirect dimension (-0.33 ppm for 0.5 M 

LiTFSI and -0.52 ppm for LiTFSI/LiNO3). ii) 1D column projections at the Li metal chemical shift in the direct 

dimension (264.5 ppm). iii-vi) Contour plots zoomed in to show SEI → metal exchange, SEI ↔ SEI exchange, 

metal ↔ metal exchange, and metal → SEI exchange respectively. vii) 1D row slices at the Li metal chemical 

shift in the indirect dimension. Data for1 M LiTFSI and 0.5 M LiTFSI + 0.5 M LiNO3 are shown in Figure S20.  
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assigned. After fitting the CP spectra (Figures S10-12; a, b), the high frequency portion of the Li-

containing SEI is still unaccounted for. The remaining peak volume is attributed to Li from the 

native Li2O layer on Li metal, as this region corresponds well to the 7Li shift for pure Li2O at 2.9 

ppm (Figure 2, blue spectrum). (N.B. the fwhm of the Li2O resonance is broadened during fitting, 

likely due to electron-nuclear coupling from direct bonding between Li metal and Li2O at the 

metal/SEI interface, vide infra, Figure 3b).  

Quantitative analysis of the 7Li MAS SSNMR spectra for different electrolyte formulations 

indicates that the Li-containing SEI in the LiNO3 electrolyte is 45% thicker than in the 0.5 M 

LiTFSI electrolyte and 140% thicker than in the 1 M LiTFSI electrolyte. Increased SEI thickness 

in the presence of LiNO3 is also supported by 19F and 13C SSNMR (Figures S6, S7). When cycled 

in LiNO3/LiTFSI, the SEI on Li metal exhibits ~40% more LiF than in pure LiTFSI electrolytes 

and 100% more PEO than in 0.5 M LiTFSI (PEO was not detected in the 1 M LiTFSI sample). 

We see that the Li-containing SEI in pure LiTFSI electrolytes is dominated by Li2O (Figures S10d, 

S11d), while LiNO3-containing electrolytes have a more heterogeneous distribution of Li 

environments (Figure S12d) with large quantities of Li near H (consistent with the relatively high 

amounts of PEO observed using 13C SSNMR, Figure S7).  

 Having eliminated SEI thickness and homogeneity as factors that reliably correlate with 

battery performance, we next use EXSY64 to examine Li transport at the metal/SEI interface. All 

EXSY experiments are performed ex situ and thus, measure Li transport under equilibrium 

conditions. These equilibrium conditions mean that during the course of the EXSY experiment, 

the sample itself does not change, but slow (on the NMR timescale) chemical exchange between 

magnetically inequivalent (i.e., spectrally resolved) sites are measured.65 This approach has been 

successfully used to monitor ion hopping between distinct crystallographic sites in Li ion 
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conductors (which allows mapping of diffusion pathways),66–74 exchange across grain boundaries 

in solid electrolytes,75–78 and transport across electrode/electrolyte interfaces.67,79  In its simplest 

form, the exchange process measured in EXSY can be described as the equilibrium between two 

sites as follows: 

 

 

where ka and kb represent the forward and reverse rate constants, respectively, and the exchange 

rate constant, kex, is defined as kex = ka + kb. Exchange (either from chemical exchange or spin 

diffusion) between site 1 and site 2 manifests in a 2D EXSY experiment as a decrease in signal 

intensity along the diagonal and a simultaneous increase in signal intensity of crosspeak volume 

(Figure 2a) or simply a decrease in signal intensity in 1D EXSY as a function of mixing time (τmix). 

Variable temperature NMR experiments can be used to confirm that signal decay on the diagonal 

and/or increased crosspeak volume are the result of thermally-activated chemical exchange 

processes and not spin diffusion (a phenomena where magnetization spontaneously exchanges 

between two nearby sites due to the dipolar coupling  between the two sites).80 Our variable 

temperature 1D EXSY measurements performed at -20, 20, and 61 °C show a strong temperature 

dependence, indicating that the 7Li-7Li crosspeaks between Li metal and the SEI arise from 

chemical exchange and can be interpreted as such (Figures S16, S18).  

2D 7Li EXSY NMR results for the 0.5 M LiTFSI electrolyte are shown in Figure 3b and 

are used to assign the molecular pathways of exchange. Based on the crosspeaks in the SEI region, 

we see that Li exchange proceeds between individual Li-containing compounds in the SEI (Figure 



 9 

3b: Li near 1H (green), Li near 19F (yellow), and Li2O (blue)). Similar results are observed for 1 M 

LiTFSI (Figures S20a, i). Examination of the 1D row and column projections of the Li metal/SEI 

crosspeaks in pure LiTFSI electrolytes show exchange at the electrode/SEI interface is dominated 

by exchange across Li/Li2O (Figures 3b, S20a, ii and vii). This data suggests that mostly Li from 

Li2O is in contact with Li metal and is consistent with the reactive nature of Li metal. Even when 

stored under Ar, Li metal develops a layer of Li2O that the SEI grows over (from any O2 

contamination).81 The localization of Li2O at the Li metal surface contrasts recent cryoEM reports 

showing crystalline Li2O facing the electrolyte.82 We hypothesize that exposure to liquid N2 or 

UHV conditions may be responsible for these differences in SEI arrangement.83  

For the LiNO3-containing electrolyte, analysis of the 1D row projections of the SEI peak 

at the Li near H and Li near F peak positions (Figure S20g-h) indicates that the Li2O contribution 

is negligible to the overall fit, suggesting that Li near fluorine (e.g., LiF) and Li near proton (e.g., 

organic lithium) environments in the SEI do not undergo significant chemical exchange with Li2O 

when LiNO3 is present. Depth-resolved XPS (Figure 4, right panel, LiTFSI/LiNO3) shows growth 

of a N 1s orbital peak at 398.6 eV after 20 min of etching which is assigned to LixNyOz from LiNO3 

decomposition. As LiNO3 is readily reduced below 1.6 V vs Li+/Li 61 it is likely these products 

deposit first on the native Li2O layer on Li metal, physically suppressing chemical exchange 

between Li2O and other SEI components. We note that when cycled in only LiTFSI, LixNyOz 

species are not present, with the N 1s orbital region only showing a peak that corresponds to the 

nitrogen in TFSI– at approximately 399–400 eV (Figure 4, left panel, see SI for an expanded 

discussion of the XPS data). The lack of additional nitrate reduction products may allow both the 

organic and inorganic SEI to deposit on the Li2O surface layer (e.g., the reduction potential of 
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TFSI– is 1.4 V vs Li+/Li84), consistent with the behavior observed in EXSY for both concentrations 

of LiTFSI electrolytes. 

In order to measure the rate of Li exchange across individual interfaces assigned above, we 

performed a series of 1D EXSY experiments over a wide range of mixing times (τmix = 100 μs to 

10 s, Figure 5). In the 1D experiment, we are able to monitor exchange in chemically-resolved 

regions of the 7Li spectra because the exchanging components (e.g., Li metal and SEI) have 

different T1 relaxation rates (Figure S13). The 1D EXSY decays corresponding to Li metal (264.5 

ppm) and Li in the SEI (~0 ppm) are fit to a Bloch-McConnell two-site chemical exchange85,86 

model to extract the exchange rate constants. This model allows us to simultaneously account for 

the individual populations present during two-site exchange (PSEI and Pmetal), the fraction of that 

population undergoing exchange (fSEI and fmetal), and T1 relaxation (see SI for model details and 

fits to the experimental data).  

 
Figure 4. Depth-profiled F 1s and N 1s regions of XPS spectra of Li electrodes after 100 cycles at 1 mA cm-2 for 

2 h cycles in 1 M LiTFSI (left) and 0.5 M LiTFSI + 0.5 M LiNO3 (right). Time intervals on the leftmost panel 

denote total sputtering time. F 1s spectra are fitted and assigned to LiTFSI (green) and LiF (yellow), while N 1s 

spectra are fitted and assigned to LiTFSI (1 M LiTFSI, purple) and LixNyOz (LiTFSI/LiNO3, blue). Red and black 

traces denote the composite spectrum fits and the raw data respectively. Spectra are referenced to adventitious 

carbon at 284.8 eV. 
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We emphasize that each decay profile shown in Figure S16 represents the equilibrium 

chemical exchange rate across the interface of a given chemical environment and its neighbors.75,87 

The decay does not represent Li self-diffusion/site exchange within a bulk chemical environment 

or phase. Table 1 shows Li exchange rates from 1D EXSY analyses, as well as PSEI and Pmetal, fSEI, 

and fmetal. The Li metal/SEI interfacial exchange rates in LiNO3-containing electrolytes are at least 

twice as fast as those found in pure LiTFSI electrolytes. (N.B. the error bars for kex in Table 1 

represent the standard error of the fitted variables, which heavily depend on the goodness-of-fit 

and the signal-to-noise ratio (SNR) SNR of the raw data. Thus, lower SNR NMR peaks exhibit  

higher standard errors). The increased exchange rate in the presence of LiNO3 is correlated with 

the high CE values measured in Li/Cu cells. To determine whether this correlation holds under 

realistic operating conditions, EXSY experiments were also performed on Li metal anodes 

containing liquid electrolytes under static NMR conditions. We find that electrolyte ↔ SEI and 

SEI ↔ metal exchange in electrolyte-containing samples is slowest for the 0.5 M LiTFSI 

electrolyte, but similar between both 1 M LiTFSI and 0.5 M LiNO3 + 0.5 M LiTFSI (Figure S17, 

 

Figure 5. 1D 7Li MAS EXSY raw data (circles) and Bloch-McConnell fits (solid lines) for Li metal (black) and 

the SEI (purple) formed in 0.5 M LiTFSI (a), 1 M LiTFSI (b), and 0.5 M LiTFSI + 0.5 M LiNO3 (c). Intensities 

normalized to the first data point (τmix = 100 µs) are shown as a function of mixing time. Error bars represent 30× 

the standard deviation of the spectral noise. Dotted lines denote T1 relaxation profiles using T1 values from Figure 

S13, showing that chemical exchange occurs in all samples.  
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Table S3), suggesting that salt concentration plays an important role in dictating Li exchange 

across all interfaces.  

In addition to rapid interfacial exchange, solution NMR analyses of the liquid electrolyte 

post-cycling indicate that more TFSI– decomposition occurs in pure LiTFSI electrolytes than in 

LiTFSI/LiNO3 electrolytes. Comparison of the 19F solution NMR for pristine and cycled 

electrolytes (Figure 6a) show large peaks at -79.4 ppm consistent with TFSI–,88 as well as small 

resonances at -79.1 ppm and -80 ppm which are assigned to 13C/12C isotope effects (i.e. 

13CF3SO2NSO2
12CF3, 

12CF3SO2NSO2
13CF3, and 12CF3SO2NSO2

12CF3 will all exhibit different 

chemical shifts).89 Resonances at -78.3 ppm, -78.4 ppm (0.2% of the sample), and -79.3 ppm (1.7% 

sample), which represent RCF3 fragmentation are present in the cycled LiTFSI electrolytes, yet 

Table 1. Chemical exchange rate constant between Li metal and the SEI (kex), SEI population (PSEI), fraction of 

the SEI which undergoes exchange (fSEI), and fraction of the Li metal which undergoes exchange (fmetal) based on 

Bloch-McConnell fits of MAS data shown in Figure S16 for 0.5 M LiTFSI, 1 M LiTFSI, and 0.5 M LiTFSI + 0.5 

M LiNO3. Error bars represent the standard error of the fitted variables and is dependent upon SNR in the NMR 

data.  

Sample kex (s-1) PSEI fSEI fmetal 

0.5 M LiTFSI  29.1 ± 21.9 0.58 0.17 ± 0.01 0.18 ± 0.07 

1 M LiTFSI 5.5 ± 1.4 0.49 0.23 ± 0.01 0.29 ± 0.09 

0.5 M LiTFSI + 0.5 M 

LiNO3 
80.6 ± 55.6 0.57 0.39 ± 0.01 0.17 ± 0.05 
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not in the cycled LiTFSI/LiNO3 electrolyte, suggesting that LiNO3 addition suppresses the 

electrolyte decomposition pathway that generates soluble TFSI- byproducts. As expected based on 

the electrochemical stability of ethers,90 1H and 13C solution NMR indicate that ether solvents show 

little to no decomposition during electrochemical cycling,90 with the exception of a small amount 

of Li formate in LiTFSI electrolytes that does not form when LiNO3 is present (Figures S3-S5).  

 Quantitative NMR and XPS suggest that the SEI in the presence of LiNO3 is thicker and 

more heterogeneous than LiTFSI alone. Thus, the transition to smooth Li deposition morphologies 

and enhanced CE (Figure 1) must be predicated on rapid Li exchange across grain boundaries in 

the SEI in LiNO3-based electrolytes. In other words, fast Li exchange in the SEI enabled by LiNO3 

decomposition (which leads to higher ionic conductivity across individual interfaces in the SEI 

and less solubility than those produced with LiTFSI alone) overrides the fact that the SEI is thicker 

and more heterogeneous in the presence of LiNO3. This conclusion is in contrast to prevailing 

hypotheses that focus on performance-enhancing species such as LixNyOz driving a more 

homogeneous SEI13,47,51–56,62,91 and/or LiNO3 reduction mitigating further electrolyte 

decomposition,2,34 but is consistent with thicker SEIs observed in cryo-EM.59 Importantly, the 

 

Figure 6. Solution 19F NMR of pristine and cycled (100 cycles) DOL/DME electrolytes. a) 0.5 M LiTFSI; pristine 

is shown in blue and cycled is shown in grey. b) 1 M LiTFSI; pristine is shown in black and cycled is shown in 

orange. c) 0.5 M LiTFSI + 0.5 M LiNO3; pristine is shown in green and cycled is shown in purple. The major 

resonance at -79.4 ppm assigned to TFSI- is cut off to highlight smaller peaks.  
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mechanistic understanding of LiNO3 performance enhancement provides a clear route to engineer 

future SEIs (either in situ or artificially).  

 Solution NMR from the current work (Figure 6), as well as our previous work,48 show that 

performance-enhancing additives and bi-salts improve SEI stability in both carbonate and ethereal 

solvents by suppressing the formation of soluble compounds. At the same time, LiNO3 addition to 

the electrolyte formulation increases both the rate of exchange and the fraction of the SEI which 

exchanges with the metal (Table 1), suggesting that deposited LixNyOz products contribute to SEI 

↔ metal exchange. Although the LiNO3-containing electrolyte deposits a thicker SEI, it forms less 

non-conductive components (such as LiF92,93) than pure LiTFSI electrolytes, likely contributing to 

a higher interphasial ion conductivity.  Strategies that encourage the formation of high-ionic 

conductivity SEI components in situ that simultaneously maintain stable SEI passivation on Li 

metal will be critical to improving Li+ transport at the SEI/metal interface. 

 Our measurements indicate that the critical role of LiNO3 in improving Li metal battery 

performance relies on modulating Li interfacial exchange between individual compounds in a 

heterogeneous SEI layer (e.g., between LiF and Li2O). A combination of XPS and SSNMR show 

that when LiNO3 is added to the electrolyte, LixNyOz decomposition products form an additional 

passivation layer between Li2O and the rest of the compounds in the SEI. Depth-resolved XPS 

shows that this LixNyOz layer is intermixed with both organic and inorganic species in the SEI. 

High ionic conductivity LixNyOz particles (e.g., Li3N has an ionic conductivity of ~10-4 S/cm94) 

may provide fast Li+ pathways between insulating LiF grains to alleviate the bottleneck in ion 

transport between the native Li2O layer and the electrolyte. Grain boundaries between individual 

components in the SEI can also generate space-charge effects that can be used to control Li ion 

transport at the electrode/electrolyte interface.95 As the exact composition and thus, chemical 
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potential of  LixNyOz, is unknown, we speculate that  LixNyOz may tune the space-charge layer 

between individual grains in the SEI to improve Li ion transport in this region. Pan et al. have 

shown using DFT that the space charge layer effect created by heterogeneous grain boundaries 

(e.g. between LiF and Li2CO3) provides a chemical driving force for Li+ transport across those 

interfaces.96 Forming more of these heterogeneous grain boundaries through the use of readily 

oxidizing electrolyte additives such as LiNO3, particularly those which form highly defective, ion-

conducting reduction products on the Li metal surface, may be an effective route to improving Li 

ion transport at SEI/SEI interfaces. Taken together, our data suggest that modulating space-charge 

effects between grains in the SEI layer (e.g., through defect engineering92) may provide a 

promising route to achieving smooth Li deposition.97–101 

 Finally, measurements at the electrolyte/SEI interface show that Li ion transport in this 

region is dominated by electrolyte salt concentration. This insight may provide an additional 

explanation for the success of highly concentrated Li salts in Li metal batteries that affords another 

handle to tune Li deposition morphologies.33,102–105 Interestingly, increasing electrolyte salt 

concentration is known to increase viscosity and hamper ionic conductivity in the bulk 

electrolyte;103 instead, superconcentrated electrolytes are desired for their improved 

electrochemical stability in an expanded potential window. Our data suggest that increased salt 

concentration may also serve to improve Li+ transport at the electrolyte/SEI interface.  

 In conclusion, a molecular-level understanding of Li+ transport at 

electrolyte/SEI/electrolyte interfaces is key to designing high-performance electrolyte 

formulations. The SSNMR techniques presented here do not require isotopic enrichment and 

utilize simple NMR pulse sequences that are straightforward to set up and optimize for a wide 

range of samples. We speculate that tailoring electrolyte composition (to form an in situ SEI) or 



 16 

designing an artificial SEI by focusing on engineering ionic conductivity will improve Li+ 

transport across SEI interfaces, leading to smooth Li plating. SSNMR show that achieving a thin, 

chemically homogeneous SEI is not necessary for high CE (instead, the SEI should exhibit fast 

interfacial Li diffusion and low solubility), opening up new possibilities for successful SEI 

architectures.  
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