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Abstract 
 
The utilization of alkali metal anodes is hindered by an inherent instability in organic electrolytes. 

Sodium (Na) is of growing interest due to its high natural abundance, but the carbonate electrolytes 

that are popular in lithium systems are unable to form a stable solid electrolyte interphase (SEI) 

with a sodium metal electrode. However, the glyme (chain ether) electrolytes produce thin, 

predominantly inorganic SEI at sodium metal interfaces. Using half-cell and symmetric cell 

analysis, we identify diglyme (G2) as the best performing of the glymes, balancing the high 

nucleation barrier of the short glyme (G1) and the high plateau overpotential of the long glyme 

(G4). Through in situ optical microscopy, the onset and growth of Na dendrites are revealed in 

glyme electrolytes, and the addition of small quantities (~10% volume/volume) of ethylene 

carbonate (EC) and fluoroethylene carbonate (FEC) to G2 is shown to facilitate uniform sodium 

plating characteristics in the optical cell, presumably through alterations to SEI composition. X-

ray photoelectron spectroscopy (XPS) analysis reveals that the FEC additive results in an SEI with 

similar atomic composition to that formed in G2 alone, whereas the addition of EC to G2 results in 

an entirely different SEI composition, despite the molecular similarity of the carbonate additives. 

We have determined that the SEI formed by glyme alone may not support extensive or extreme 

cycling conditions, but the addition of FEC provides a much more robust SEI at the Na metal 

surface to facilitate numerous consistent sodium plating and stripping cycles. 

 
Keywords: sodium metal anode, in-situ optical microscopy, electrolyte additive, solid electrolyte 

interface 

 

 



 
 

1. Introduction 

Alkali metal anodes can enable high-energy-density battery systems due to their low 

densities and low negative electrochemical potentials.1-3 Currently, lithium-ion batteries dominate 

the consumer market for secondary batteries, while newer technologies such as sodium-based 

systems are gaining tremendous traction driven by the increasing energy storage demands and 

requirements for battery materials.4-6 Sodium, much like lithium, is intrinsically a high-energy-

density material, but the natural abundance of sodium and other materials used in sodium-based 

batteries is much higher.7 This can potentially lower the cost per kWh and help in meeting the 

wide spectrum of emergent energy storage needs (e.g., grid storage).2, 8-9 

Despite recent efforts toward understanding sodium metal anodes, further advancement of 

these metal-based battery systems requires an in-depth analysis of various limitations, including 

capacity decay, low coulombic efficiencies, and volume changes during cycling.4, 10 Amongst 

these, the most critical challenge is the formation of dendrites due to their adverse effect on both 

the safety and performance of metal-based batteries.4, 10-13 The suppression of dendrites has been 

a major focus of the research in alkali metal anodes,14-22 and a wide range of potential solutions 

have been examined, including various electrolytes and/or additives,3, 13, 23-28 utilization of a solid 

electrolyte,13, 29-32 and protective films/coatings.13, 33-38 A unifying theme in most of these studies 

is related to the modulation of the solid electrolyte interphase (SEI) for enhanced stability of the 

metal-electrolyte interface. This is the crux of enabling the advancement of sodium battery 

technologies.39 

The SEI is typically comprised of insoluble or partially soluble salts that form due to the 

reductive decomposition of the electrolyte at the metal anode interface.13, 40-42 This layer acts as a 

barrier that is both electronically insulating and ionically conductive,13, 42 and its chemical 

composition is strongly dependent upon the characteristics of the electrolyte. In conventional 

carbonate-based electrolytes, organic salts such as HCOO-M, ROCO2-M, or M2CO3 are 

components of the SEI (M=Li, Na). Despite some fundamental similarities, the Li system and Na 

system are not direct analogs: the lower ionization energy of Na means that it is intrinsically more 

reactive, and spontaneous interactions of Na with the electrolyte can form an unstable, 

inhomogeneous SEI that is prone to non-uniformity in electrochemical reactions and morphology 

evolution.43 This is one of the factors that differentiate the stability of Na metal electrodes in 

carbonate electrolytes from Li metal electrodes. However, recent studies demonstrate that sodium 



 
 

is highly stable in glyme electrolytes, in which thinner, inorganic SEIs are formed.6, 24, 44-45 In these 

systems, the SEI is composed mainly of decomposition products from the conductive salts in the 

electrolyte, with a small contribution from the solvents, e.g., NaF and Na2O  are formed in 

electrolytes with 1M NaPF6.13, 23-24, 45-46 

In this study, we examine the addition of cyclic carbonates to glyme electrolytes with the 

goal of optimizing the plating/stripping of sodium metal. We analyze the plating/stripping behavior 

and SEI characteristics in sodium metal electrodes with electrochemical impedance analysis, post-

mortem scanning electron microscopy (SEM), and physics-based modeling of morphology 

evolution. Through in situ optical microscopy, we reveal the onset of the glyme-based SEI 

degradation in all three glymes, indicated by dendritic growth, and we explore the stabilizing role 

of cyclic carbonate (EC and FEC) additives on the plating morphologies. These cyclic carbonates 

are commonly used in solutions of chain carbonates (EMC, DMC, or DEC) to stabilize the SEI on 

graphite for Li-ion systems. One previous study of Li metal anodes shows uniform deposition by 

incorporating cyclic carbonates in a Li-ether system.47 Based on our modeling framework that 

captures the wide range of morphologies observed in the experiments; we propose two mechanistic 

criteria pertaining to the wettability and surface mobility of deposited sodium that critically 

influence the nucleation behavior and early-stage growth morphologies and are modulated by 

electrolyte solvent properties. We utilize post-mortem SEM analysis of nanoscale plating 

morphologies, sodium plating and stripping morphology, and X-ray photoelectron spectroscopy 

(XPS) characterization of the SEI chemical makeup to comprehensively analyze the superior 

plating and stripping behavior observed with FEC additive to the glyme electrolyte. 

 

2. Results 

First, the underlying difference in sodium nucleation or seed behavior on Cu foil is 

evaluated in the three different glymes, as shown in Figure 1a. Upon fabrication, the cells exhibit 

open circuit voltages of ~2.4 V. A negative current density of 0.02 mA/cm2 was applied until 0.04 

mAh/cm2 of sodium was deposited. Before plating is observed (V > 0), the SEI is formed. 

Reduction peaks are observed at ~1.9 V and 0.8 V and account for ~1/4 of the nucleation layer 

deposition. We confirm that these reduction peaks are a result of irreversible SEI formation by 

completing 5 cyclic voltammograms from 0 to 2 V (Figure S1). The same 1.9 V and 0.8 V peaks 

are observed only in the first cycle. After the SEI forms in the first cycle, the voltage drops below 



 
 

0 V, indicating nucleation of sodium metal, and this type of reduction is not observed in subsequent 

cycles.  

 
Figure 1. (a) Sodium plating curve for Na|Cu cells in different electrolytes at 0.02 mA/cm2 and 

0.04 mAh/cm2. (b) EIS of the Na|Cu cells, SEM images of (c)-(e) Cu foil after first deposition and 

(f)-(g) Na foil after first stripping in different electrolytes. The electrolytes are NaPF6:G1, 

NaPF6:G2, and NaPF6:G4. (d) Schematic of the stripped Na foil, showing the effect of ether chain 

lengths on the stripping of Na metal. G2 shows the least severe stripping. 
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The sodium deposition process first involves a nucleation overpotential (𝜂𝜂𝑛𝑛𝑛𝑛) during the 

initial nucleation phase and a mass-transfer overpotential corresponding to further deposition. The 

post-nucleation signature, also known as plateau potential (𝜂𝜂𝑝𝑝𝑝𝑝), is controlled by mass transfer 

from the bulk electrolyte through the SEI to the Na nuclei.48 The nucleation process is energy-

intensive and higher than the plateau potential.49Monoglyme (G1) and tetraglyme (G4) electrolytes 

exhibit large nucleation barriers (29.8 mV and 19.9 mV, respectively) compared to diglyme (G2, 

13.6 mV), which correlates to the formation of a sporadic and non-uniform Na nucleation 

morphology. The plateau overpotentials increase with glyme length: G1- 2.4mV, G2- 3.1 mV, and 

G4- 5.4mV. Of the three glymes, G2 electrolytes have the smallest 𝜂𝜂𝑛𝑛𝑛𝑛 and low 𝜂𝜂𝑝𝑝𝑝𝑝  (3.5 mV), 

suggesting that a relatively uniform interface with tightly packed Na nuclei is formed while 

distributing the localized current evenly. In a later section, based on our mesoscale modeling 

framework, we illustrate how the nucleation characteristics, including the nuclei coverage on the 

substrate and the early-stage morphology, depend on the competing processes of Na reduction on 

the substrate and Na reduction on freshly deposited Na. From the electrochemical signatures 

observed in the experiments, these two processes are correlated to the nucleation (𝜂𝜂𝑛𝑛𝑛𝑛) and plateau 

overpotential (𝜂𝜂𝑝𝑝𝑝𝑝). 

Impedance spectra of Na|Cu cells are analyzed after one cycle to understand the resistivity 

differences of the cells with G1, G2, and G4 electrolytes. In Figure 1b, cells containing G2 and G4 

electrolytes exhibited two distinct semi-circles in the high- and mid-frequency range, 

corresponding to SEI resistance and charge-transfer resistance, respectively. A much smaller 

impedance is obtained for G2 cells (RSEI+RCT ≈ 29 Ω), as opposed to that of G1 cells (RSEI+RCT 

≈51 Ω) and G4 cells (RSEI+RCT ≈42 Ω). Additionally, the Cu electrode in G4 cells shows a relatively 

higher solution resistance compared to the other glymes, likely due to its higher viscosity (Table 

1). These impedance results are in line with the lower nucleation overpotentials for G2 relative to 

G1 and G4, as well as better cycling stability arising from uniform deposition observed in cells with 

G2 electrolyte, which is later discussed in Figure 2. Table S1 summarizes the nucleation barrier, 

plateau overpotential, and impedances for the different glyme electrolytes and Figure S2 shows 

the as fabricated EIS. 

 

 

 



 
 

Table 1- solvent names and material properties for electrolytes investigated 

Abbreviation name Compound Dielectric 
Constant 
(25°C) 

Viscosity 
(mPa*s; 
25°C) 

Donor No 

G1 monoglyme CH3OCH2CH2OCH3 

 

7.2 0.42 24 

G2 diglyme (CH3OCH2CH2)2O 

 

7.3 0.98 19.5 

G4 tetraglyme CH3O(CH2CH2O)4CH3 

 

7.9 3.7 16.7 

EC ethylene 
carbonate 

C3H4O3 

 

89.78 1.93 
(40°C) 

16.4 

FEC fluoroethylene 
carbonate 

C3H3FO3 

 

79.7 4.1 7.9 

 

 Na plating and dissolution processes for Na|Cu is further analyzed by SEM characterization 

in Figure 1c-h. During the plating process, the bright regions imaged exhibited uniform sodium 

deposition facilitating electron microscopy through the conductive surface. However, darker 

regions with surface fractures indicate the formation of insulating species via undesirable side 

reactions, especially in the G1 electrolyte, Figure 1f-h. During the stripping process, Na metal in 

the presence of G1 electrolyte is observed to result in flaky, pulverized surface structures (Figure 

1f), indicating the non-uniform distribution of reaction current. In the G2 electrolyte, Na stripping 

resulted in the formation of small pinhole-like structures, as seen in Figure 1g. However, in the 

G4 electrolyte, a higher density of void and pit formation is observed, shown in Figure 1h. The 

aggregation of these voids can lead to the evolution of big craters, causing rupture and detachment 



 
 

of the SEI 50-52. In addition to the SEI morphologies shown in Figure 1c-h, Figure 1i represents 

our conceptual understanding of these SEI behaviors in each electrolyte condition. 

 
Figure 2. Plating-stripping profiles of Na|Na cells at a current density of 0.5 mA/cm2 and capacity 

of 0.5 mAh/cm2 in (a) G1, (c) G2, and (e) G4. SEM Images of the Na foil after 10 charge-discharge 

cycles in (b) G1, (d) G2, and (f) G4. G4 shows erratic voltage hysteresis, and the SEM image shows 

mossy, needle-like Na deposits localized in the pit-like holes. 

 



 
 

With evidence that G2 provides the most desirable seed layer among the glymes, long-term 

cycling stability was explored in Na|Na cells using 1M NaPF6 in G1, G2, and G4. Figure 2 shows 

the cycling performance at a constant current density of 0.5 mA/cm2 and Na deposition capacity 

of 0.5 mAh/cm2. The inset figures show the first 20 hours of plating and stripping and the last 20 

hours of plating and stripping. In G1 (Figure 2a), the initial plating process presents a distinctly 

large overpotential drop of ~0.5 V, likely due to the high nucleation barrier required for the Na 

plating process to begin, as seen in the seed layer investigation in Figure 1. Subsequent plating 

and stripping cycles experience a voltage hysteresis of 12.9 ± 2 mV in G1, where voltage hysteresis 

is defined as the average of the difference in voltage between plating and stripping of each cycle 

(Vmax, stripping – Vmin, plating)/2.53 In G2 (Figure 2c), we observe not only minimal overpotential to the 

first plating process, but also the smallest voltage hysteresis to symmetric cycles (6.5 ± 2 mV). 

Finally, in G4 (Figure 2e), though there is a small overpotential corresponding to the first plating 

process, the highest voltage hysteresis is observed (~20 mV). 

Figures 2b, d, and f are SEM images of electrodes from cells disassembled after 10 

plating/stripping cycles in G1, G2, and G4, respectively. In G1 (Figure 2b), large (~30 µm), rounded 

shapes are observed on the metal surface.48 In the cells with the G2 electrolyte (Figure 2d), the Na 

metal appears to have a uniform surface coverage, but the G4 electrolyte (Figure 2f) shows signs 

of dendritic growth all across the electrode surface. The SEM shows severe mossy and needle-like 

Na deposits localized in the pit-like holes, indicating the instability of the metal anodes in this 

electrolyte. 

To examine the long-term stability of each glyme system, the symmetric cells operated for 

a total of 2500 hours, or 1250 cycles (full data set in Figure S3). In the G1 cell, the voltage 

hysteresis gradually grew with cycling to approach 20 mV, and the G2 cell, which initially 

displayed the smallest voltage hysteresis and likely the thinnest SEI, exhibits a stark increase to 

~30 mV after about 768 cycles or 1536 hours of operation, indicating long-term risk to this system. 

Finally, the behavior of the G4 system is initially erratic, indicating potential soft shorts, followed 

by a gradual increase in hysteresis to ~30 mV.  

Figure 2 identifies G2 as the glyme with a minimal initial plating overpotential, the lowest 

voltage hysteresis to plating and stripping (6.5 ± 2 mV), and the smoothest surface morphology in 

SEM analysis. However, extensive cycling leads to increased voltage hysteresis and more unstable 

behavior. We hypothesize that despite the favorable initial morphology in this electrolyte, 



 
 

extensive or abusive cycling will result in the breakdown of the SEI and undesirable 

plating/stripping behavior. In order to exacerbate these effects, we utilize in-situ optical 

microscopy to observe the onset of dendrite formation in real time. This setup is described and 

depicted in our previous work.54 The construction of the optical cell utilizes a spatial separation 

technique instead of a physical separator material; consequently, this cell configuration lacks stack 

pressure, which is a well-known technique for suppressing dendritic behavior, and thus, dendritic 

growth is allowed to proceed without hindrance in the optical cell configuration.55  In addition, we 

also probe the effect of carbonate additives to diminish the propensity for dendritic onset and 

facilitate extensive cycling by providing chemical complexity and mechanical rigidity to the SEI.  

 
Figure 3. Voltage profiles and optical cell images of symmetric Na cells in electrolytes of 1M 

NaPF6 in G2, G2+FEC 10% v: v, and G2+EC 10% v:v. Images of the optical cell are shown at t = 

0 h (left), 2 h (middle), and 4 h (right). Pure G2 electrolyte, without any additive, non-uniform Na 

dendrites can be observed. With FEC and EC added to the electrolyte, dendrite formation is 

eliminated, which is mostly achieved by tuning the SEI with favorable properties 



 
 

Sodium stripping and plating in pure G2 electrolyte at a current density of 0.75 mA/cm2 

lead to significant morphological changes in the sodium electrodes, Figure 3a. While the sodium 

was stripped from one electrode, pitting occurred on the surface of that electrode, causing severe 

roughing of the electrode surface. On the other electrode, uneven plating and dendrites were 

observed to form almost immediately. These dendrites quickly fill the gap between the two 

electrodes, initiating a short circuit between the two electrodes. Video of this cell can be found in 

the SI, Video S2.  

 In stark contrast, the addition of 10 vol% FEC (approx. 1.4M) to the G2 electrolyte appears 

to mitigate the formation of dendritic structures, shown in Figure 3c and Video S4. The stripping 

and plating processes occur without the pitting and problematic growths seen in the pure glyme 

electrolyte, though the surface of the sodium electrode does change slightly in appearance during 

the application of a current. This layer, while challenging to detect in the images in Figure 3c, can 

be observed in the videos of the optical cells shown in the SI. We hypothesize that the surface 

layer that appears during plating and fades during stripping might be the protective SEI, which 

decomposes with the switch in polarization since the improved morphology is coupled with an 

increased voltage hysteresis, likely due to a more complex SEI.   

 As FEC is a derivative of EC (see Table 1), this more common carbonate was also studied 

in these systems for comparison. With an equivalent amount of EC additive in the G2 electrolyte, 

the behavior is comparable to FEC in terms of sodium electrode stability during the experiment, 

although the voltage profile in Figure 3a shows that there is a higher overpotential when EC is 

used in place of FEC. G1 electrolyte was also studied in the optical cell, and the results, shown in 

the SI, are similar to those of G2, such that the FEC and EC additives provide an environment for 

a more stable Na electrode.  

When employing an EC or FEC additive in the G1 electrolyte at approximately 1.4M, 

multiple cycles of the Na|Na cell can be achieved without significant change to the sodium 

electrodes, as demonstrated in Figure S12. Experiments in which the molarity of the EC additive 

was decreased provided insight into this method of electrode protection. When the concentration 

of the EC additive was halved, there was a slight delay before dendrite formation initiated; however, 

the morphology of the dendrites in glyme electrolytes with lower carbonate levels was very 

different from those formed in the pure glyme electrolyte. Whereas without carbonate additive, the 

dendrites quickly formed mossy structures (as described by Frenck et al. 56), with the addition of 



 
 

carbonate, the metallic growths formed much finer dendrites that reached across the gap to create 

a short circuit, indicating that the carbonate additive changes not only the chemistry of the SEI, 

but also the mechanical properties. Continuation of the experiment led to more of these dendrites 

forming a mesh-like construct between the two electrodes, eventually creating a solid structure 

that bridged the gap between the electrodes (Video S7). One possible explanation for this change 

in dendritic morphology has been reported in a recent study by Boyle et al., in which the authors 

state that the solvation tendencies of the electrolyte play a large part in the morphology of the 

resulting plated metal. FEC, described as a weakly solvating electrolyte, thermodynamically favors 

a more uniform alkali metal plating due to increased surface energy, whereas EC, a strongly 

solvating electrolyte, lowers the surface energy at the electrode, thus favoring a high surface area 

growth pattern (dendrites).57 This could be the reason for the finer (higher surface area) structure 

of the dendrites observed in the EC-containing system. Observation of this progression of sodium 

electrodeposition indicates that the presence of carbonate inhibits dendritic growth and that small 

amounts of carbonate initially protect the sodium electrode but are easily overwhelmed. This also 

implies a correlation between the concentration of carbonate additive and the strength and 

stabilizing role of the SEI formed on the electrode. 

Based on these promising findings, additional investigation of the glyme system with 

carbonate additives was completed in closed coin cell systems. Na|Na symmetric cell 

performances of FEC-containing electrolytes with 2 separators are shown in Figure 4. It should 

be noted that irregular voltage behavior was observed while using one separator (Figure S6), 

which is likely evidence of soft shorts. This was remedied by adding an extra separator, resulting 

in steady voltage hysteresis. Compared to a pure glyme electrolyte, this glyme+FEC system 

produced a larger overpotential, likely due in part to the higher viscosity associated with the 

addition of FEC (Table 1) 58-59 and supported by the calculated 𝜂𝜂𝑛𝑛𝑛𝑛 values for G2 (≈13.6 mV), and 

G2+FEC (≈62.4 mV). Inset of initial cycle profiles is shown in Figure 4a and the final cycles in 

Figure S7. SEM images in Figure 4b indicate that Na stripping/plating in G2+FEC results in a 

more smooth morphology of the electrode surface compared to pure G2 electrolyte (Figure 2b). 

This finding is supported in Figures 3b and c, in which the results of stripping and plating 

reactions in both G2 and G2+FEC electrolytes are shown the optical cell, and it is clear that the 

addition of FEC has resulted in a vastly improved Na plating morphology. 

 



 
 

 
Figure 4. Plating-stripping profile of Na-Na cells in different electrolytes at 0.5 mA/cm2 and 0.5 

mAh/cm2 (a) G2+FEC and (c) G2+EC. SEM images of the Na foil after 10 charge-discharge cycles 

show distinct morphologies in each of the electrolytes. (e) Electrodeposit height (h) and (f-k) 

corresponding morphological pattern depicted as a function of the reaction descriptor (kNa-

substrate/kNa-Na) and surface mobility of the deposited metal atoms.  

 

The same systems were studied in electrolyte with EC additive. Despite the seemingly 

stable performance in the optical cell and similar properties of the two additives (Table 1), the Na 

electrode in G2+EC succumbs to dramatic voltage fluctuations from the beginning of cycling. 

Voltage spikes up to 4 V are observed; a phenomenon often correlated to dendritic growth.13 SEM 

images (Figure 4d) reveal the typical morphology of plated/stripped Na metal after 10 cycles in 

G2+EC. Compared to the electrolyte with FEC additive, the Na growth in these samples was very 

non-uniform and dendritic. SEM images of the surface morphology reveal a porous and 

inconsistent SEI, which prevents proper protection of sodium metal against the corrosive organic 

electrolyte. It is hypothesized that the mechanical properties of the G2+EC derived SEI are less 

ideal than the G2+FEC since both seem to prevent dendritic growth in the in situ optical cells free 

from compression, but in symmetric coin cells, the G2+EC electrolyte results in erratic behavior.  



 
 

To mechanistically understand the nucleation/growth behavior, we develop a mesoscale 

model that captures the dynamic evolution of the metal electrode morphology. The modeling 

framework is based on the kinetic Monte Carlo approach and examines the role of competing 

processes, including electrochemical reaction on the substrate, growth of the nucleated deposit, 

migration of the deposited atoms, and ion transport.60-62 A detailed description of the modeling 

framework and parameters are presented in the Supporting Information. As observed in the 

experiments (Figure 1a), a key aspect that governs the nucleation behavior is the difference in 

preference for deposition to occur on the pristine substrate versus the freshly nucleated Na deposits. 

Depending upon the electrolyte, this difference is discerned in the experiments based on the 

distinct nucleation and plateau overpotential signatures (Figure 1a). In our modeling framework, 

we introduce a descriptor, kNa-substrate/kNa-Na, to study this competing process that occurs during 

nucleation. Here, kNa-substrate refers to the reaction rate for Na reduction on the pristine substrate, 

and kNa-Na refers to the reaction rate for Na reduction on the freshly formed Na deposits on the 

substrate. We note that the simulations have been carried out until a total of 2000 Na atoms have 

been deposited. As shown in Figure 4e, with an increase in kNa-substrate/kNa-Na, a decrease in dendritic 

height (h) is illustrated. Physically, this denotes a regime of smooth plating driven by the enhanced 

metal-substrate interaction. This mechanism is responsible for the reduced dendritic height that is 

observed in Figure 4e as a function of kNa-substrate/kNa-Na. By modulating this descriptor (kNa-

substrate/kNa-Na) as well as surface mobility, we can investigate the influence of these properties on 

deposition morphologies, as shown in Figure 4f - Figure 4k. We observe an increase in the 

number of nuclei and utilization of the substrate with an enhancement in kNa-substrate/kNa-Na, and the 

growth patterns transition from dendritic, to mossy to smooth as the surface mobility increases.  

We hypothesize that this is the underlying descriptor for the difference in nucleation 

density and early-stage growth morphologies observed across the different glyme electrolytes. 

From the morphologies captured by the model, we understand that kNa-substrate/kNa-Na affects the 

substrate coverage and nucleation density that characterize the initial uniformity, which is 

potentially correlated to transport properties of the electrolytes like solvent viscosity and their 

substrate wettability. The surface mobility dictates deposition morphology and is impacted by the 

solvent-derived SEI.63 G2 has the lowest viscosity of the solvents (Table 1), leading to a high 

degree of wettability and a large nucleation density.24 The experimentally observed morphology 

with the G2 electrolyte correlates with the morphological pattern in Figure 4h, denoting a 



 
 

mechanistic regime with low surface mobility. The addition of high viscosity carbonates, EC and 

FEC,16 shifts the morphology down a row (i.e., reduced wettability), such that the observed 

morphologies of G2+EC and G2+FEC align with Figure 4j and Figure 4i, respectively. This 

correlation suggests that the SEI from the G2 + FEC electrolyte improves surface mobility when 

compared to the G2 + EC electrolyte, thereby resulting in a smoother electrodeposition growth 

response. The modeling results emphasize the critical role of SEI chemistry (e.g., due to additives 

like FEC/EC) in the manifestation of distinct morphological growth regimes despite similar 

nucleation trends. In turn, the morphological evolution of the metal and the resulting volume 

expansion affect the mechanical stability of the SEI. 

Figure 5. XPS characterization of Na foil anode SEI after 10 charge-discharge cycles in Na|Na 

cell setup. The atomic percentage of different elements is compared in the top row. The C 1s, O 

1s, Na 1s, F 1s, and P 2p spectra for G2, G2+FEC, and G2+EC electrolytes are shown. Schematic 

representation of mosaic SEI formed in each electrolyte is provided on the right. 

 

Although EC and FEC are analogs, when added to glymes, the sodium plating and stripping 

behaviors in each solution are distinct. Mesoscale modeling and optical investigation suggest that 

the mechanical properties of their derived SEIs can be dissimilar. Therefore, air-sensitive XPS 



 
 

analysis was used to investigate the chemical makeup of the SEI formed in G2, G2+FEC, and 

G2+EC electrolytes. After 10 cycles, coin cells were deconstructed in a glovebox, and the sodium 

surface was washed with the glyme solvent to remove the salt species. SEM of replicate cells is 

found in Figure S9. When first comparing the atomic percentages present at the electrode surface, 

the atomic ratio of carbon (from C 1s) decreases from G2 to G2+FEC to G2+EC, while oxygen (O 

1s) increases. This correlates to a transition from glyme-derived hydrocarbon components to 

complex carbonates in the SEI. Next, a slight decrease in sodium concentration (Na 1s) is observed 

in G2+EC, which may affect sodium ion conductivity. Most notably, compared to G2, both 

G2+FEC and G2+EC see an increase in fluorine (F 1s). Fluorinated species, such as NaF, are known 

to be desirable components of the SEI, as they provide high ionic conductivity and beneficial 

mechanical properties.24, 64 Finally, phosphorous is only detected in appreciable quantities in the  

G2+EC sample, suggesting that the fluorine found in this sample is bound to phosphorus as P-F 

species derived from the NaPF6 salt.  

Looking closer at the C 1s spectrum of the electrode in G2 electrolyte, three characteristic 

peaks are observed around 285 eV, 286 eV, and 289 eV, which correlate to species derived from 

the decomposition of G2, particularly alkoxides, esters, and ethers.24, 65 However, the proportion 

of the C–C/C–H equalizes with the C-O bond in the G2+EC electrolyte, indicating additional 

species derived from the EC.66 EC is known to reduce into the reactive and complex sodium 

ethylene dicarbonate, or NEDC (NaO2CO–C2H4–OCO2Na).6, 67 This more complex SEI explains 

high charge transfer resistances, making it difficult for the ions to move through the energy barrier. 

We see evidence of this with increased voltage hysteresis in Figures 3 and 4.  

The O 1s spectrum for all three electrolytes shows a significant peak at ~531.2-531.6 eV 

ascribed to C=O, presumably related to carbonates present in the SEI. The peak at ~533.1 eV 

indicates the presence of C-O and is much more prominent in the G2+EC electrolyte, which may 

also be due in part to the formation of NEDC.65, 68 Additionally, metal oxides typically have 

binding energies near ~530 eV, which appears in these spectra as Na-O, which might take the form 

of a sodium alkoxide or other complex SEI components.  

Fluorine is observed in all samples as a result of the decomposition of the fluorine-

containing NaPF6 salt. The F 1s spectrum shows two distinct peaks at ~687 eV and ~684 eV, 

corresponding to P-F and Na-F bonds, respectively, where P-F indicates incomplete decomposition 

of NaPF6, and Na-F indicates the formation of NaF, a desirable SEI component, at the surface. An 



 
 

additional weak C-F peak can be seen in the spectra of G2 and G2+FEC, which derives from the 

reduction of the G2 solvent in conjunction with the decomposition of the salt, though contributions 

from this are minimal. Further, in G2+FEC electrolyte, the reduction of the FEC solvent leads to 

the formation of a significant amount of desirable Na-F bonds. However, with the addition of EC, 

the intensity of Na-F becomes very weak, and the P-F portion becomes stronger. This reveals that 

the different cyclic carbonates facilitate distinct SEI formations, such that FEC enables the 

production of more Na-F, while EC traps P-F salt anions and suppresses Na-F formation. 

Since NaPF6 is the salt used in each electrolyte condition, phosphate compounds are 

expected to be present in the SEI. However, the G2 and G2+FEC electrolytes show almost no peaks 

in the P 2p region. In contrast, the G2+EC electrolyte shows a large phosphate peak, attributed to 

P2O5 and NaxPOyFz, and a smaller P-F peak, attributed to NaxPFy. This further supports the idea 

that EC causes the decomposition of the electrolyte salt at the SEI, unlike the pure G2 and G2+FEC 

cases. 

When comparing the metal anode in different electrolytes, the prominent differences are 

the relative amount of C-O, C=O, and Na-F. The inorganic species, NaF, derived from PF6
- salt or 

FEC, plays a crucial role in stabilizing the overall SEI. Na-F levels are highest in G2+FEC and 

lowest in G2+EC, and C-O is highest in G2+EC and lowest in G2 alone. Schematic representation 

of the resulting SEI depicts the G2 SEI to be thin and composed of primarily NaF, Na2O, and G2-

derived carbonates, denoted “Carbonate1.” G2+FEC exhibits a thicker SEI with the same 

components as G2 alone but with a higher concentration of the desirable NaF component. And 

G2+EC contains a thicker SEI but with entirely different complex carbonate components, denoted 

“Carbonate2,” and salt derivatives (NawPxOyFz).  

 

3. Conclusion 

In situ optical microscopy, half cells, and symmetric cells were used to identify robust 

sodium plating and stripping in ether electrolytes with and without carbonate additives. The 

stability of sodium electrodes in glyme ether family electrolytes was investigated with extensive 

cycling and an in situ optical cell. The shortest length glyme, G1, presents a high nucleation barrier 

and lower growth barrier in the first plating voltage profile, suggesting the formation of Na clusters 

as the Na adatom can easily form on existing nuclei. Alternatively, G4 possesses a high voltage 

hysteresis as a result of higher viscosity and shows evidence of severe pitting in SEM investigation. 



 
 

G2 provides a desirable middle condition in the glyme family, mitigating the high nucleation 

overpotential of G1 and the high hysteresis of G4. However, the hysteresis in G2 builds over many 

cycles in the symmetric system. Further, in the investigation of G2 electrolyte in an optical cell, 

unstable dendritic growth was observed without the presence of pressure or a separator material. 

We then observed the addition of cyclic carbonate to provide mechanical rigidity to the SEI and 

facilitate a longer cycle life. FEC and EC were investigated with in situ optical microscopy, and 

though both additives showed smoothed sodium plating morphologies, higher voltage hysteresis 

was observed due to SEI thickening. Symmetric cell assessment of the FEC additive provided 

stable plating and stripping over many cycles; however, the EC additive resulted in erratic potential 

in symmetric coin cells. SEM analysis reveals poor SEI morphology with the EC additive but 

much-improved surface morphology with the addition of FEC compared to G2 alone. These 

findings indicate that the FEC additive leads to a thicker, more robust SEI, promising longer cycle 

life or more extreme cycling conditions. 

Since FEC and EC are very similar in structure and properties, we utilized XPS analysis to 

confirm that the two solvents produce molecularly different SEIs. Mesoscale modeling hints that 

SEI composition and rigidity strongly influence plating morphologies. Compared to G2, the 

addition of EC to the electrolyte results in an entirely different atomic composition at the electrode 

surface after 10 cycles. This SEI was dominated by complex carbonate compounds and 

phosphorous- and fluoride-containing compounds derived from salt decomposition, while the FEC 

additive maintained low concentrations of G2-derived carbonates and high NaF concentration, 

mirroring the desirable SEI components of the thin G2 SEI. Among the electrolytes investigated, 

our work identifies 1M NaPF6 in G2:FEC in a 90/10% v:v as optimal for sodium plating and 

stripping. This electrolyte facilitates a NaF-rich SEI that is robust and prevents dendritic growth. 

Further experimentation is necessary to determine the optimal carbonate concentration in glyme 

electrolytes to maximize the performance gain with FEC concentration. 

 

4. Experimental Methods 

 

Materials:  

Diethylene glycol dimethyl ether (diglyme, Sigma-Aldrich, anhydrous, 99.5%) 

1,2-Dimethoxyethane (DME, monoglyme, Sigma-Aldrich, anhydrous, 99.5%) 



 
 

NaPF6 (STREM chemical, 99.99% Na, PURATREM) 

Fluoroethylene carbonate (FEC, Sigma-Aldrich, 99%) 

Ethylene carbonate (EC, Sigma-Aldrich, anhydrous, 99%) 

Cu foil from (MTI 9 µm) 

Entek Gold 20 µm 

Sodium Metal (650 µm Sigma Aldrich) 

 

Coin cell: 

The electrochemical performances were measured in a CR-2032 coin cell format either using a 

Na|Cu or Na|Na setup using different electrolyte solvents using a NEWARE Battery Tester. The 

electrolytes are pure ether solvents (1.0 M NaPF6 in G1, G2 and G4) and the ether-carbonate 

electrolyte mixtures (1.0 M NaPF6 in G1+EC, G1+FEC, G2+EC, G2+FEC, G4+FEC). 90 µL of 

electrolyte were added to all cells. 1 separator was used with all pure glyme electrolytes: G1, G2, 

and G4. When FEC or EC were added, 2 separators were used. The areal loading of sodium was 

370 mg/cm2, and the sodium was oversized by 8X. Biologic was used to do the Potentio EIS (PEIS) 

in a frequency range of 1 MHz to 0.1 Hz at 20 ± 2°C. Long-term cycling was confirmed with 2 

cells. More than 10 cells were tested up to 10 cycles and examined with post-mortem analyses.  

 

Optical cell: 

The experiments described here are visualized with the optical cell. The optical cell is fabricated 

by sandwiching an inner Teflon plate, machined with a rectangular central gap approximately 3.00 

mm wide by 6.25 mm in length, with two acrylic outer plates containing quartz windows. To make 

symmetric cells, electrodes of copper foil with sodium deposited on them are threaded through the 

inner hole of the Teflon plate and pulled taut opposite each other, and the cell is constructed with 

Viton gaskets between the plates to contain the electrolyte that is injected into the cell. The cell is 

described in more detail in Love et al. and Carter et al.54, 69 The electrolyte is composed of a glyme 

as the main component (either monoglyme, G1, or diglyme, G2) and 1M NaPF6 as the conductive 

salt. Ethylene carbonate and fluoroethylene carbonate are used as additives at 10% by volume for 

FEC and equivalent molarity (~1.4M) for EC. Sodium symmetric cell experiments were performed 

at 0.2 mA, or approximately 0.75 mA/cm2, with a polarity switch occurring every 2 h. 

 



 
 

Surface Characterization: 

The surface morphologies were observed using a scanning electron microscope (SEM) (FEI Nova 

nanoSEM).  
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Table S1: Nucleation overpotential (𝜼𝜼𝒏𝒏𝒏𝒏), plateau overpotential (𝜼𝜼𝒑𝒑𝒑𝒑), and the impedance 

of sodium deposited on copper in glyme solvents 

Solvent 𝜼𝜼𝒏𝒏𝒏𝒏 (mV) 𝜼𝜼𝒑𝒑𝒑𝒑 (mV) RSEI+RCT (Ω) 

G1 29.8 2.4 50.6 

G2 13.6 3.1 28.9 

G4 19.9 5.8 42.5 

 



 
 

 
Figure S1. Cyclic voltammetry of Na|Cu in 1M NaPF6 showing irreversible reductive peaks in 

cycle 1 only. 
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Figure S2. EIS of Fresh Na-Cu cells in NaPF6: G1, NaPF6: G2 and NaPF6: G4.  

 



 
 

 
Figure S3. Plating-stripping profile of Na-Na cells in different electrolyte at 0.5 mA/cm2 and 0.5 

mAh/cm2 (a) G1 (b) G2 and (c) G4. 



 
 

 
Figure S4. (a) Discharge curve of Na-Cu cells in different electrolyte at 0.02 mA/cm2 and 0.04 
mAh/cm2. (b) EIS of the Na-Cu cells after 1 discharge in different electrolytes. The electrolytes 
are NaPF6: G1+FEC, NaPF6: G2+FEC and NaPF6: G4+FEC.  



 
 

 
 
Figure S5. Discharge curve of Na-Cu cells in different electrolyte at 0.02mA/cm2 and 0.04 
mAh/cm2. The electrolytes are NaPF6: G1+EC and NaPF6: G2+EC. 
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Figure S6. Charge-Discharge curve of Na-Na cells in different electrolyte at 0.05 mA/cm2 and 
0.1 mAh/cm2 using 1 Enetek Separator. The electrolytes are NaPF6: G1+FEC and NaPF6: 
G2+FEC and NaPF6: G4+FEC.  
 



 
 

 
 
Figure S7. Zoomed in of charge-discharge curve (a) Early and (b) Later cycle of Na-Na cells in 
NaPF6: G2+FEC electrolyte at 0.5 mA/cm2 and 0.5 mAh/cm2 using 2 Enetek Separator.  
 



 
 

 
 
Figure S8. Charge-Discharge curve of Na-Na cells in different electrolyte at 0.05 mA/cm2 and 
0.1 mAh/cm2

 using 1 Enetek Separator. The electrolytes are NaPF6: G1+EC and NaPF6: G2+EC.  
 



 
 

 
 
Figure S9. SEM Images of the Na foil after 10 charge-discharge cycles (a)-(b) G2, (c)-(d) 
G2+FEC and (e)-(f) G2+EC  
 
 

 
 



 
 

 
 
Figure S10. Voltage profiles and optical cell images of Na|Na symmetric cells with (a) G1 and 
(b) G2 electrolyte. 

 
 



 
 

 
Figure S11. Voltage profiles and optical cell images of Na|Na symmetric cells with (a) G1 and 
(b) G2 electrolyte with 10% by volume (~1.4M) FEC additive. 

 
 



 
 

 
 
Figure S12. Voltage profiles and optical cell images of Na|Na symmetric cells with (a) G1 and 
(b) G2 electrolyte with 1.4M EC additive. 
 
 
 
 



 
 

Table S2: XPS Peak Assignments for Electrodes Cycled 10× G2, G2-FEC and g2-EC-
Containing Electrolytes 
 

 

Elements G2 G2+FEC G2+EC Chemistry 

C 1s 285 284.8 284.78 C-C, C-H 

 286.5 286.12 286.44 C-O 

 288.54 288.5 288.87 O-C=O 

     

O 1s 530.16 529.96  Na-O 

 531.64 531.50 531.19 C=O 

 533.13 533.10 533.02 C-O / 

FEC 

 536.10 536.26 536.21 Na auger 

     

F 1s 684.31 684.17 684.02 NaF 

 687.42 687.04 687.19 P-F 

 689.89 689.55  C-F 

     

Na 1s 1071.89 1071.37 1071.71 NaF, RONa, Na2CO3 

     

P 2p 134.06 133.55 133.79 P2O5, NaxPOyFz 

   137.24 NaxPFy 

 

 
Table S3. Survey of the performances of “state-of-the-art” craboante-ether electrolyte mixtures 
in Li and N metal batteries. 
 
Salts Solvents Year / Refs. 

LiPF6 / LiAsF6 / 
LiTFSI  

EC-PC-DME (1994) 
1 

LiClO4  EC-DME / 
PC-DME / 

(1984) 



 
 

EC-PC-DME 2 

LiBF4 / 
LiCF3SO3 / 
LiClO4 / LiAsF6 

EC/PC-
THF/DME/DOL/DEE 

(1985) 
3 

 DME-EC 2017 
 4 

LiNO3 DME-FEC 2018 
5 

LiFSI DME-FEC 2020 
6 

 DOL-DME-FEC 2020 
7 

 DME-FEC 2021 
8 

NaClO4  
 

DME/DOL 
(v:v = 1:1) + 5 wt% 
FEC 

2019 
9 

NaPF6 Diglyme+FEC 2020 
10 

LiPF6 TEGDME-FEC 2013  
11 

LiTFSI TEGDME-FEC 2015 
 12 

LiF3SO3 TEGDME-FEC (5:1 
v/v) 

2015 
13 

LiTFSI TEGDME-FEC 2018 
14 

NaTFSI TEGDME-FEC 2019 
15 

 
 
 
Description of the mesoscale modeling framework 

The mesoscale model captures the morphological growth of the metal electrode based on the 

kinetic Monte Carlo algorithm.16-18 The evolution of the metal electrode interface including the 

processes of ion transport, electrochemical reaction and self-diffusion have been incorporated in 

the model.  

For each of these processes, a corresponding kinetic rate is calculated as described below. The 

substrate-Na interaction and the early stage morphological growth is studied using the descriptor, 



 
 

kNa-substrate/kNa-Na. Here, kNa-substrate denotes the rate of Na reduction on the substrate and kNa-Na 

denotes the rate of Na reduction on the freshly deposited Na. These two processes are used to 

define a total reaction rate (𝑘𝑘1) as follows:   

                                                        𝑘𝑘1 =  �𝑘𝑘𝑁𝑁𝑁𝑁−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖

𝑁𝑁1

𝑖𝑖=1

+ �𝑘𝑘𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁
𝑗𝑗

𝑁𝑁1
|

𝑗𝑗=1

                                           (S1) 

Here, 𝑁𝑁1 is the number of metal ions at the substrate-electrolyte interface and 𝑁𝑁1
|  is the number of 

metal ions at the freshly deposited metal and electrolyte interface.  

For the self-diffusion of the deposited metal atoms,  

                                                                            𝑘𝑘2 =  �𝑘𝑘𝐷𝐷𝑖𝑖
𝑁𝑁2

𝑖𝑖=1

                                                                     (S2) 

Here, 𝑁𝑁2  is the number of deposited atoms, and 𝑘𝑘𝐷𝐷  is the surface self-diffusion rate of the 

deposited atoms that is calculated based on the Arrhenius equation, 𝑘𝑘𝐷𝐷  = 𝜈𝜈 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸𝑎𝑎,𝑑𝑑
𝑘𝑘𝑏𝑏𝑇𝑇

�. Here, 𝜈𝜈 

is the hopping frequency, 𝑘𝑘𝑏𝑏 is the Boltzmann constant, 𝑇𝑇 is the temperature, 𝐸𝐸𝑎𝑎,𝑑𝑑 is the energy 

barrier, and 𝑘𝑘2 refers to the total self-diffusion rate.  

For ionic transport, a total rate, 𝑘𝑘3 is calculated as follows:  

                                                                            𝑘𝑘3 =  �𝑘𝑘𝑇𝑇𝑖𝑖
𝑁𝑁3

𝑖𝑖=1

                                                                     (S3) 

Here, 𝑁𝑁3 is the number of metal ions in the system, and 𝑘𝑘𝑇𝑇 refers to the transport rate of each ion, 

which is calculated using 𝑘𝑘𝑇𝑇 =  𝐷𝐷
𝑑𝑑2

 . 𝐷𝐷  refers to the diffusivity for ion transport, and 𝑑𝑑  is the 

distance per diffusion step, given by 𝑑𝑑 =  √2𝑎𝑎. Here, 𝑎𝑎 is the lattice size.  

Based on 𝑘𝑘1, 𝑘𝑘2 and 𝑘𝑘3, a total rate constant (𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) is defined as follows: 

                                                                      𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  ∑ 𝑘𝑘𝑖𝑖3
𝑖𝑖=1                                                                    (S4) 

A random number 𝑟𝑟1, between 0 to 1 is chosen and multiplied with 𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. Subsequently, all the 

possible processes for evolving the system are scanned through, and the first event for which the 

total rate of previously scanned events is larger than 𝑟𝑟1𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is chosen. The electrochemical 

system is then evolved using this selected event. The time step associated with this process is 



 
 

calculated using a random number, 𝑟𝑟2: 𝛿𝛿𝛿𝛿 =  − 1
𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

ln 𝑟𝑟2. The parameters used in the mesoscale 

model to capture the metal morphology evolution have been summarized below in Table S4.  

Table S4. Parameters used in the model. 

Parameters  Values Units 

System dimensions 100 × 60 lattice 

supercell 

- 

𝑎𝑎 Lattice size (for Na) 4.29 Å 

𝐷𝐷 Diffusivity (ion transport)  3×10-10 m2/s 

𝐸𝐸𝑎𝑎,𝑑𝑑 Surface self-diffusion barrier  0.1-0.4 eV 

𝑘𝑘𝑁𝑁𝑁𝑁−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 /

𝑘𝑘𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 

Ratio of Na reduction rate on the 

substrate and Na reduction rate on 

freshly deposited Na  

10-4 – 100 - 

𝐹𝐹 Faraday constant 96,487 C mol-1 

𝑘𝑘𝑏𝑏 Boltzmann constant 1.38×10-23 J K-1 

𝑇𝑇 Temperature 300 K 

𝜈𝜈 Hopping frequency 2×1012 s-1 
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