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ABSTRACT: The morphologies of sodium electrodeposits and gas
evolution were studied in a system comprising a symmetrical Na/Na
optical cell, a digital microscope, and an electrochemical workstation.
Sodium deposition in ethylene carbonate (EC), diethyl carbonate (DEC),
and propylene carbonate (PC) generated large volumes of gas and fragile,
porous dendrites. The use of fluoroethylene carbonate (FEC) greatly
reduced gassing during deposition and demonstrated superior cycling
performance, impedance, and cycling efficiency when it was used as a
cosolvent with DEC (1:1 vol); however, porous depositions persisted. Time
of flight secondary-ion mass spectrometry revealed that the solid-electrolyte
interphase formed in FEC/DEC, in contrast with the EC/DEC electrolyte, is
thicker, richer in NaF, and forms a less dense polymer organic layer.

The solid-electrolyte interphase (SEI) affects the
morphology and the gassing in the electrodeposition
of reactive metals, including the alkali metals.1−4 The

alkali metals reduce the electrolyte to form an SEI surface film
that is electronically insulating and ionically conductive.5 If the
SEI layer is stable, it will protect the alkali metal from further
parasitic reactions with the electrolyte.6 When sodium metal is
immersed in an organic electrolyte, the SEI grows until electron
transport slows sufficiently to hinder further parasitic
reactions.5 SEI thickness, composition, and uniformity are
largely dependent on the electrolyte makeup, which also
influences sodium deposition morphologies.5−7 Diffusion of
cations through mediums of varying thickness and dissimilar
ionic conductivity leads to nonuniform nucleation density and
thus a higher propensity for dendrite formation.7,8

Akin to lithium metal, sodium metal deposits in dendritic
structures with the potential to cause electrical shorting.3

However, studies on sodium dendrite nucleation, propagation,
and mitigation strategies remain, for the most part,
unreported.9,3 Sodium-ion battery (SIB) electrode analogs of
lithium-ion batteries typically show inferior performance
compared to lithium because of differences in solvation
energies, solid-state diffusion, and surface passivation.10

Considering that dendritic growth on sodium is more severe

than on lithium, the development of an electrochemically
inactive, porous sodium layer may be a large contributor to
poor (SIB) performance as well.10

In order to advance SIB technologies, it is essential to
understand sodium electrodeposition when sodium is used as
an electrode. Although there are many optical studies of lithium
deposition−dissolution,11−15 similar studies of sodium are rare.
To the best of our knowledge, there exist only two papers that
optically study the formation of sodium dendrites. There is one
report of sodium metal cycling in a propylene carbonate (PC)
electrolyte at a small rate of 50 μA cm−2 where needlelike
growth and formation of gas is observed.3 Another study
compares the sodium metal dendrites formed in ethylene
carbonate (EC)/PC with and without a polymer additive.16

However, the effect of charge rate and electrolyte composition,
especially the commonly used solvent fluoroethylene carbonate
(FEC), on the sodium deposition morphology is still poorly
understood.
Here we image in situ the sodium deposition in a home-built,

hermetically sealed optical cell17 (Figures S1 and S2) coupled
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with a high-resolution, Keyence VHX-5000 digital microscope.
We compare three electrolytes utilizing frequently used SIB
solvents: 1 M NaPF6 in (i) EC/diethyl carbonate (DEC) (1:1
v/v), (ii) PC/FEC (98:2 v/v), and (iii) FEC/DEC (1:1 v/
v).18−20 Optical cell depositions and coin cell cycling data are
performed at 1 mA cm−2 and 5 mA cm−2. From the optical
imaging, we observe formation of porous depositions with
varying morphologies. Excessive gas evolution and loss of
sodium into the electrolyte (dead sodium) was mitigated when
FEC was used as a cosolvent with DEC. Symmetrical coin cell
cycling, cycling efficiencies, and electrochemical impedance
spectroscopy (EIS) data also corroborate the positive role of
the FEC on sodium cyclability. Time of flight secondary-ion
mass spectrometry (ToF-SIMS) depth profiling shows that
FEC/DEC electrolyte, in contrast with the EC/DEC, forms a
NaF-enriched and organic polymer-depleted SEI layer.

Figure 1 shows the solvent dependence of the morphology of
the sodium electrodeposited upon passage of 4 mAh cm−2; this
quantity of charge formed easily observable dendrites for
imaging in the optical cell. All deposits are highly porous and
comprise needles (2−3 μm in thickness) and bushy structures.
Depositions in EC/DEC (Figure 1a,d) formed sodium clusters
stemming from thin, needlelike roots. The fragility of these
dendrites is illustrated in Figure S3a,b were gas bubbles caused
detachment of the sodium deposits at 1 mA cm−2. The
dendrites formed in PC/FEC (Figure 1b,e) grew more globular
in appearance and had reduced needle deposits. Additionally,
the color of these dendrites is closer to that of the sodium
substrate compared to the EC/DEC dendrites, perhaps due to
differing SEIs.21 In the FEC/DEC electrolyte (Figure 1c) at 1
mA cm−2, a highly porous deposit was produced; at 5 mA cm−2

Figure 1. Morphologies of sodium deposited from 1 M NaPF6 in EC/DEC (a, d), PC/FEC (b, e), and FEC/DEC (c, f) upon passage of 4
mAh cm−2 at 1 mA cm−2 (top images) and 5 mA cm−2 (bottom images). Sodium substrates are at the bottom of all images. Entire electrodes,
before and after deposition, are shown in Figure S3. Scale bar is 100 μm.
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(Figure 1f) the deposit was still porous, but less so than the 1
mA cm−2 deposition.
For all the electrolytes, the fast charge rate caused an increase

in gas evolution due to increased SEI formation at higher
overpotentials22 and an increase in nucleation density. The
typical exacerbation of porosity upon increasing the current
density and concentration polarization was not ob-
served.12,23−25 The denser depositions are due to increased
formation of sodium nuclei at faster charge rates.26 An example
of electrodepositions at a very slow rate (0.25 mA cm−2)
demonstrating small nucleation density is shown in Figure S5.
Overall, the order of increasing deposition thickness at 5 mA
cm−2 was PC/FEC < FEC/DEC < EC/DEC; at 1 mA cm−2 it
was PC/FEC < FEC/DEC, the sodium in the EC/DEC at 1
mA cm−2 being so fragile that it cannot be compared here.
Figure S4 illustrates the growth of the sodium anode deposition
layer for the FEC/DEC and PC/FEC electrolytes (at 5 mA
cm−2 passing 1 mAh cm−2 of charge) as a function of cycle
number. For both electrolytes, the largest change in dendritic
growths occurred in the first and second cycles. The mean
heights of the dendrites in the first depositions (determined by
the integrated average of the projected deposition area) were
120 and 104 μm for the FEC/DEC and PC/FEC, respectively.
In the second cycle, the mean dendritic heights doubled for the
FEC/DEC and PC/FEC (267 and 192 μm, respectively).

Finally, in the third and fourth cycle the deposition heights
changed less than 30% each time for both electrolytes.
Figure 2 shows images from Supporting Information Videos

2 and 3 for FEC/DEC (a−c) and PC/FEC (d). Images
involving EC/DEC (Video 1) as the electrolyte solvent are not
shown, because gas evolution became too problematic. It is
evident from the Supporting Information videos that the rate of
gas evolution decreased in the following order: EC/DEC >
PC/FEC > FEC/DEC. Note that the second deposition on the
highly porous deposit with FEC/DEC as the electrolyte solvent
(Figure 2c) occurred under, not on, the sodium deposited in
the first cycle. This indicates that the previously deposited
dendrites made poor electrical contact with the electrode (dead
sodium). Similar deposition behavior on lithium was observed
by Steiger et al.11 As the electrode was stripped in the FEC/
DEC, the sodium dendrites changed into a darker shade of gray
(Figure 2a,b). Despite passing 2 mAh cm−2 in both the charge
and discharge cycles (Videos 2 and 3), the deposition layers in
the PC/FEC and FEC/DEC electrolytes showed minimal
changes in size.
In the second charge/discharge cycle in PC/FEC (Figure

2d) the sodium layer was more compact than that in FEC/
DEC. The deposition appeared to first form needlelike
dendrites, and as more charge was passed, the formation of
three-dimensional structures began to develop. Occasionally, as

Figure 2. Sodium deposits and gassing in FEC/DEC (a−c) and PC/FEC (d). First deposition half cycle (a); first dissolution, i.e. discharge,
half-cycle (b); second deposition half cycle (c) where the sodium layer growing under the first is artificially highlighted in yellow. Needles and
gassing in the second deposition half-cycle in PC/FEC (d). 2 mAh cm−2; 2.5 mA cm−2; 500 μm scale bar.
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seen in Figure 2d, a very long, thick (6−10 μm) dendrite
appears; it grows, as observed by Steiger’s study of lithium
dendrites, from the base and kinks.25 As the growing dendrite
in Figure 2d approached the Na foil counter electrode, the
higher Na+ flux resulted in growth of many branched structures
(Video 3). This erratic dendritic growth is attributed to a
diminishing electrochemically active area caused by the
ionically insulating gas bubbles.12 The deposition layer is
thinner, i.e., it is denser, in the second deposition half cycle than
in the first, both in FEC/DEC and PC/FEC. The densification
is attributed to residual sodium nuclei from the first cycle,
which in combination with nucleation in the second, increased
the number density of nucleation sites. The Tarascon group
observed a similar trend for lithium and identified pits as
nucleation sites.27 Dendrites nucleating in sodium pits can be
seen in Video 5.
After the optical cell with the sodium electrodes and

electrolyte is assembled (with no applied potential), gradual
gas evolution occurs for all solvents but eventually ceases if
FEC is present in the electrolyte. Rapid gas evolution occurs in
the EC/DEC and PC/FEC electrolyte when the optical cell is
cycled because of a slow passivation of the sodium surface as
new structures form, requiring the formation of new SEI. The
gas bubbles in the PC/FEC and EC/DEC often dislodged
fragile sodium fragments from the deposits (Video 4). In the
FEC/DEC electrolyte, gas evolution was mitigated (Video 2)
because of the abundance of FEC in this electrolyte. Dugas et
al. found similar results in their gas chromatograph studies of
FEC as an electrolyte additive for SIBs.1

As seen in Figure 3a,b, the time dependence of the voltage of
the galvanostatically cycled cells with different electrolyte
solvents varied both in the symmetrical baseline voltage
excursions and in the frequency of spikes. At 1 mA cm−2 the
baseline excursions for FEC/DEC were frequent, but they
began to disappear after the second day indicating that large gas
bubbles or other causes of electrical discontinuity had been
inhibited. At 1 mA cm−2 the symmetrical baseline excursions
were the largest in magnitude for the PC/FEC electrolyte and
persisted throughout the entire cycling test for the cell. Baseline

excursions were also seen through the entire cycling test of the
EC/DEC, increasing in magnitude over time. At the faster
charge rate (Figure 3b), baseline excursions persist throughout
testing for all the electrolyte compositions but are much more
frequent and higher in magnitude for the EC/DEC electrolyte.
Additionally, voltage spike magnitudes increased over time in
the EC/DEC electrolyte.
Voltage spikes can occur because of either gas bubbles28,29 or

dead sodium30,31 decreasing the electrochemically active
electrode surface. Thus, the dendrites formed in the FEC/
DEC (Figure 1a,d) greatly reduce electrolyte consumption and
the formation of dead sodium. Song et al. saw the same trend in
their study of FEC on symmetrical lithium cells.2 It is
interesting to note that PC/FEC voltage excursions were the
largest in magnitude at 1 mA cm−2 but not so at 5 mA cm−2.
We speculate that the larger voltage excursions observed in the
PC/FEC solvent at 1 mA cm−2 compared to 5 mA cm−2 are
related to the decreased nucleation sites formed at smaller
current densities. Thus, passing the same total amount of
charge with a current density of 1 mA cm−2 results in fewer,
larger dendritic structures compared to depositions at 5 mA
cm−2 which form more numerous but relatively smaller
structures. For the case of 1 mA cm−2, detachment of a
dendrite will therefore result in a larger loss of electrochemi-
cally active surface area compared to the case of 5 mA cm−2.
This leads to a sudden increase in voltage to supply the
constant current imposed and results in high-magnitude voltage
excursions. Additionally, on lithium electrodepositions the
frequency of electrical disconnects (i.e., dendrite detachment)
from the metal anode can be reduced by discharging (stripping)
at a faster rate.32

Figure 4a shows Nyquist plots of all the electrolytes prior to
cycling and after a 12 h rest. The FEC/DEC and PC/FEC
electrolytes showed similar cell impedance while the EC/DEC
electrolyte demonstrated the highest impedance. Fitting the
equivalent circuit shown in Figure 4a, the summed resistances
(R2, R3, and R4) were 6.3, 3.4, and 3.6 kΩ for EC/DEC, PC/
FEC, and FEC/DEC, respectively. The equivalent circuit
model was adopted from Aurbach.33 In this model, the parallel

Figure 3. Time dependence of the potential of symmetrical sodium electrode coin cells passing 1.5 mAh cm−2 of charge at 1 mA cm−2 (a) and
5 mA cm−2 (b). Black, red, and blue curves are EC/DEC, PC/FEC, and FEC/DEC, respectively.
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resistor and constant phase element components represent the
organic/inorganic interphases found in the SEI.34 Though the
cell impedances were similar for the FEC/DEC and PC/FEC
electrolytes, the baseline overpotentials can vary significantly
during some cycles. We attribute this discrepancy to the
formation of gas bubbles and the nature of the high surface area
sodium deposition behavior with the FEC/DEC electrolyte
(Figure 1c) compared to PC/FEC (Figure 1b) at slow rates.
Both of these variables will affect the electrochemically active
area of the sodium anodes which is reflected by the
overpotential.
The loss of electrically connected sodium deposits was

monitored by measuring the Coulombic efficiency in coin cells
with aluminum substrates and sodium counter/reference
electrodes at 1 mA cm−2 (Figure 4b). After the first 10 cycles,
the Coulombic efficiency was highest in the FEC/DEC
electrolyte, but it was still only about 70%; in the PC/FEC it
was merely about 20%, and it was even less, only about 10%, in

the EC/DEC. Despite leaving an apparently large amount of
dead sodium upon cycling (Figure 2a−c), cycling efficiencies
where high (60−70%) for the FEC/DEC. This can be
explained by the effect of stack pressure on cycling efficiencies
in coin cells. The compact nature of the cells confines dendrites
to the sodium substrate’s surface, which helps the dendrites stay
electronically connected and reduces electrolyte consump-
tion.27

Figure 5 shows time of flight secondary-ion mass
spectrometry, a highly elemental and surface sensitive
technique,35 depth profiling of the SEI formed in the EC/
DEC and FEC/DEC electrolytes. Here, increasing sputtering
time corresponds to increasing film depth. The profiles indicate
a mixture of inorganic and organic decomposition species
situated at similar depths while forming the SEI. There are four
secondary ionic fragments of interest denoting different SEI
species: NaF2

− from the PF6
− and FEC, the PO− from salt-

reacted PF6
− via PxOyFz, and CO3

− from Na2CO3 and other
carbonate species (such as disodium ethylenedicarbonate)
derived of FEC and DEC.6,36−38 The C2

− curve is a proxy
for organic SEI species such as Na-alkoxides or polyolefins.6,39

A high and flat C2
− plateau is observed consistent with a dense

organic polymer layer; the cause of the plateau in EC/DEC is
not sensor saturation, but uniformity of the composition of the
deposited organic polymer layer. The values of the full width at
half maximum for all ionic fragments in the FEC/DEC are
higher than those of the EC/DEC, which implies that the FEC/
DEC derived SEI is thicker than the EC/DEC SEI. This may be
because the sodium anode reacts indefinitely with the EC/DEC
electrolyte and consequently forms an incomplete SEI. The
indefinite corrosion of sodium in EC/DEC may also explain
why the impedance was larger for EC/DEC (Figure 3a) despite
having a thinner SEI; the resulting gas evolution from the
electrolyte degradation should affect the EIS measurement by
blocking the electrode surface area. Though the SEI formed in
the FEC/DEC is thicker than that in the EC/DEC, the SEI
structure is essentially unaffected by the fluorination of EC in
regards to where the maxima occur (Figure 4b).37

The Na-derived SEIs are more unstable than their Li analogs
because of the increased solubility of Na decomposition
products.40 The use of FEC/DEC as a solvent serves to form
an SEI richer in NaF than the EC/DEC electrolyte. NaF makes

Figure 4. Nyquist plots with inset equivalent circuit (a). Cycle
number dependence of the percentage of the retained Coulombic
efficiency (b); 1 mAh cm−2 per cycle at 1 mA cm−2.

Figure 5. ToF-SIMS depth profiles of sodium soaked in 1 M NaPF6 EC/DEC (dashed lines) and FEC/DEC (solid lines) for 12 h (a). The
normalized intensities for FEC/DEC (top) and EC/DEC (bottom) are shown in panel b.
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for an exceptional SEI compound due its electrical insulating
properties and poor solubility.6,40 The passivating nature of
NaF may also explain the lowered PO− counts in the FEC/
DEC electrolyte; a weaker PO− signal implies less PF6

− salt
reacted. Interactions of the LiF with other SEI components
have been shown to hold lithium SEIs together; this “glue”
effect may be occurring here as well.41 The weak CO3

− signal
from the EC/DEC compared to the FEC/DEC implies that the
organic polymer layer was deplete of carbonate-containing
species and was largely composed of polyolefins. Most
importantly, there is less organic matter when the EC is
replaced by FEC because inorganics tend to be more stable in
the SEI.10,8

In conclusion, deposition of sodium in standard organic
solvents resulted in highly porous electrodeposits. The sodium
dendrites formed in the EC/DEC and PC/FEC solvents were
easily expelled into the electrolyte as gas generation occurred.
Despite producing the most porous depositions, gas evolution
and sodium loss could be greatly decreased when the FEC was
used as a cosolvent. In this FEC/DEC electrolyte, cycling
efficiency and performance were improved. ToF-SIMS depth
profiling revealed that FEC created an SEI on Na that was
richer in NaF compared to EC; this NaF rich SEI resulted in
lowered levels of organic and PF6

− reduction products. The
results shown here raise questions about the use of Na as a
counter/reference electrode in SIB research when standard
solvents are utilized. The ToF-SIMS data suggests that doping
the surface of Na with fluorine-rich compounds may lead to
stable sodium depositions with cycling efficiencies that are
higher than those achieved here.
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