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Separating Nucleation and Growth: High-Overpotential
Pretreatment Pulses for Sodium-Metal Electrodes

Meghdad Hosseinzadegan,* Felix Bauer, Leif Nyholm, Guiomar Hernández,
and David R Maibach*

Sodium metal is capable of unlocking a new sustainable pathway toward
electrification thanks to its high energy density and abundant resources.
However, uneven metal nucleation and growth during cycling remains
a challenge to be fully understood and overcome. In this study, short high-
overpotential pretreatment pulses are applied to enable 2D metal growth. This
is achieved by separating the initial nucleation step from reversible sodium
metal growth. Electrochemical measurements combined with scanning
electron microscopy and image analysis prove that the reductive and oxidative
pulses significantly decrease the initial overpotential during galvanostatic
cycling, compared to cycling without pulses. The oxidative or reductive
pulses activate the entire electrode surface by generating a dense population
of single micrometer-sized pits or nuclei, respectively. This activation of the
surface decreases the interfacial impedance and circumvents the generation
of mossy sodium and forms a smooth hill-valley-like topography. Double pulse
pretreatment further improves the 2D sodium growth. This improvement is
also seen in full-cells with Prussian white as the cathodematerial as an increase
in Coulombic efficiency. The results of this study demonstrate that separating
the nucleation event from continuous growth and using the optimal conditions
for each step is key to obtaining stable 2D sodium metal growth conditions.
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1. Introduction

Sodium-ion batteries (SIBs) are con-
sidered to be important sustainable
alternatives to lithium-ion batter-
ies (LIBs).[1,2] This is mainly due to
the higher abundance of sodium re-
sources as well as the physicochemical
similarities between these two alkali
metals.[3,4] Even though SIBs can uti-
lize LIB fabrication processes, there
is still a need to develop competitive
positive and negative electrode mate-
rials, as well as electrolytes, for SIBs.
While positive electrode materials for

SIBs are reaching commercial produc-
tion levels with layered metal oxide
materials, polyanion-type materials, and
Prussian blue analogs,[5–9] the nega-
tive electrode materials are much more
limited. SIBs cannot utilize graphite,
due to issues with the intercalation of
Na+ in the graphite structure. This has
caused the emergence of less ordered
soft and hard carbons able to accommo-
date sodium ions. However, they are still

limited in terms of energy density and initial coulombic effi-
ciency (CE).[10,11]

Sodiummetal is the ideal SIB negative electrode material as it
provides a very high capacity (i.e., 1166 mAh g−1) and a very low
electrode potential (i.e., −2.7 vs SHE). While studies on stable
metal electrodes has been ongoing since the 1980’s for lithium-
metal batteries (LMBs),[12] research on sodium-metal batteries
(SMBs) was initiated more recently.[13,14] At present, issues with
inhomogeneous metal growth during the cycling significantly
limit lithium- and sodium-metal electrodes from being commer-
cially deployed. Localized 3D growth leads to brittle metal nanos-
tructures (i.e., mossy sodium or sodium filaments) that cause
excessive solid electrolyte interphase (SEI) formation and often
yield dead metal structures as the connection to the base metal
electrode is severed during cycling. This generally results in ca-
pacity losses and/or an increased risk of short-circuits.[14,15]

Extensive research has been performed to understand why
lithium- and sodium-metal electrodes display the abovemen-
tioned inhomogeneous growth behavior. Several different hy-
potheses have been proposed throughout the years, giving rise
to a multitude of strategies to counteract the underlying prob-
lem. These strategies can be considered to stem from three
research fields, based on the underlying hypothesis that: i) an
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inhomogeneous SEI with spatial variations in the interfacial re-
sistance causes localized 3D nanostructuredmetal growth, ii) the
SEI is mechanically unstable with respect to the pressure due to
the underlying metal growth, causing fractures in the SEI that
lead to preferential 3D nanostructured metal growth and iii) the
3D metal deposition is caused by high current density hot spots
on the electrode surface which promote a nanostructured metal
morphology. Based on these hypotheses, several approaches
have been proposed to control, suppress, or prevent dendritic
growth during Li- and Na-metal electrodeposition. These in-
clude liquid electrolyte modification,[16–18] solid-state electrolytes
(SSEs),[19] artificial electrode surface modification,[20–22] and elec-
trochemical self-heating induced healing[23,24] and pretreatment
strategies.[25,26]

One frequently used approach aimed at obtaining a more even
electrochemical growth is to minimize the formation of local cur-
rent density hot spots on the electrode surface. Many authors
have attempted to decrease the local current density by increasing
the electroactive surface area.[20,21] This has involved the manu-
facturing ofmetal electrodes that are either highly porous or have
a 3D nanostructured surface. Such electrodes are, however, sus-
ceptible to agglomeration of lithium/sodium metal on the sur-
face of the electrode. The reason for this is that the metal deposi-
tion is more likely to take place on the top surface of the electrode
than within the pores of a porous or 3D-structured electrode. As
a result, it becomes difficult to deposit metal homogeneously on
porous or 3D-shaped electrodes.
An alternative strategy is to electrochemically activate the

metal electrode surface by separating the nucleation, or pitting
event, from the subsequent electrodeposition, or electrodissolu-
tion step. This approach has been utilized for lithium-metal elec-
trodes by Rehnlund[25] et al., and Huang et al.[26] This electro-
chemical approach is based on the inclusion of a short high-
overpotential reductive or oxidative pretreatment pulse prior
to the galvanostatic electrodeposition or electrodissolution step.
During electrodeposition, the reductive pretreatment pulse is
used to generate a high number of small metal nuclei on the
electrode surface. The presence of these nuclei, which then
serve as the starting points during the subsequent galvano-
static electrodeposition step, significantly increases the likeli-
hood of homogeneous metal growth and hence promote 2D
metal electrodeposition. In the electrodissolution case, an ox-
idative pretreatment pulse can analogously be used to make
a subsequent electrodissolution step more homogeneous and
remove sodium layer by layer. The results of the abovemen-
tioned pretreatment pulse studies also indicate that the experi-
mental conditions used in conventional experiments (i.e., with-
out any pretreatment pulse) do not lead to the formation of
a sufficiently large number of nuclei to support homogenous
2D growth on the entire electrode surface. The reason for this
is that the overpotential is too low to promote the formation
of a sufficiently high number of nuclei.[27] This leads to lo-
calized high electric fields causing (mainly) the few metal nu-
clei to grow, and thus a high probability for the attainment
of 3D (rather than 2D) electrodeposition.[28] With the viability
of this theory proven for lithium-metal batteries, and the in-
crease in beyond lithium technologies, it would be beneficial
to test if the same approach can be implemented for other
alkali-metals.

The aim of this study is to determine if the electrochemical pre-
treatment strategies developed for lithium-metal batteries[25,26]

can be adapted to enable 2D sodium growth. The sodium metal
growth behavior is investigated in the presence of oxidative or
reductive potentiostatic pretreatment pulses as well as a com-
bination of such pulses. The experiments are designed to yield
a high sodium nuclei density, and homogeneous sodium de-
position based on the variation of the pulse amplitude, pulse
duration, location of the pulse in the cycling scheme and the
sodium hexafluorophosphate (NaPF6) salt concentration in the
electrolyte. The electrochemical results are compared with the re-
sults of surface morphology analyses (based on high-resolution
scanning electron microscopy) combined with image analysis.
The results show that pretreatment pulses can significantly ham-
per the generation of mossy sodium metal structures and pro-
mote 2D sodium metal growth, in good agreement with previ-
ous results obtained for lithium-metal electrodes.[25,26,29] This in-
dicates that obtaining a high nuclei density is essential to obtain-
ing 2D (i.e., planar) sodium metal growth.

2. Results and Discussion

To achieve 2D (i.e., planar) sodium metal growth it is important
to understand the key moments during the first electrodeposi-
tion or electrodissolution cycle, and how these are affected by the
inclusion of a pretreatment pulse. It is particularly important to
understand why the overpotential may vary during chronopoten-
tiometric (i.e., constant current) experiments and how this can
affect the structure of the resulting metal surface. Based on such
an improved understanding,[30–34] it should be possible to adapt
and transfer electrochemical pretreatment protocols developed
for lithium-metal electrodes[25,26] to sodium-metal electrodes.
In this work, oxidative and reductive pretreatment pulses were

employed individually and in different combinations to compare
their impact on the sodium growth conditions and the morphol-
ogy of sodium-metal electrodes obtained during the first elec-
trodeposition or electrodissolution cycle. The experiments were
performed in electrolytes containing 0.1 or 1.0 mNaPF6 in EC:PC
(1:1 with 5 vol% FEC). An electrolyte containing 1.0 m NaPF6
is commonly used to achieve the highest ion conductivity,[35]

whereas lower sodium salt concentrations are expected to allow
the use of higher electrodeposition or electrodissolution overpo-
tentials and thereby higher sodium nuclei or pit densities, thus
promoting 2D sodium metal growth.[27,36,37]

The amplitude and duration of the potentiostatic pretreatment
pulses were first defined using a set of half-cycle experiments
which are described in Section S1 and Figures S1–S5 (Supporting
Information). The experiments included oxidative or reductive
pretreatment pulses followed by the corresponding electrodisso-
lution or electrodeposition step, respectively. Starting with the
oxidative potentiostatic pretreatment pulses, the results showed
an increased current density with increasing pulse amplitude
from +1 to +4 V vs Na+/Na (Figure S1, Supporting Informa-
tion). The initial overpotential during the subsequent galvano-
static electrodissolution decreased with increasing pulse ampli-
tude and duration and the lowest value was found for a 1000 ms
long pulse with an amplitude of +4 V vs. Na+/Na (Figure S2,
Supporting Information). A lower initial overpotential indicates
a smaller activation barrier for pit generation. Scanning electron
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microscopy (SEM) analyses of the Na-metal electrodes after the
first half-cycle showed a dramatic decrease in pit size when +4 V
vs. Na+/Na pretreatment pulses were applied, provided that the
pulse length was at least 100ms. It was also found that a homoge-
nous and highly activated Na-metal electrode surface (seen as
roughening of the surface in SEM)was obtainedwhen using a+4
V vs Na+/Na potentiostatic pretreatment pulse with a duration of
1000 ms (Figure S3, Supporting Information). For comparison,
reductive pulses with amplitudes of −1 or −6 V vs Na+/Na and a
duration of 10 ms were used. During the pretreatment pulse an
increased current density was seen with increasing pulse ampli-
tude from −1 to −6 V vs Na+/Na (Figure S4, Supporting Infor-
mation). The lowest onset overpotential during the subsequent
galvanostatic electrodeposition step was observed with the −6 V
vs Na+/Na pulse (Figure S5a,b, Supporting Information). SEM
analyses showed a change from a localized mossy sodium de-
posit to a smooth hill-valley-like topography when using a −6 V
vs Na+/Na pulse rather than a−1 V pulse (Figure S5c–e, Support-
ing Information). Based on the pretreatment pulse design exper-
iments, it was concluded that a short potentiostatic pulse with
a high amplitude yielded the most homogenous electrodissolu-
tion or electrodeposition during the subsequent constant current
step. Oxidative pulses of +4 V vs Na+/Na with a duration of 1000
ms and reductive pulses of −6 V vs Na+/Na with a duration of 10
ms were therefore used in the experiments discussed below. A
relaxation time of 15 and 1 min at the open circuit voltage (OCV)
was applied after the oxidative and reductive pulses respectively
to allow the concentration gradient at the electrode/electrolyte in-
terface to relax (for more details, see Section S1.3 and Figure S6,
Supporting Information).
It should be noted that as the electrochemical data depended

on the total electrode area, these data should have been relatively
insensitive to the local changes in surfacemorphology of the elec-
trodeposited metal. As a result, SEM images and the correspond-
ing image analysis results (when feasible) were mainly used
when studying the effect of the pretreatment pulse on the Na-
metal electrode morphology. Reproducible patterns were, nev-
ertheless, seen in the triplicate electrochemical data sets, and
these patterns will therefore be compared with the SEM data
below. Furthermore, potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements were performed to investi-
gate the relation between the surface characteristics, the overpo-
tential observed during galvanostatic cycling, and the interfacial
impedance of the working electrode.

2.1. Single Oxidative Pulse Pretreatment

The experiments discussed in this section were performed to
study the effect of a single oxidative potentiostatic pretreatment
pulse on the subsequent galvanostatic cycling behavior and elec-
trode morphology during the first cycle. The pretreatment pulse
was followed by constant current cycling in the form of an elec-
trodissolution step followed by an electrodeposition step. The
analysis of the electrochemical data was supplemented by SEM
image analyses. The working electrodes were extracted at the end
of the electrodissolution step (i.e., cycle 0.5, shown in Figure 1)
and at the end of the successive electrodeposition step (i.e., cy-
cle 1.0, shown in Figure 2). The results of the electrochemical

protocol without the oxidative pulse (i.e., protocol P1) was also
compared with the results of the protocol with an oxidative pulse
(i.e., protocol P2) using 0.1 m and 1.0 m NaPF6-based electrolytes
to study the effect of electrolyte concentration on the nucleation
and growth behavior.
Figure 1 shows the electrochemical results, SEM images, and

the corresponding image analysis data for the first electrodissolu-
tion step (cycle 0.5) performed with protocols P1 and P2 in 0.1 m
and 1.0 m NaPF6-based electrolytes. The protocols are schemat-
ically described in Figure 1a. In protocol P1, the cycling started
with a galvanostatic electrodissolution with a current density and
capacity of 1.0 mA cm−2 and 2.0 mAh cm−2, respectively. In pro-
tocol P2, an oxidative potentiostatic pretreatment pulse (i.e., +4
V vs Na+/Na for 1000 ms) was applied to the working electrode
prior to galvanostatic electrodissolution, with the same param-
eters of the P1 protocol. Chronoamperograms for the oxidative
pretreatment pulse applied in P2 (see Figure 1b) show a higher
current density in the 1.0 m electrolyte compared to the 0.1 m
electrolyte. This effect can be described by the lower solution re-
sistance in the 1.0 m electrolyte (See Section S2 and Figure S7,
Supporting Information).
The chronopotentiograms for the galvanostatic electrodissolu-

tion step in protocols P1 and P2 are shown in Figure 1c. In the 0.1
m electrolyte, the initial overpotential required to start the elec-
trodissolution (see point 1) decreased from 580 mV vs Na+/Na in
P1 to 430mV vs Na+/Na in P2. This decrease was larger in the 1.0
m electrolyte, from 550mV vs Na+/Na in P1 to 300mV vs Na+/Na
in P2. This indicates that the oxidative pulse pretreatment had a
positive effect in decreasing the overpotential associated with the
onset of sodium electrodissolution.
The electrodissolution chronopotentiograms also show that

the overpotential dropped and then decreased with time to yield
a steady state value, see e.g., point 2 and region 3 in Figure 1c.
This behavior can be explained based on the initial need to form
electrodissolution sites (e.g., pits) on the electrode surface which
then grow, causing the overpotential to decrease. The chronopo-
tentiograms obtained with the two protocols differed slightly, in-
dicating differences in the pit growth behavior. Note the lower
overpotentials for points 2 and region 3 in the 1.0 m electrolyte
when using the P2 protocol demonstrating the beneficial effect
of the oxidative pretreatment pulse approach even in the growth
phase. The lower overpotentials obtained with the 1.0 m elec-
trolyte than the 0.1 m electrolyte can mainly be ascribed to the
larger solution resistance for the 0.1 m electrolyte (See Section
S2, Supporting Information).
Figure 1d–g show the results of the SEM analyses performed

on the sodium metal working electrodes at the end of electrodis-
solution step (i.e., cycle 0.5). With the P1 protocol (Figure 1d,f) a
few pits were seen to be randomly located on an otherwise pris-
tine sodium surface. This suggests that with the current density
applied (i.e., 1 mA cm−2) a few pits were formed on the inhomo-
geneously activated sodium metal surfaces, causing the pits to
grow large and deep. However, with protocol P2 (Figure 1e,g), the
entire surface appeared roughened at the end of the electrodisso-
lution step. This roughening effect was more pronounced in the
1.0 m electrolyte than in the 0.1 m electrolyte. The higher mag-
nification SEM image in Figure 1g shows that micrometer-sized
pits, well distributed over the entire surface, were obtained in the
1.0 m electrolyte, whereas significantly larger pits were seen for
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Figure 1. Schematic description of the P1 and P2 protocols for the 0.5 cycle (a), chronoamperograms for the oxidative pretreatment pulse applied in the
P2 protocol (b), and chronopotentiograms obtained with the P1 and P2 protocols (c). SEM images taken using two different degrees of magnifications
as well as the image analysis results after the galvanostatic electrodissolution step in the 0.1 m NaPF6 electrolyte using the P1 (d), and P2 (e) protocols,
and in the 1.0 m NaPF6 electrolyte using the P1 (f), and P2 (g) protocols, respectively.

the 0.1 m electrolyte (even in P2), see Figure 1e. Additional vi-
sual evidence for the difference between pristine sodium metal
as opposed to a roughened sodium surface with P2 is provided in
Section S3 and Figure S8 (Supporting Information). This effect
is also confirmed by Nyquist plots acquired at the end of the first

electrodissolution step with and without a preceding oxidative
pulse. As discussed later in Figure 4a, the interfacial impedance
was significantly lower at the end of the first electrodissolution
step when using a preceding oxidative pulse (i.e., in P2). This
can be attributed to introduction of small well distributed pits

Adv. Energy Mater. 2025, e03627 e03627 (4 of 15) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Schematic description of the P1 and P2 protocols for cycle 1.0 (a), chronopotentiograms obtained with the P1 and P2 protocols (b). SEM
images taken with two different degrees of magnifications after the electrodeposition step in 0.1 m NaPF6 with the P1 (c), and P2 (d) protocols and in
1.0 m NaPF6 with the P1 (e), and P2 (f) protocols.

which increase the active surface area and decrease the interfa-
cial impedance.
The results of the SEM image analysis (Figure 1d–g) show

that applying an oxidative pretreatment pulse (i.e., protocol P2)
caused the pit size to decrease and the pit frequency to increase
in both electrolytes. In the 0.1 m electrolyte (Figure 1d,e), the aver-
age pit size (± standard deviation) decreased from 38.8± 25.7 μm
in P1 to 14.2 ± 10.9 μm in P2 while the pit frequency increased
from 64 in P1 to 76 pits mm−2 in P2. The same but more notice-
able trend was observed in the 1.0 m electrolyte. Here, the average
pit size decreased from 47.3 ± 37.5 μm in P1 to 6.4 ± 2.6 μm in
P2, while the pit frequency increased from 27 in P1 to 1500 pits
mm−2 in P2, see Figure 1f,g. This implies that the higher current

density recorded during the potentiostatic oxidative pretreatment
pulse in the 1.0 m electrolyte (Figure 1b) resulted in a more ef-
fective activation of the sodium surface, compared to when only
using galvanostatic electrodissolution.
A comparison of the P1 protocol results obtained in the 0.1

and 1.0 m electrolytes (See average pit size and pit frequency val-
ues in Figure 1d,f) showed that the pit size was smaller while the
pit frequency was higher for the 0.1 m electrolyte. This effect can
be ascribed to the higher overpotential in the 0.1 m electrolyte
during the initial phase of the electrodissolution step (Figure 1c,
point 2), resulting in a higher number of smaller pits. The lower
concentration electrolyte experienced a comparatively higher
overpotential shift due to both an increased solution resistance
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Figure 3. Schematic description of the protocols P1’ and P3 (a), chronoamperograms for the reductive pulse applied in P3 (b), and chronopotentiograms
obtained with the P1’ and P3 protocols (c). SEM images taken using two different degrees of magnification after the galvanostatic electrodissolution
step in the 0.1 m NaPF6 electrolyte with the P1’ (d), and P3 (e) protocols, and in the 1.0 m NaPF6 electrolyte with the P1’ (f), and P3 (g) protocols.
Side-view SEM images of pristine sodium metal (h), sodium metal electrodeposition using the P1’ (i), and P3 (j) protocols in 1.0 m NaPF6.
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Figure 4. Nyquist plots representing PEIS results for working electrodes after selected steps during electrodissolution with and without an oxidative
pulse (a,c), and electrodeposition with and without a reductive pulse (b,d) in 1.0 m (top row) and 0.1 m NaPF6- based electrolytes (bottom row).

(i.e., from 250 Ω for 1.0 m electrolyte to 320 Ω for 0.1 m elec-
trolyte, see Section S2, Supporting Information) and polarization
effect. The latter is caused by the change in local Na+ concen-
tration at the working electrode during electrodissolution, that
caused a more pronounced potential shift between the working
and the reference electrode.
Figure 2 shows the results of the full cycle galvanostatic elec-

trodissolution followed by electrodeposition, and the SEM im-
ages obtained at the end of the full cycle. Noticeably lower over-
potentials (compared to the first electrodissolution step) were ini-
tially recorded for the P1 and P2 protocols in both the 0.1 m
and 1.0 m electrolytes (Figure 2b, point 1). To understand this,
it should be noted that the electrodeposition occurred after the
electrodissolution step, which had formed pits on the sodium
metal surface. These pits could hence act as preferential sites
(i.e., edges, kinks, and steps) with lower activation energy bar-
rier for sodium nucleation. Furthermore, this can be confirmed
by the PEIS results shown in Figure 4a. It is evident that in
all cases, the interfacial impedance at the end of the electrodis-
solution was lower than the pristine sodium surface (i.e., mea-
sured at OCV). A drop in overpotential was then seen when the
growth was stabilized to yield steady state conditions (Figure 2b,
region 2).

The sodium growth conditions were, however, not stable
throughout the entire electrodeposition step as can be seen from
the sudden increase in the overpotential (see Figure 2, point 3).
This effect, which is often seen for alkali metal electrodes,[38] in-
dicates that the metal deposition rate became too low to uphold
the applied constant current density. A second nucleation event at
a higher overpotential was therefore required to form new nuclei
on the pristine electrode surface. Nyquist plots acquired before
and after the overpotential spike (Figure S9, Supporting Informa-
tion) add another dimension to explain this behavior. It is clear
that the interfacial impedance of the working electrode, at the
end of the electrodeposition step, was significantly higher than
during steady state growth (i.e., before the overpotential spike).
This indicates the presence of a high impedance surface structure
made of mossy and tortuous sodium rather than low impedance
freshly plated sodium.
A clear difference in the sodium surface morphology was ob-

served with protocol P2 and 1.0 m electrolyte when comparing
Figure 2c–e with Figure 2f. In the lower magnification image
shown in Figure 2f, the surface exhibited a topography featuring
smooth hill-valley-like topography. This was, however, not caused
by the electrodissolution step removing base sodium but rather
new sodium forming this morphology during the subsequent
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electrodeposition step. It should be noted that no evidence for
mossy sodium growth in pits nor as islands on the base electrode
was found. This difference for P2 in 1.0 m compared with P1 in
both concentrations, and P2 in 0.1 m, could likewise be observed
in the chronopotentiograms (Figure 2b). During the electrodepo-
sition, the steady state phase (region 2) was extended with the P2
protocol only in the 1.0 m electrolyte. This can be explained by
the more densely populated pits that were formed during the P2
pretreatment pulse generating more activated sites for sodium
growth. The same feature was not seen for P2 in 0.1 m electrolyte
(compare Figure 2d,f), due to the higher iR drop discussed earlier
(See Section S2, Supporting Information).
Overall, the single oxidative pretreatment pulse induced a large

population of small pits that decreased the overpotential dur-
ing subsequent galvanostatic sodium electrodissolution and elec-
trodeposition. This resulted in a more homogenous sodium elec-
trode surface morphology, especially in 1.0 m electrolyte. The
SEM images formultiple samples (only one of which is discussed
in this manuscript) showed that mossy sodium growth was more
likely to happen at the edge of the big pits and not on the rough-
ened containing well-distributed small pits.

2.2. Single Reductive Pulse Pretreatment

The next step was to study the influence of a reductive pretreat-
ment pulse on the subsequent constant current electrodeposition
step. Here a new reference protocol P1’ (i.e., without any reduc-
tive pretreatment pulse) was introduced to be compared with the
P3 protocol that included a reductive pretreatment pulse. Both
protocols were studied in 0.1 and 1.0 m NaPF6 electrolytes. These
protocols as well as the electrochemical results and SEM images
obtained after the electrodeposition step (i.e., cycle 0.5) are shown
in Figure 3. Galvanostatic electrodeposition was carried out using
a current density and capacity of 1.0mA cm−2 and 2.0mAh cm−2,
respectively, for both the P1’ and P3 protocols. In protocol P3, a
10-ms-long reductive potentiostatic preconditioning pulse, with
an amplitude of −6 V vs Na+/Na was followed by a 1-min OCV
pause.
During the potentiostatic reductive pulse in P3, a higher cur-

rent density was recorded in the 1.0 m electrolyte compared to the
0.1 m electrolyte, see Figure 3b. This effect can be explained based
on the lower iR drop in the 1.0 m electrolyte (See Section S2, Sup-
porting Information). The chronopotentiograms of the galvanos-
tatic electrodeposition step for the P1’ and P3 protocols are shown
in Figure 3c. The first notable difference between the results for
the P1’ and P3 protocols concerns the initial nucleation overpo-
tential (point 1) in the 1.0 m electrolyte which decreased from
−370 mV vs Na+/Na in P1’ to ≈−220 mV vs Na+/Na in P3. The
same trend was observed in the 0.1 m electrolyte where the over-
potential decreased from −500 mV to −380 mV vs Na+/Na. The
lower nucleation overpotential seen with protocol P3 (compared
to protocol P1’) in both electrolytes can be ascribed to the effect
of the pretreatment pulse. The initiation of the sodium growth
(around point 2) also occurred at a lower overpotential with pro-
tocol P3. Steady state growth (region 3) then followed during
which both P1’ and P3 yielded similar overpotentials. The elec-
trochemical data therefore indicate that the P3 reductive pretreat-
ment pulse affected the sodium nucleation event. To better un-

derstand this effect, SEM imaging was conducted on all samples
after the electrodeposition step (i.e., cycle 0.5), and these results
are shown in Figure 3d–g. It should also be noted that the steady
state growth overpotential values shown in Figure 3c, region 3
were comparable to the corresponding levels in Figure 2b, region
2. This suggests that starting the galvanostatic cycling with elec-
trodeposition might be as beneficial and less complicated than
starting with electrodissolution.
In the 0.1 m electrolyte (Figure 3d,e), islands of 3D sodium

were observed at higher magnification for both P1’ and P3, indi-
cating that a homogeneous coverage of the base sodium surface
by newly plated sodium was not achieved. With the 1.0 m elec-
trolyte, the surface morphology was different (Figure 3f,g) as a
smooth hill-valley-like topography was seen especially when us-
ing protocol P3. This is a surface topography which resembles
planar deposition of sodium on the entire electrode surface (2D
growth).
No decisive differences were seen between the results of the

P1’ and P3 protocols in the 1.0 m electrolyte based on the higher
magnification images. Side-view SEM imagingwas therefore per-
formed to further probe the sodium surface morphology of pris-
tine sodium electrodes as well as the used electrodes at the end
of protocols P1’ and P3 in the 1.0 m electrolyte (Figure 3h–j). Is-
lands of mossy sodium were then clearly seen alongside an oth-
erwise smooth surface in Figure 3i. The flat regions observed in
P1’ (Figure 3i) are clearly similar in morphology to the pristine
sodium electrode surface (Figure 3h), therefore indicating that
these regions were inactivated. In contrast, protocol P3 resulted
in homogenous surface coverage with newly plated sodium yield-
ing a smooth hill-valley-like topography. This morphology indi-
cates that a majority of the electrode surface had been electroac-
tive during the electrodeposition step. The difference is also con-
firmed by Nyquist plots acquired at the end of the electrodeposi-
tion step (Figure 4b). It is clear that the interfacial impedance at
the end of the first electrodeposition was lower due to a preceding
reductive pulse in 1.0 m electrolyte.
To explore the relation between surface characteristics and in-

terfacial impedance, PEIS measurements were carried out. The
experiments were performed with the same symmetrical pouch
cell configuration. The PEIS measurements were performed in
the selected steps, i.e. i) after 1 h at OCV, ii) after each oxidative
or reductive pulse (when applicable), and iii) after electrodissolu-
tion or electrodeposition accordingly. Figure 4 shows the Nyquist
plots recorded at each of the mentioned steps for protocols start-
ing with electrodissolution (i.e., P1 and P2), and electrodeposi-
tion (i.e., P1’ and P3) in 1.0 m and 0.1 m electrolytes. The oxidative
pulse decreased the interfacial impedance of the sodium metal
working electrode, an effect that was more noticeable in the 1.0
m electrolyte (Figure 4a) than the 0.1 m electrolyte (Figure 4c).
Furthermore, a lower interfacial impedance was seen after the
first galvanostatic step with an oxidative pulse applied before-
hand. The impedance drop was larger in the 1.0 m electrolyte
(Figure 4a) than the 0.1 m electrolyte (Figure 4c). This is in good
agreement with the SEM and chronopotentiometry data shown
previously in Figure 1, suggesting that the roughening effect
of the oxidative pulse leads to introduction of well-distributed
small pits on the surface of the working electrode, i.e., increas-
ing the electro-active surface area, and thereby decreasing the
impedance.

Adv. Energy Mater. 2025, e03627 e03627 (8 of 15) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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An understandably different trend was seen in the evolution
of the interfacial impedance in the case of the reductive pulse
and electrodeposition (Figure 4b,d). The reductive pulse did not
significantly affect the impedance neither in the 1.0 m electrolyte
(Figure 4b) nor in the 0.1 m electrolyte (Figure 4d). However, a
significant drop in the impedance was observed after the first
electrodeposition step in both electrolytes regardless of pretreat-
ment pulse. This can be attributed to the presence of the freshly
plated sodium. This effect has been studied for lithiummetal,[39]

where a better coverage of the electrode surface with accessi-
ble and porous freshly plated lithium decreased the impedance
compared to that of the base lithium. When a reductive pretreat-
ment pulse is applied in the 1.0 m electrolyte (Figure 4b inset),
the impedance was further decreased after the electrodeposition
step. This suggests that more of the electrode surface was cov-
ered with freshly plated sodium in the presence of the reductive
pulse. This effect was not seen in the 0.1 m electrolyte (Figure 4d
inset) which can be attributed to the ineffectiveness of the reduc-
tive pulse in the 0.1 m electrolyte. This is in good agreement with
the SEM image shown in Figure 3e.
In summary, the single pulse pretreatment was seen to im-

prove the electrochemical deposition of sodiummetal to yield an
improved surfacemorphology. The overpotential required for the
nucleation or pitting, and in some cases also the steady state elec-
trodeposition or electrodissolution, was decreased. A change in
the surface morphology toward a homogenous and dense distri-
bution of micrometer-sized pits and smooth undulating topogra-
phy was seen as a result of the oxidative and reductive pulses,
respectively. Even though the single pretreatment pulses were
designed to affect their respective half-cycle (i.e., electrodissolu-
tion for the oxidative pulse and electrodeposition for the reduc-
tive pulse), their influence was clearly seen throughout the full
cycle. In Figure 1g, it is seen that pits were formed during the
oxidative pulse and electrodissolution step, and that this affected
the morphology in the following electrodeposition step promot-
ing a smooth hill-valley-like sodium growth (see Figure 2f) in-
stead of mossy growth that was seen for the protocol without pre-
treatment in Figure 2c,e. In addition, this smooth hill-valley-like
sodium growth is also seen in Figure 3g,j after a reductive pulse
and electrodeposition step. PEIS measurements further showed
that the effect of the pretreatment pulses decreased the interfa-
cial impedance in good agreement with the data obtained from
the SEM images and chronopotentiograms. To better understand
this interplay and to continue the knowledge transfer from the
lithiummetal studies,[25–27,29] the effects of double pulse pretreat-
ment was further investigated.

2.3. Double Pulse Pretreatment

It has so far been shown that the use of reductive or oxidative
potentiostatic pretreatment pulses can improve the growth be-
havior of sodium metal by providing more well-controlled for-
mations of pits or nuclei. To further explore the possibilities of
the potentiostatic pretreatment pulses, double pulses in three dif-
ferent arrangements were employed in the 1.0 m NaPF6-based
electrolyte. In these experiments, the 0.1 m electrolyte was not
used due to its higher solution resistance and hence larger iR
drop.

2.3.1. First-Cycle Experiments

In Figure 5a, the double pulse pretreatment protocols P4, P5, and
P6 (as well as the P1 protocol used for comparison) are schemat-
ically described. The electrochemical data and the SEM images
of the electrode surface recorded after the last electrodeposition
step are shown in Figure 5b–f, respectively. In the P4 and P5
protocols, the reductive and oxidative potentiostatic pretreatment
pulses were applied prior to their respective electrodeposition or
electrodissolution step while both pulses were combined as a
pretreatment before the galvanostatic electrodeposition or elec-
trodissolution step in the P6 protocol.
The effects of the P5 and P6 protocols starting with an elec-

trodeposition step was first compared (see Figure 5b, frame 1
magnified). The double pulse applied at the beginning in the
P6 protocol lowered the initial nucleation overpotential by ≈75
mV vs Na+/Na compared to that of the P5 protocol. This differ-
ence can hence be ascribed to the oxidative pulse included prior
to the reductive pulse in protocol P6. The oxidative pulse acti-
vated the sodium surface by creating small well-distributed pits
(its effect on the electrodissolutionwas seen in Figure 1), which is
why the subsequent reductive pulse becamemore effective. Con-
sequently, the galvanostatic electrodeposition was initiated at a
lower overpotential. Nevertheless, the single reductive pulse in
the P5 protocol resulted in an ≈50 mV vs Na+/Na lower overpo-
tential for steady state growth compared to the double pulse used
in the P6 protocol. This too can be explained by the presence of
the small well-distributed pits in P6. During the electrodeposi-
tion in P6, the small pits continue to act as preferential sites for
sodium nucleation. In other words, P6 showed more progressive
growth behavior while P5 showedmore instantaneous growth.[40]

In the subsequent electrodissolution step, the electrochemical
results for P5 and P6 are shown using overlapping timeline with
the first electrodissolution step for P1 and P4. As seen in frame
2 in Figure 5b, the initial pitting overpotentials observed for pro-
tocols P1 and P4 (600 and 200 mV vs Na+/Na respectively) were
largely removed with protocols P5 and P6 (50 mV vs Na+/Na).
The low overpotential suggests that the freshly deposited sodium
rather than the original pristine sodium electrode was electrodis-
solved when using protocols P5 and P6. Moreover, steady state
electrodissolution of freshly deposited sodium (using protocols
P5 and P6) required a significantly lower overpotential (less than
30 mV vs Na+/Na for P5 and P6) than electrodissolution of the
base sodium (120–180mVvsNa+/Na for P4 andP1, respectively).
As shown in frame 3 in Figure 4b, at the end of the electrodis-

solution step a sharp increase in the overpotential was seen with
protocols P5 and P6 yielding similar overpotentials as with pro-
tocols P1 and P4. This indicates a dramatic change in the sodium
removal conditions. This pattern, which is often seen for lithium
and sodium-metal electrodes, is typically ascribed to the genera-
tion of dead sodium as the mossy branches of the sodium detach
from the base sodium electrode or become too thin and thereby
too resistive to undergo further electrodissolution.[14,41] Conse-
quently, an insufficient amount of plated sodium would remain
to uphold the constant current density applied, which would re-
quire the formation of new pits on the base sodium. It was also
observed that the abovementioned change in overpotential hap-
pened slightly later when using the P6 rather than the P5 pro-
tocol. This indicates that more plated sodium was available for
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Figure 5. Schematic description of the P1, P4, P5, and P6 protocols (a), chronopotentiograms obtained with the P1, P4, P5, and P6 protocols (b), and
SEM images obtained after the last electrodeposition step (with the P1, P4 after cycle 1.0, and P5, and P6 after cycle 1.5 protocols in 1.0 m NaPF6 (c).

Adv. Energy Mater. 2025, e03627 e03627 (10 of 15) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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low overpotential electrodissolution (i.e., less mossy sodium was
generated during the preceding electrodeposition) using the P6
compared to the P5 protocol. The difference in electrodissolu-
tion overpotential and its relationship with interfacial impedance
is confirmed by the Nyquist plots acquired before and after the
overpotential spike (Figure S9, Supporting Information) as is dis-
cussed in Section S4 (Supporting Information).
The results of the final electrodeposition step looked very sim-

ilar at the early stage for all the protocols. However, the last stage,
magnified in frame 4 in Figure 5b, showed some differences re-
garding the location and size of the overpotential spike for the
four different protocols. For protocol P1 a larger (i.e., ≈−230 mV
vs Na+/Na) overpotential peak was seen compared to the pulse
pretreatment protocols (i.e., protocols P4–P6, between −40 and
−70 mV vs Na+/Na). As discussed in Section 2.1, the change in
the overpotential was due to insufficient access to nucleation sites
to uphold the applied constant current density. Themagnitude of
the overpotential peak also indicates the presence of a large acti-
vation energy difference for the nucleation of sodium on a pref-
erential site (e.g., at the edge of a pit, formed during the previous
electrodissolution step) and on the pristine sodium surface. In
contrast, the overpotential difference was much smaller with the
P4–P6 protocols. This indicates that the surface was roughened
and electrochemically activated as a result of the pulse pretreat-
ment steps.
Clear differences can also be seen in the SEM images taken

after the last electrodeposition step (see Figure 5c–f). With
the P1 protocol large pits (i.e., 20–80 μm diameter), in which
mossy sodium nanostructures could preferentially grow, were
generated during the previous electrodissolution step. These
mossy-sodium-filled pits were surrounded by inactivated pristine
sodiummetal. The double pulse protocols (i.e., protocols P4–P6)
produced notably different surface morphologies. There was no
evidence of any inactive pristine sodium as a roughened planar
sodiummetal surface was observed, indicative of 2D growth and
activation of all pristine sodium. Although sporadically limited
number of pits containing mossy sodium metal were observed
with protocol P5, no such pits could be found with the P4 and
P6 protocols. This difference could be due to the oxidative pulse
being less effective in protocol P5 since this pulse was partially
applied to the newly plated sodium rather than affecting only the
base sodium surface.
Overall, the double pulse protocols P4–P6 improved the elec-

trodeposition and electrodissolution conditions. This yielded a
significant improvement in the sodiummetal electrodemorphol-
ogy on the first cycle. To study if the effects of the pretreatment
could also be seen during long-term cycling, further experiments
were performed as will be described in the following section.

2.3.2. Long-Term Cycling and Full-Cell Configuration

As demonstrated above, potentiostatic pretreatment pulses can
have a positive effect on the sodium growth behavior on sodium-
metal electrodes during the initial cycles. To further study this
effect, two sets of experiments were performed. First, long-term
cycling of symmetrical Na‖Na cells was examined. In these ex-
periments the results of three double pulse protocols (i.e., proto-
cols P4, P5 and P6) were compared with those of the reference

protocols P1 and P1’. Second, the protocols were tested in full-
cell configuration with sodium metal as the anode and Prussian
white as the cathode to explore the practical feasibility of the pulse
protocols.
Figure 6 combines the results for symmetrical Na‖Na cells

with full-cell experiments. For the symmetrical Na‖Na cells, the
chronopotentiograms for the working electrode from a represen-
tative cell are presented in Figure 6a, and the number of cycles
reached before failure for all the cells tested and the mean cy-
cle number are shown in Figure 6c. For full-cell experiments,
chronopotentiograms of the sodium metal as the anode are
demonstrated in Figure 6b, while the CE of the full-cells cycled
with different protocols is shown in Figure 6d. It should be noted
that for full-cell experiments, only protocols which included gal-
vanostatic electrodeposition as the first step (i.e., P1’, P5, and P6)
were tested to comply with the real-world battery applications and
pave the way for later studies on anode-less systems.
As seen in Figure 6a, between cycle 10 and 12, all protocols

displayed essentially the same type of profiles with minor differ-
ences regarding the overpotentials. This similarity intensified as
the long-term cycling continued, thus suggesting that the sodium
became similar during long-term cycling in symmetrical Na‖Na
cells. Comparing the chronopotentiograms for cycles 10 to 12
with those for cycles 43–48, the steady state potential increased,
and the overpotential spike decreased as the long-term cycling
continued (i.e., d2 is smaller than d1). In other words, the rise
from steady state pitting overpotential to the second overpoten-
tial became smaller. This indicates that several layers of plated
sodiummetal were accessible (instead of the base sodiummetal)
for further electrodissolution to uphold the applied constant cur-
rent. The same type of evolution holds true for the electrodepo-
sition. This suggests that the surface tortuosity increased during
the cycling.
The results shown in Figure 6c for symmetrical Na‖Na cells

suggest no remarkable improvement during long-term cycling
for any of the protocols. Protocols P5 and P6, which included gal-
vanostatic electrodeposition as the first step, had longer mean cy-
cle life (i.e., 152 and 194 cycles, respectively) than the P4 (i.e., 53
cycles) which started with galvanostatic electrodissolution. How-
ever, quantitatively there was no significant difference between
any of the protocols since the cell-to-cell variation was too large.
This can be attributed to the contribution of the counter elec-
trode (which provides the required current density for all the elec-
trochemical events happening on the working electrode) as its
surface was consequently affected in an uncontrollable manner.
Since the long-term cycling experiments of symmetrical Na‖Na
cells did not show any conclusive results, full-cell experiments
were performed to assess the behavior of the protocols in a more
realistic environment closer to the final application.
Figure 6b shows the evolution of the sodium anode poten-

tial during three different stages of cycling in a full-cell con-
figuration. The steady state overpotentials were lower com-
pared to those for the symmetrical cells and they were more
stable both during charge (sodium electrodeposition) and dis-
charge (sodium electrodissolution). Another difference shown
in Figure 6b compared to Figure 6a is that no overpotential
spike or obvious bump was observed during final stage of charge
(sodium electrodeposition) in the full-cell experiments. This sug-
gests that the overpotential increase observed at the end of
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Figure 6. Long-term cycling results for symmetrical Na‖Na cells and full-cell experiments for the double-pulse treatment protocols (P4, P5, and P6)
and the reference (no-pulse) cycling protocols (P1 and P1’). Chronopotentiograms of the working electrode at various stages of the long-term cycling of
symmetrical Na‖Na cells (a), Chronopotentiograms of sodium anode in full-cell setup in various stages with different protocols (b), number of cycles
reached with symmetrical Na‖Na cells with at least three cells for each protocol and the mean value (c), and coulombic efficiency of two full-cells for the
different protocols(d).

electrodeposition in symmetrical Na‖Na cells was caused by the
sodium metal counter electrode.[42] In other words, during the
final stages of electrodeposition on the working electrode, the
counter electrode experiences final stages of electrodissolution
simultaneously, i.e., electrodissolution of base sodium metal oc-
curs. This stage has always shown a high overpotential which
is attributed to higher impedance of electrodissolving the inac-
tivated base sodium metal, as confirmed by the PEIS measure-
ments. As seen in Figure S9b (Supporting Information), the in-
terfacial impedance increased roughly 30-fold at the end of the

electrodissolution stage when compared with that for the steady
state electrodissolution.
Cycling of full-cells is assessed based on the CE as it is re-

lated to the electrodeposition and dissolution of the sodium
metal. Figure 6d shows the CE of two cells per each pro-
tocol for the first 50 cycles. Protocol P5 showed the highest
and most consistent CE between the two samples (99.89% and
99.92%). However, while P6 showed higher CE (99.07% and
99.43%) compared to P1’ (96.43% and 98.75%), it turned out
to be unstable (i.e., P6_Cell01). This suggests that any type of
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electrodissolution event (i.e., oxidative pulse in P6) before the
first galvanostatic electrodeposition step might be detrimental to
the stability of the sodium metal growth in the long run, as seen
as well with the wide range of cycle life in symmetrical cells.
The long-term cycling results in the symmetrical Na‖Na cells

showed that starting with an electrodissolution event damaged
the sodium surface regardless of the pretreatment pulses, and
generally lead to shorter cycling stability of sodium-metal elec-
trodes (P1, P4, and P6). Nevertheless, contribution of the counter
electrode with a maltreated surface complicates the interpre-
tation of long-term cycling experiments involving symmetrical
cells. Furthermore, the first-cycle pretreatment effect was gradu-
ally lost during the long-term cycling as the chronopotentiograms
lookedmore andmore similar. Despite the benefits of the double
pulses observed in the first cycle, the 2D nucleation and growth
could not bemaintained, at least not with the studied electrolytes.
This indicates that the 2D deposition is imperfect and requires
more levers of control to be maintained during long term cy-
cling. Full-cell experiments showed promise at least in the ini-
tial 50 cycle period with P5 showing indications of stable cycling
with highest CE among other protocols. However, full-cell exper-
iments with different electrolytes and with anodeless configura-
tion seems necessary, which is currently under investigation.

3. Conclusion

In this study, it is demonstrated that the initial nucleation or pit-
ting event can be selectively activated and thereby separated from
the growth/removal phase by applying short high-overpotential
potentiostatic pretreatment pulses, enabling 2D sodium metal
growth.
The reductive and oxidative potentiostatic pulses used in the

pretreatment of the sodium-metal electrodes were found to sig-
nificantly decrease the overpotential for electrodeposition and
electrodissolution, which resulted in more stable cycling condi-
tions. The oxidative pulse created a rich population of small pits
across the entire electrode surfacewhich stabilized the growth be-
havior of sodium metal. The reductive pulse likewise improved
the growth conditions for sodium by yielding 2D growth that re-
sulted in an undulating smooth hill-valley-like topography. With
the pretreatment pulses, nanostructured mossy sodium deposits
were avoided although they were seen without pulse pretreat-
ment. Both pulses reduced the interfacial impedance at the end
of the corresponding first step (i.e., reductive pulse for first elec-
trodeposition and oxidative pulse for first electrodissolution). The
oxidative pulse had the most significant effect by introducing
higher surface area of activated metal, hence decreasing the in-
terfacial impedance.
Combining the reductive and oxidative pulses can significantly

limit the generation of mossy sodium and large pits during the
first cycles. However, the order of the pulse during the first
cycle was found to be important. While an oxidative/reductive
pulse pair (Protocol P6) can greatly improve the electrodeposi-
tion step, applying the oxidative pulse alone prior to electrodisso-
lution (Protocol P4) makes the cells prone to early failure since
the densely pitted surface can trigger intensive deep pitting and
nanostructuredmossy growth during long-term cycling. Further-
more, an oxidative pulse applied after the first galvanostatic elec-
trodeposition (Protocol P5) makes the pulse less effective due to

division of the current density between newly plated sodium and
base sodiummetal. This on the other hand proved to be beneficial
in the full-cell configuration as P5 showed highest CE with the
highest reproducibility. Unstable cycling of full-cells with P6 pro-
tocol showed the adverse effect of pitting on the pristine sodium
surface, even in the form of a short oxidative pulse.
The results hence show that short high-overpotential poten-

tiostatic pulses can be used to effectively pretreat sodium-metal
electrodes. This is done by separately activating the nucleation
and pitting events using other conditions than those of constant
current steady state growth or removal of sodium. This important
finding opens up a myriad of opportunities to further study elec-
trochemical pretreatment strategies to develop high-performing
and safe sodium metal negative electrodes. While the findings
presented in this study represent an important step forward, the
smooth hill-valley-like sodium growth could not be maintained
during long-term cycling. These fundamental questions must be
answered using several additional methods such as X-ray pho-
toelectron spectroscopy (XPS) in the future works. The prelimi-
nary results on full-cell configuration paves the way for our next
steps toward an anode-less system. There are several additional
aspects of the technology that can and should be further devel-
oped such as pulsed galvanostatic cycling protocols as well as de-
signing electrolytes with the purpose of promoting 2D sodium
metal electrodeposition/electrodissolution. Pulsed galvanostatic
cycling could prevent adverse effects of the concentration gradi-
ent, while electrolyte design can help with long-term stability of
the cells and mitigation of sodium ion migration. A comprehen-
sive approach is then needed to achieve stable, efficient, and safe
sodium-metal batteries.

4. Experimental Section
Three-electrode symmetrical pouch cells with sodiummetal as working

electrode, counter electrode and reference electrode were used in the ex-
periments to study the surface evolution of sodium metal. In the full-cell
experiments, three-electrode pouch cells with sodium metal as working
electrode and reference electrode, and Prussian white as counter electrode
were used. Sodium metal (Sigma–Aldrich, 99.9% trace metal basis) was
pressed onto aluminum foil substrates and the electrodes were punched
and cut from the pressed foil. In the symmetrical cell configuration, the
working and counter electrodes were punched into pieces with 10- and
12-mm diameters respectively, whereas the reference electrodes were cut
to yield small stripes with arbitrary shapes. Inside the pouch cell (con-
taining three aluminum current collector tabs), the working electrode was
placed facing the reference and counter electrodes. Two layers of separa-
tors were placed between the working and counter electrodes, as the ref-
erence electrode was partially inserted in-between the two separators. In
full-cell configuration, the working electrode (sodium metal) and counter
electrode (Prussian white) were punched into pieces with 16- and 15-mm
diameters respectively. The counter electrodes were supplied by Altris and
had a Prussian whitemass loading of 24mg cm−2 (theoretical capacity 150
mAh g−1). Two layers of glass fiber separators (Whatman glass microfiber
grade GF/A, 260 μm thickness) were soaked with 200 μL electrolyte. The
experiments were performed in two electrolytes composed of 0.1 m and
1.0 m sodium hexafluorophosphate (NaPF6, Fluorochem, ≥99.99%) in a
mixture of propylene carbonate (PC, Gotion, ≥99.98%, water content ≤20
ppm) and ethyl carbonate (EC, Gotion,≥99.95%, water content≤20 ppm),
(EC:PC, 1:1 v) with 5 vol % fluoroethylene carbonate (FEC, Sigma–Aldrich,
≥99%, anhydrous) as an additive. The water content of the electrolytes
was measured by the Karl Fischer titration method (Metrohm) to en-
sure a residual water content less than 20 ppm. Electrode manufacturing,
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electrolyte preparation, and cell assembly was performed inside an inert at-
mosphere argon-filled glovebox with O2 and H2O values less than 1 ppm.

The electrochemical protocols were applied to the pouch cells using a
multichannel Biologic VMP–2 potentiostat. The oxidative pulse was a po-
tentiostatic pulse of+4 V vs Na+/Na applied for 1000ms, while the reduc-
tive pulse was a potentiostatic pulse of−6 V vs Na+/Na applied for 10 ms.
The potentiostatic pulses were followed by a pause at the OCV for 15 and
1 min for oxidative and reductive pulses respectively, to allow the concen-
tration gradient at the electrode/ electrolyte interface to relax (see Section
S1.3, Supporting Information). The galvanostatic cycling steps were per-
formed with a current density of ±1 mA cm−2 until a capacity of 2 mAh
cm−2 was reached. PEIS measurements were performed in the 10 mHz
to 1 MHz frequency range with an ac amplitude of 2.0 mV using three-
electrode symmetrical sodium cells. The PEIS experiments were done af-
ter a 10-min rest at the OCV after each electrochemical step, to assure
acquisition of data at equilibrium.

The surface morphologies of the sodium electrodes were studied with
high-resolution SEM (Merlin, Zeiss). The sample preparation was per-
formed by carefully removing the sodium working electrode from the dis-
assembled cell inside the glovebox and washing it with dimethyl carbon-
ate (DMC) to remove any residual salt, electrolyte degradation products,
and excess electrolyte. The electrodes were then dried for at least 2 h un-
der vacuum conditions at room temperature in the glovebox (either in a
Büchi oven or the antechamber) to ensure complete evaporation of the
washing solvent from the electrode. The electrodes were thenmounted on
SEM stubs and transferred to the SEM chamber under inert atmosphere
using a specialized air-tight SEM transfer shuttle (Semilab). The SEM im-
ages were obtained with an Inlens detector as well as a high efficiency sec-
ondary electron (HE-SE) detector with 3.0–5.0 KeV acceleration voltage
and a beam current varying from 70 to 120 pA to avoid charge accumu-
lation on the sample surface. The working distance (WD) was kept nearly
constant to achieve good comparison between samples, apart from rare
cases of side-view imaging were the WD was increased to have a wider fo-
cus range. Image analysis of the pit size distribution was performed with
the open-source Image J software using the following procedure: 1) Adjust
the contrast; 2) Set the scale according to SEMscale bar; 3) Process the im-
age with FFT function and bandpass filter; 4) Apply the threshold function
to convert the image to binary; 5) Analyze the particle size; 6) Transform
the areal data to pit diameter; 7) Plot the histograms and summarize the
data.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[39] S. Drvarič Talian, G. Kapun, J. Moškon, R. Dominko, M. Gaberšček,
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