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Sodium-ion batteries are promising candidates for post-lithium-
ion batteries. While sodium has a less negative standard
electrode potential compared to lithium, it is still a strong
reducing agent. Ionic liquids are suitable solvents for sodium
metal batteries, since metallic sodium is very reactive, partic-
ularly with water and molecules containing acidic hydrogen
atoms. In this study, the initial stages of electrodeposition of
sodium on Au(111) from N-methyl-N-propylpiperidinium
[MPPip] bis(trifluoromethanesulfonyl)imide [TFSI] were studied

using voltammetry and in-situ scanning tunnelling microscopy.
Four subsequent underpotential deposition stages were ob-
served: (i) nucleation at the Au(111) reconstruction elbows,
followed by (ii) growth of small monoatomically high islands
that form (iii) a smooth layer via coalescence, and (iv) further
island growth on top of the existing layers. The electro-
crystallisation mode changed from smooth layer formation to
3D growth, resulting in cauliflower-like structures. The deposi-
tion process was accompanied by simultaneous alloy formation.

Introduction

The demand for energy storage systems has significantly
increased in recent years due to the increasing amount of
renewable energy sources and the growing number of portable
devices in everyday use.[1–4] Lithium and cobalt, which are
typically used in lithium-ion batteries are scarce, hence other
metals such as sodium are now being explored. The natural
abundance of sodium as well as the fact that, unlike lithium, it
is inert toward nitrogen and aluminium, are two of its major
advantages.[5] Sodium is reactive and requires specific electro-
lytes due to its low reduction potential (2.71 V vs. SHE).[6]

Nevertheless, sodium-based battery research has been limited
in recent years due to several drawbacks. Dendritic growth is
one of the major problems since it can lead to internal short-
circuits and thus to a thermal runaway, which is extremely

dangerous.[7–9] Chemical reactions with standard battery electro-
lytes such as organic carbonates,[10] which are commonly used
in lithium-ion batteries,[11] pose another concern.

Metallic sodium is very reactive, especially with water, acidic
hydrogen-containing molecules, and organic carbonates.[10]

Room temperature ionic liquids (RTILs), often referred to as
ionic liquids (ILs), have a wider electrochemical window and a
lower electrochemical resistance compared to most organic
solvents, and are thus promising solvents for sodium salts in
sodium metal batteries.[12] The fact that they are salts, and
therefore composed of charged species, allows them to have
these properties.[13] They crystallise at temperatures below room
temperature due to their large organic cations and may
therefore be used as electrolytes and solvents in various
applications.[14] The wide electrochemical stability windows
enable the plating and stripping of metals such as lithium and
sodium without degradation of the electrolyte.[6] N-butyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
([C4mpyr][TFSI]), in particular, was observed to be a suitable
electrolyte for sodium plating and dissolution.[6,9,15] Still, ionic
liquids exhibit relatively high viscosities and thus rather low
diffusion rates.[13] While this is a drawback for most applications,
it is ideal for real-time investigations since the processes are
slower and easier to follow. In the present study, an electrolyte
based on N-methyl-N-propylpiperidinium bis(trifluoromethane-
sulfonyl)imide ([MPPip][TFSI]) is used. This ionic liquid has
previously been used in interfacial studies[16] and for the
investigation of lithium and zinc electrodeposition onto gold
single crystal model surfaces.[17,18]

In-situ microscopic imaging of metal deposition processes
and electrodeposits helps revealing topographical changes of
the surface on an atomic level in real space, which can then be
compared to results obtained with macroscopic electrochemical
techniques. Significant progress has been made in studying the
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deposition and stripping behaviour of metals on electrode
surfaces on an atomic scale using in-situ scanning tunnelling
microscopy (STM). To investigate the metal deposition proc-
esses, especially underpotential deposition (UPD) at a funda-
mental level, well-ordered model systems, specifically single-
crystal electrode surfaces, have been well-established.[19–21]

Observing initial microscopic stages is key to understanding the
macroscopic morphology of the deposit. In some cases, the
initial stages already show processes as early as dendrite
formation.[17] Despite this, studies focusing on the initial stages
of metal deposition are still scarce.

Gold single crystals are commonly used in in-situ STM
studies due to their (i) well-defined surface structure, (ii) ease in
preparation, and (iii) noble character in terms of their stability
towards water and oxygen.[22] Among the different single crystal
surfaces of Au, the densely packed (111) orientation is the most
investigated in fundamental studies of the initial stages of
metal deposition.[17,18,23–25] It has been reported that the
deposition of lithium on Au(111) starts at underpotential shifts
of more than 1 V,[23] where the first islands are deposited.[17,23] At
underpotentials, subsequent layer growth covers two or more
layers.[23] This is in contrast to simpler systems such as copper or
silver UPD on Au(111) which cover only one or two monolayers,
respectively.[26,27] The bulk deposition occurs in a three-dimen-
sional growth mode.[17] The deposition of lithium appears to be
coupled with the formation of an alloy with the gold
substrate.[17,23]

In the case of sodium deposition onto Au, alloy formation is
expected since there are three different stable bulk alloys:
Au2Na, AuNa, and AuNa2.

[28] According to electrochemical and
UHV studies, gold, which is known to be sodiophilic, sponta-
neously forms alloys when in contact with sodium.[29,30] Addi-
tionally, sodium has been reported to have excellent deposition
behaviour on a sodium-gold alloy that has already been
formed.[31]

The majority of published research on sodium deposition
from ionic liquids focuses on the overall stability of the system
or the nature of the electrolyte.[6,9,15] However, there are very
few studies on the initial stages of sodium deposition.[32,33] To
our knowledge, none of these studies resolves the initial stages
on the nanoscale. A fundamental understanding of the electro-
chemical behaviour of similar systems using single-crystal
electrodes is of utmost importance to aid in the development
and design of sodium-ion batteries. Therefore, this study aims
to use voltammetry and in-situ STM to observe and attempt to
understand the initial stages of sodium deposition from the
ionic liquid onto the Au(111) model substrate. The study reports
time-resolved imaging of sodium deposition and the observa-
tion of four subsequent stages in the deposition mechanism.
The findings are later compared with those of lithium
deposition under similar electrochemical conditions.[17,23,24]

Results and Discussion

Electrochemical behaviour

Pure ionic liquid

It is necessary to first investigate the behaviour of the pure
ionic liquid to distinguish the processes induced by sodium
from those involving the pure ionic liquid. Figure 1 shows a
positive-going (blue curve) and a negative-going linear poten-
tial sweep (red curve) for Au(111) in [MPPip][TFSI] at 5 mVs� 1.
The electrochemical stability window of the ionic liquid in
contact with the Au(111) electrode is around 5 V, between the
cathodic and the anodic processes at C4’ and A3’, with onset
potentials at � 0.18 V and 4.92 V, respectively. It should,
however, be noticed that the system’s stability is limited by
cathodic and anodic corrosion of the Au(111) electrode at C3’
and A2’ with onset potentials around 0.28 V and 4.25 V,
respectively.

Both cathodic and anodic corrosion processes at the
Au(111) electrode surface are observed by in-situ STM measure-
ments. Cathodic corrosion begins at 0.8 V (Figure S1a) by pit
formation while anodic corrosion begins at potentials positive
of 3.8 V by gold dissolution. (Figure S1b). Further increase of the
potential to 4.9 V results in drastic anodic corrosion, leading to
bad STM image quality. After decreasing the potential again to
values where the surface is stable, the surface exhibits many
monoatomically deep holes and is thus much rougher than
before. There are no signs of ionic liquid decomposition at
these potentials, which includes the formation of 5–50 nm high
clusters of undefined shape and the electrode surface losing its
conductive properties resulting in poor imaging quality. The
difference between the electrochemical stability window in the
potential sweep experiments and the in-situ STM measurement
can be explained by differences in the water content. An

Figure 1. Negative-going (red curve) and positive-going (blue curve) linear
potential sweep curves of Au(111) in [MPPip][TFSI]. The Faraday processes
C4’ and A3’ indicate the electrochemical stability window of the ionic liquid.
The peaks C3’ and A2’ are associated with cathodic and anodic corrosion of
gold, respectively. C1’ and C2’ are attributed to residual water.
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increased water content results in an increased concentration
of hydroxide anions which significantly influences cathodic
corrosion.[34] Preliminary measurements have shown that the
onset potential of the cathodic corrosion can shift by 0.6 V if
the water content is increased from 20 to 200 ppm. The features
C2’ and C1’ are most likely related to processes that involve
residual water and have a counter feature A1’ at 2.7 V, which
appears after C1’ and C2’ were previously swept. As a result, it is
not observed in the voltammetric curve depicted in Figure 1.
Summarising, the cathodic corrosion of the Au(111) electrode is
positive of the Na/Na+ equilibrium potential. For a well-ordered
Au(111) electrode surface, sodium underpotential deposition
(UPD) is observed to start at a potential positive of the onset
potential of cathodic corrosion. A similarly high underpotential
shift has already been reported for sodium deposition on
nickel,[6] as well as for lithium deposition on Au(111).[17,23,24]

Sodium-containing electrolyte

Figure 2 shows current-potential curves of Au(111) in
[MPPip][TFSI]+0.2 m Na[TFSI] at 5 mVs� 1 with different neg-
ative potential limits. All curves were recorded subsequently in
a single window opening measurement by changing the
negative reversal potential to higher overpotentials. The
features C1’ (ca. 1.9 V), C2’ (ca. 1.4 V), and A1’ (ca. 2.7 V)
correspond to processes apparent in the pure ionic liquid as
well (see Figure 1), which are not influenced after the addition
of sodium, whereas the features C1–C4 and A1–A5 appear in
presence of the sodium salt. UPD commences negative of 1.2 V
and includes the peaks C1–C3. C1 (ca. 1.15–1.1 V) appears to be
the nucleation and C2 (ca. 1.0 V) is the first island formation at
those nuclei, as is observed in the in-situ STM measurements
(Figure 3b). Further UPD based on the first two processes is
observed at a slightly more negative potential at C3 (ca. 0.6 V).
It should be noted, that the transferred charge within C3 covers
ca. 5.6 mCcm� 2 between 0.9 V and 0.5 V, which would corre-
spond to 25 monolayers of deposit. It can be assumed that part
of this charge is related to side reactions. Nevertheless, this is a
strong indication of alloy formation, since a typical UPD would
stop after deposition of 1–3 layers. Lithium shows a similar
behaviour with a rather broad UPD regime that begins at quite
high underpotential shifts of 0.5–1.0 V.[17,23,24] These literature
studies for Li deposition, nonetheless, specify a single broad
UPD feature, similar to C3, but not the two additional processes
C1 and C2 we could observe for Na deposition (Figure 2). The
Na UPD is followed by overpotential deposition (OPD) at C4,
i. e., by definition, at potentials below 0 V. A similar OPD feature
has been observed for sodium deposition on a layer of sodium-
gold alloy,[31] but has not been reported for lithium deposition
studies.[17,23,24] After repeated cycling, reversible dissolution is
observed (Figure S2) which indicates that the formed alloy is
not completely dissolved during the positive potential excur-
sion. This observation is similar to the deposition and
dissolution of sodium on a sodium gold alloy from an organic
electrolyte.[31] This indicates that during the initial cycles, alloy
formation is dominating and pure bulk sodium is absent on the
electrode surface at the beginning of the experiment.

Figure 2. Current-potential curves of Au(111) in [MPPip][TFSI]+0.2 m Na-
[TFSI] with different negative potential limits. All curves were recorded as
consecutive cycles. The black labeled features C1’, C2’, and A1’ are properties
of the ionic liquid that are not influenced by the addition of sodium,
whereas the red and blue labelled features are attributed to sodium
deposition and dissolution, respectively.

Figure 3. In-situ STM images of Au(111) in [MPPip][TFSI] containing 0.2 m Na[TFSI] at 1.3 V vs. Na/Na+ showing the herringbone structure of the reconstructed
surface (a), 1.1 V showing Na nucleation preferentially at the elbows (b), 1.0 V showing island formation at the previously formed nuclei (c), and 1.0 V after
30 min depicting the enhanced island growth (d).
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The dissolution peaks A1–A5 (ca. 1.0, 2.5, 3.0, 3.3, and 3.9 V)
indicate that the dissolution shows a large hysteresis. Distinct
peaks most likely arise as a result of sodium dissolution taking
place at different coordination sites of the various alloys. Na2Au,
NaAu, and NaAu2 alloys have been reported,[28] whereas the
Na2Au and NaAu2 alloys were observed in electrochemical
studies.[31] Dissolution with a similarly large hysteresis has also
been reported for lithium deposition on Au(111).[17,23] The
electrochemical investigation of sodium deposition on Au(111)
provides the macroscopic basis for the in-situ STM measure-
ments on the nanoscale as described in the following section.

In-situ scanning tunneling microscopy

Figure 3a depicts an in-situ STM image of a Au(111) electrode in
[MPPip][TFSI] containing 0.2 m Na[TFSI] at 1.3 V. The single
crystal was immersed at 2.4 V, followed by a single voltammet-
ric cycle between 1.3 V and 3.0 V. After lifting the thermally
induced surface reconstruction the potential-induced recon-
struction is formed. The image shows the well-known (

ffiffiffi
3
p

×22)
reconstructed surface with the herringbone structure, which is
stable in this potential region in the presence of the sodium-
containing ionic liquid. As the electrode potential is swept to
1.1 V, islands form at the so-called “elbows” of the herringbone
reconstructed surface with a height much smaller than that of
monoatomically high gold or sodium (Figure 3b). This process
corresponds to the feature C1 in the current-potential curves in
Figure 2 and is most likely explained by the insertion of sodium
atoms into the gold lattice at the elbow sites of the
herringbone structure.

As the electrode potential is swept more negatively to 1.0 V,
corresponding to the feature C2 in the current-potential curves
in Figure 2, islands start to grow on the previously formed
nucleation sites forming a row of islands in the in-situ STM
image (Figure 3c). The island deposition continues, and 7.5%
coverage is reached after 30 min (Figure 3d). It is quite safe to
assume that the islands are not formed by lifting the
reconstruction for several reasons: (i) the measurements indi-
cate that the islands do not occupy a surplus of 4% of
reconstruction atoms and therefore do not grow via Ostwald
ripening;[35,36] (ii) the herringbone structure remains visible even
after the island growth; (iii) the island formation would occur in
the pure IL, as well, which is not the case (see Figures S1a and
S3). Preferential island formation of a foreign substrate on
Au(111) following initial nucleation at reconstruction elbows
has been observed for the deposition of metals such as
nickel,[37] cobalt,[38,39] and palladium[40] from aqueous electrolytes
or under UHV conditions.

A further lowering of the electrode potential results in the
growth of more islands. While lateral island growth has been
observed, the islands’ height does not exceed one monolayer
as long as the potential is above 0.6 V. Figure 4a shows the
electrode surface at 0.6 V after sweeping the potential down
from 0.9 V within 15 min. The imaged area shows a monoatomi-
cally high gold step edge between two adjacent terraces on
which an island coverage of 0.7% is detected.

At 0.5 V (C3 in the current-potential curves in Figure 2), the
islands, that have already been formed, grow and coalesce, thus
forming layers as depicted in Figure 4b. The in-situ STM image
is taken within ca. 10 min beginning after the electrode
potential is stepped from 0.6 V to 0.5 V, so in the centre of the
image, ca. 5 min have passed after the potential step. It should
be noted that the time-stamps are related to the centres of the
images. The image is recorded from top to bottom within ca.
10 minutes, revealing the evolution of the structure of the
deposit from individual islands into layers. The magnification of
Figure 4b (Figure 4c) shows that islands continue forming on
the surface in characteristic lines directly after stepping the
potential to 0.5 V. In contrast, in the zoom shown in Figure 4d,
nearly complete layers have been deposited on the surface.
Figures 4e and f show height profiles of the marked lines in
Figures 4c and d, respectively. These lines were chosen since
they are representative of the change of the deposition within
the imaged area from island to layer deposition. The height of
0 nm refers to the gold terrace. The profile in Figure 4e shows
several separate islands which cover about 50% of the image
and whose heights are around one or two monolayers. In
contrast, the height profile in Figure 4f shows that the first
monolayer covers about 75% of the image and is only
separated into two parts. Hereby, the height profiles are
quantified in the order of monolayers. The height information

Figure 4. In-situ STM image from top to bottom of Au(111) in [MPPip]
[TFSI]+0.2 m Na[TFSI] at 0.6 V vs. Na/Na+ (a) and subsequent image after a
potential step to 0.5 V (b), the zoom shots of the bottom and top right area
of the STM image in (b). The images were recorded from top to bottom
within ca. 10 min (c,d). Corresponding height profiles of the red lines
in (c,d), respectively (e, f). The theoretical sodium step height is indicated by
the blue horizontal lines.
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provides no evidence to distinguish between islands formed of
gold (236 pm), sodium (269 pm, for a deposition on gold), or an
alloy (height predicted comparable to gold).[41,42] There are
several reasons for that: i) the height difference is within the
instrument’s margin of error; ii) co-adsorption of sodium ions
may lead to other height values. The coalescence of islands into
layers observed in the in-situ STM measurements was previ-
ously reported for lithium deposition on Au(111).[23] In compar-
ison to the lithium deposition findings, where newly forming
lithium islands deposit on previously completed layers, the
sodium deposition findings at hand show that newly forming
sodium islands are already observed before a previous layer is
entirely complete. This could be due to the previously discussed
instantaneous formation of a gold-sodium alloy during the very
first Na deposition, which constantly alters the surface energy
and thus the deposition behaviour. Similar findings in terms of
the formation of islands on a previously formed alloy are
reported for measurements performed under UHV conditions.[41]

The time dependence of Na deposition at 0.5 V is depicted
in the in-situ STM images in Figure 5 (scan top to bottom).
While imaging at this potential for 40 minutes, the layer growth
continues (Figures 5a–d). New layers appear in the image
before the underlying layers are completed, up until a point
where completion of the layers is no longer reached. Since no
further lateral growth is observed (as with layers 3 and 4), the
deposition process appears to be kinetically hindered. One
reason for the preference for deposition at several surface sites
could be the different crystallographic parameters of sodium,
gold, and sodium-gold alloys, which cause surface strains and
thus prevent smooth layer-by-layer deposition. After 45 minutes
of imaging, the morphology of layers changes. More specifically,
small nuclei/islands preferably grow near the step edges of the
previously deposited layers of sodium (Figures 5d–e). The
islands experience three-dimensional growth, forming cauli-
flower-like structures (Figures 5e–f). According to the observa-
tions, the suggested preferred deposition mechanism of sodium
on gold is the Stranski–Krastanov mechanism,[43] which is known
to occur for atoms with radii that very much vary from the
atomic radii of the substrate atoms. Interestingly, the growth
mode for Li UPD on Au(111) is different,[17,23,24] where a three-
dimensional growth was observed for Li overpotential deposi-
tion (OPD).[17]

Figure 6 shows the time dependence of the extracted
coverage of each layer to the surface area for the first
40 minutes of deposition (from Figure 4a to Figure 5d). The
graph presents that the gold layers are nearly completely
covered by sodium or a sodium-gold alloy after five minutes. As
soon as layers 4 and 5 cover approximately 50% of the surface,
further lateral growth is hindered. This could be explained by
several reasons: (i) diffusion of sodium ions through the electro-
lyte, (ii) diffusion of sodium or gold atoms through the alloy, or
(iii) strain caused by the radii difference between sodium and
gold atoms which could hinder lateral growth. After 40 minutes
(indicated in the graph), layers 6–9 are dominating the surface
since they cover more than half of the surface. The subsequent
deposition took place in a three-dimensional mechanism rather

Figure 5. In-situ STM images of Au(111) in [MPPip][TFSI]+0.2 m Na[TFSI] at
0.5 V vs. Na/Na+ showing further layer growth following Figure 4 after
15 min (a), 20 min (b), 30 min (c) and 40 min (d); as well as a change of the
deposition morphology from a layer growth to a 3D-growth after 55 min (e)
and the resulting cauliflower-like structure after 65 min (f). The time
specifications indicate the growth time at the centre of each STM image
after stepping the potential to 0.5 V.

Figure 6. Time-dependence of the extracted coverage of each layer for the
first 40 minutes of deposition from Figure 4a to Figure 5d.

ChemElectroChem
Research Article
doi.org/10.1002/celc.202200722

ChemElectroChem 2022, e202200722 (5 of 8) © 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 25.08.2022

2299 / 263954 [S. 5/9] 1



than layer-by-layer, making further quantification of the deposit
very difficult.

The combination of electrochemical and in-situ STM meas-
urements reveals that the Na UPD process follows four
subsequent steps: (i) Nucleation of sodium at the so-called
elbows of the reconstructed Au(111) surface, followed by (ii) the
growth of small monoatomically high islands at the nuclei,
which form (iii) a smooth layer by coalescence, and (iv) further
islands grow on top of the existing deposited layers where the
deposition mode changes from smooth layer formation to
three-dimensional growth, resulting in cauliflower-like struc-
tures.

The preferential nucleation of sodium at the elbows of the
Au(111) surface reconstruction is a very interesting aspect.
Although several studies have reported a similar behaviour for
other metals,[37–40,46–58] a UHV study of sodium deposition on
Au(111) has not reported such structures.[30] In addition, cobalt
shows these structures under UHV and in an aqueous
solution.[38,39] However, for sodium, the electrolyte seems to play
a decisive role.

Another noteworthy result is that the overall UPD process
comprises significantly more than two monolayers which is
rather unusual given that the nature of the substrate should
not exceed two layers of deposition. However, spontaneous
alloy formation between sodium and gold is assumed meaning
that the deposited layers imaged by in-situ STM consist of a
sodium-gold alloy rather than pure sodium. This is supported
by several additional facts: (i) Surface alloy formation has been
observed for the sodium deposition on Au(111) under UHV
conditions already.[30,41] (ii) The dissolution of sodium is severely
hindered and comprises various features in the current-
potential curves. These features might correspond to the
dissolution of sodium from different coordination sites with
varying binding energies. In addition, different features in the
dealloying process from Na2Au and NaAu2 alloys have been
reported.[31] (iii) After several overpotential deposition and
dissolution cycles, reversible processes revealed by the current-
potential curves at the Na/Na+ equilibrium potential can be
related to the unhindered sodium deposition and dissolution.
This behaviour is very similar to that observed for Na deposition
and dissolution on a sodium-gold alloy.[31] (iv) Despite the
difficulties in observing the dissolution process using in-situ
STM, the surface imaged after sodium dissolution appears quite
similar to other surfaces after dealloying processes,[44,45] indi-
cated by a high density of monoatomic high islands and pits.

Overall, there are numerous similarities to the well-studied
Li/Au(111) system. In both cases, the peak-to-peak separation
between metal deposition and dissolution is relatively high and
an indication of alloy formation. Both alkali metals exhibit an
amount much larger than one monolayer deposited in the UPD
regions, while the quantity of lithium is smaller compared to
sodium.[17,23] Other similarities include the coalescence of islands
into smooth layers during the UPD[23] and three-dimensional
deposition, which for lithium takes place in the OPD regime.[17]

Conclusion

The electrochemical behaviour of an Au(111) electrode in a
sodium-containing ionic liquid was studied by cyclic voltamme-
try and in-situ STM. Different initial stages of sodium deposition
on gold were observed. The deposition was divided into several
stages of UPD and OPD. The UPD began with nucleation and
island formation at the elbow sites of the reconstructed Au(111)
surface. A similar deposition behaviour was observed for other
metals under UHV conditions or with aqueous electrolytes, but
so far not with ionic liquids. The formation and growth of
islands dominated the deposition behaviour between 1.2 and
0.55 V. A coalescence of the islands into layers could be
observed at lower UPD shifts, followed by a three-dimensional
growth leading to a cauliflower-like structure, which comprised
more than eight monolayers. This rather large amount of UPD
indicated spontaneous alloy formation, implying that additional
sodium was deposited onto a sodium-gold alloy rather than on
previously deposited sodium. The dissolution had a large
hysteresis and took place more than 2 V positive of the
deposition potential. It could also be broken down into
numerous processes, which most likely represented the extrac-
tion of sodium from a sodium-gold alloy‘s differently coordi-
nated sites. In conclusion, these findings pointed out the
similarities and differences between the well-known initial stage
studies of lithium deposition and the rather unexplored initial
stages of sodium deposition. Further in-situ STM measurements
were required to study the potential-dependent kinetics of
sodium deposition.

Experimental Section

Preparation of electrodes and electrolyte

The same Au(111) single crystal (12 mm diameter, MaTecK, Jülich,
Germany) was used for all measurements. Before each measure-
ment, the single crystal was thermally annealed in a furnace
(Carbolite CWF 1200) at 960 °C for at least 2 h.

The preparation of the sodium reference electrode (RE) was done
shortly before the measurement inside a nitrogen-filled glovebox
(MBRAUN LABstar, H2O, and O2 �0.5 ppm) from sodium (�99%,
Merck, Darmstadt, Germany) stored in paraffin oil. Subsequently,
the outer metal was cut and discarded, taking only the inner part of
the sodium to prevent cross-contaminations. From the inner part, a
small rod was cut, fixed with a crocodile clip, and aligned with the
measuring cell.

The Al/AlPO4 RE was prepared from an aluminium wire (99.95%,
MaTecK). This pseudo reference electrode showed good stability in
the system under study and a stable potential at 2 V vs. Na/Na+.
This potential shift was calculated by the peak potentials of C2’,
which occurs in measurements with and without the sodium salt.

A loop of a platinum wire was used as a counter electrode.

The ionic liquid [MPPip][TFSI] (99%, IoLiTec, Heilbronn) was dried
by heating under a vacuum at 80 °C overnight before usage.

For the sodium-containing electrolyte, Na[TFSI] (99.5%, Solvionic,
Toulouse) was added to the pre-dried [MPPip][TFSI] in the glovebox
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to form a 0.2 m solution. Afterwards, the solution was dried again
by heating under a vacuum at 80 °C overnight.

Electrochemical measurements

All electrochemical measurements were performed in a nitrogen-
filled glovebox (MBRAUN LABstar, H2O, and O2 �0.5 ppm) using a
Zahner IM6 potentiostat and the corresponding software. The
electrochemical cell was an in-house designed miniaturised cell set-
up similar to the set-up used for in-situ STM measurements. For
these measurements, the sodium RE was used. Due to the overlap
of different features, the onset potentials of specific processes were
estimated by fitting the linear region of the rising part of the peaks
and the intersection of this line with the x-axis.[59]

In-situ STM measurements

All in-situ STM measurements were performed with a Veeco
MultiMode 8 device with the NanoScope 5 controller and the
corresponding Nanoscope Software 8.15. The electrochemical cell
was kept under a nitrogen atmosphere using an inert chamber,
which was purged with nitrogen before the measurement for at
least 10 min and during the addition of the electrolyte. The
electrolyte was added under potential control at 2.4 V vs. Na/Na+.
Before each measurement, a cyclic voltammogram was recorded to
control the potential of the Al/AlPO4 pseudo-RE. Hereby, the
potential of the working electrode was varied between 1.5 V and
3 V vs. Na/Na+. All images were recorded in the constant-current-
mode with tunnelling currents of 0.8–2 nA. All potentials in this
study are quoted against the sodium RE. In the STM images, the
height increases from dark to bright colour.

The STM tips were produced by etching a Pt/Ir wire (80 :20,
diameter 0.25 mm, 99.99%, MaTecK, Jülich, Germany) in sodium
cyanide solution. Afterwards, the etched tips were coated with
molten polyethylene (Lupolen 5031L, LyondellBasell, Rotterdam) to
prevent contact between tip and electrolyte.
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