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The solid electrolyte interphase (SEl) formation on hard carbon
(HQ), as one of the most widely used anode materials in sodium
(Na)-ion batteries, is still not fully understood compared to the
SEl formation on anodes used in lithium (Li)-ion batteries, in
terms of passivation properties and stability, which strongly
depends on various factors such as experimental parameters
and the electrolyte composition. Herein, we report the localized
formation of SEI microspots on HC using cyclic voltammetry in
combination with scanning electrochemical cell microscopy
(SECCM) in non-aqueous ether- and carbonate-based electro-
lytes. Using the same instrumental setup for SECCM and for
atomic force microscopy (AFM), the locally formed SEI spots

Introduction

Since the introduction of the concept of the solid electrolyte
interphase (SEl) as an ionically conducting, electrically insulating
layer by Peled in the late 1970s, several SEI models have
evolved over the past decades." The “mosaic model”, which
redefined the SEI model as a heterogeneous structure of
organic and inorganic phases, recognizing its non-uniform,
complex nature and the impact of its composition on ionic
conductivity and stability under cycling conditions” and the
“layered model” which describes the SEI as multiple layers, each
with distinct compositions and function, which collectively
influence battery performance through different mechanical
and ionic properties.’™ The recently established “dynamic SEI
model” accounts for the formation, dissolution, and swelling
processes of the SElI layer under different electrochemical
conditions over time.®

To date, the SEI layer formation has been mainly studied for
lithium-ion batteries (LIBs)"'? (and references therein). With
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could be directly characterized with respect to the morphology,
height, passivation and nanomechanical properties in depend-
ence of the experimental deposition parameters such as scan
rate and cycling number. In addition, time-of-flight secondary
ion mass spectrometry (ToF-SIMS) in combination with AFM
revealed the chemical composition of the SEI layer by recording
spatially resolved 3D mass maps of the SEl spots. This
combination of high-resolution microscopic and spectrometric
methods provides new insights into the dynamics of SEl
formation as a function of the electrolyte and the experimental
parameters.

the commercialization of sodium-ion batteries (SIBs), as more
sustainable and cost-effective alternative solutions for energy
storage, the understanding of the SEI formation, its dynamic
behavior and its composition is crucial.*"*' Hard carbon (HC) is
one of the most widely used anode materials for SIBs due to its
excellent storage capacity for sodium ions, the low operating
voltage, its high reversible specific capacity, high conductivity
and the low cost."*'® A previous study has shown significantly
different lifetimes for cells using HC, which is likely attributed to
differences in the electrolyte used, the mass loading of the
electrode with the active material, the C-rates, or other
experimental conditions."™ The complex morphology of HC,
governed e.g. by the initial renewable bio-resources, the
manufacturing processes and the electrochemical dynamics of
sodium intercalation, poses new challenges for the SEI formed
on HC.**?" Currently, two models are discussed: the adsorption-
intercalation-filling model, which is related to Na* adsorption at
defects and intercalation of Na* between expanded layers
(reflected by the high-voltage sloping region (2.0 V-0.1 V vs Na/
Na™)) followed by pore filling with Na at potentials below 0.1V
vs Na/ Na™ (plateau region).”?¥ Alternatively, the adsorption-
filling®” or adsorption-intercalation model are discussed, which
again are based on the adsorption of Na* at high potentials,
followed by either filling of the pores with Na or intercalation of
Na*.** During the first charging cycle within the high potential
region, irreversible reactions such as decomposition of the
electrolyte lead to the formation of the SEI.

The composition, stability and morphology of the SEI are
strongly influenced by parameters such as the electrolyte salt
(mainly sodium perchlorate (NaClO,), sodium hexafluorophos-
phate (NaPF,), and sodium bis(trifluoromethylsulfonyl)imide
(NaTFSI)), the solvent (mainly carbonate-based or ether-based),
and the presence of additives (e.g., fluoroethylene carbonate
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(FEC) and vinyl carbonate (VC)). The mechanism of the SEI
formation on HC and its composition in dependence of the
electrolyte used has been intensively studied during the last
decades, as the higher solubility of the SEI leads to self-
discharge of the cell and further electrolyte decomposition,
resulting in low Coulombic efficiencies.?*-2

Similar to the SEI formed on graphite, also for HC composite
anodes, the formation of a uniform SEl is required to prevent
ongoing electrolyte decomposition, to minimize rapid capacity
loss, and to block electrons to minimize the battery self-
discharge. Recent studies have reported that the SEI layer in
SIBs is typically thicker and more inhomogeneous compared to
LIBs, leading to frequent dissolution and instability during
cycling.®#* The SEI formation on HC in SIBs using carbonate-
and ether-based electrolytes depends on the electrolyte
composition, cycling conditions, possible side reactions, and the
structural properties of the electrode materials, among other
factors."*'*4 Understanding these mechanisms is critical for
optimizing the performance of SIBs. The mechanism of SEI
formation and their properties are still controversially debated
in the literature, especially for ether-based electrolytes, e.g.,
NaPF; in 1-methoxy-2-(2-methoxyethoxy) ethane (usually abbre-
viated as diglyme), as some studies have linked rapid capacity
fading to an unstable SEI layer, while others have reported the
presence of a beneficial thin SEI layer or even the absence of an
SEl on HC.*3 More recently, diglyme has been shown to
facilitate the formation of a thin SEI with low internal resistance
on HC anodes (vs Na/Na®) in 1M NaPF.®* The surface
species and the chemical composition of the SEI on HC has
been studied with methods such as X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS).B%¥”" Nanoscale imaging techniques,
such as scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), have been used to obtain informa-
tion on the thickness and the morphological heterogeneity of
the SEI. These tools have revealed the SEI's complex structural
variations and dynamic behavior over time, essential for under-
standing how the SEI affects the battery lifespan and electro-
chemical performance.®®*" However, significant challenges
remain in SEl characterization. High-resolution techniques often
suffer from required transfer of the samples from an inert
environment to the analytical instrument. This can compromise
the ability to fully protect the SEI from exposure to air, which
can alter or damage its delicate composition.

Scanning probe microscopy (SPM) techniques have recently
gained attention for non-destructive, high-resolution analysis of
sensitive interphases, such as the SEI layer.***¥ Among these,
atomic force microscopy (AFM) is a powerful method for
mapping surface topography, determining heterogeneities in
nanomechanical properties, and mapping local conductivity.
Nanoscale surface changes at battery electrodes have been
extensively studied using AFM™“***¥ and related techniques, such
as force spectroscopy,”™¥ electrochemical strain microscopy
(ESM),*? and electrochemical (ec-)AFM.®*? Several studies
have focused on the determination of nanomechanical proper-
ties of the SEI using AFM force spectroscopy to analyze the
morphology and Young’s modulus of SEI films formed on
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manganese oxide (MnO) anodes,"”” silicon,®* solid-state lithium
batteries™ or at graphite anodes.” Furthermore, in situ studies
allow real-time observation of the SEI formation as recently
demonstrated for highly oriented pyrolytic graphite (HOPG),”®
graphite and HC? thus contributing to a deeper under-
standing of the interphase properties critical for improving
battery performance.”**”

Within the last decade, scanning electrochemical cell micro-
scopy (SECCM), an SPM technique that uses a nano- or
micropipette to create a localized electrochemical droplet cell,
has been applied to battery research. When combined with
techniques such as cyclic voltammetry (CV), SECCM allows
comprehensive electrochemical investigation of the SEI under
different conditions while minimizing the risk of surface
contamination. SECCM has been demonstrated to visualize
lithium-ion intercalation at lithium iron phosphate (LiFePO,)
cathodes®™ and facet-dependent diffusion of Li-ions at Li,TisO,
(LTO) thin film electrodes.”® Unwin and coworkers have shown
that SECCM can be used for local formation of a SEI layer on
model electrodes (HOPG) in an inert glovebox atmosphere.
Their studies were focused on different grades of HOPG
characterized by different grades of structural defects that
influence the properties of the formed SEI.®

In this study, we used SECCM in combination with CV to
form SEI microspots on selected embedded and polished HC
composite electrodes. Using SECCM, SElI microspots were
deposited on individual HC particles in two different electro-
lytes: 1 M NaPFg in EC/PC=1:1 (w/w) solution and 1 M NaPF; in
diglyme. Using an SPM instrument, capable of switching from
SECCM mode to AFM, these spots could be directly character-
ized by AFM, conductive (c)-AFM, and non-contact AFM to
visualize the size, height, morphology, the insulating nature and
the nanomechanical properties of the formed SEl as a function
of the used electrolyte and number of cycles. Additional AFM-
ToF-SIMS measurements provide information on the chemical
composition of the SEI microspots.

Results and Discussion
Formation of SEI Microspots

Figure 1a shows the scheme of the local SEI formation on a HC
particle using SECCM in the two different electrolytes,
carbonate-based or ether-based using NaPF,;. The AFM instru-
ment, which is also equipped with a scan head to perform
scanning ion conductance microscopy (SICM) or SECCM experi-
ments is located in an argon-filled glovebox to maintain an
inert environment. For the presented studies, a micropipette
with an approximate pipette opening of 1 um in diameter (see
Figure S1) was used as the electrochemical probe. This pipette
was filled with either 1 M NaPFg in EC/PC (1:1)+5 wt% FEC or
1 M NaPF; in diglyme. As a reference electrode, a copper wire
(diameter=200 um) was coated with sodium by electroplating,
which then served as the Na reference electrode that is located
inside the pipette. To avoid artifacts induced by the morphol-
ogy of the HC composite electrodes, they were embedded in
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Figure 1. (a) Schematic of the SECCM setup in an argon-filled glovebox, illustrating a single-barrel pipette filled with electrolyte, making a localized
electrochemical droplet cell on the polished HC surface. (b) AFM and c-AFM images showing the pristine HC particle surface, and the droplet footprint left
after the SECCM test of 1 charge-discharge cycle in 1 M NaPFg in EC/PC (1:1)+5 wt % FEC. The topography and c-AFM maps of the droplet footprint reveal

details about the SEI layer morphology and its insulating properties.

epoxy resin and polished as previously reported.***? The
surface roughness (Sa) was reduced from 1.85 um=+0.19 pm
(non-embedded) to 0.14 um+0.04 um (embedded and pol-
ished) (n=5). The pipette was approached toward the polished
HC particle surface by monitoring the ion current. A sudden
change (or “jump”) in the ion current indicated contact
between the droplet and the surface, producing a stable liquid
meniscus between the pipette and the HC surface (see
Figure S2). Once this meniscus was formed, CV was performed
for localized charge-discharge cycling experiments under vary-
ing electrochemical conditions (like scan rate and cycling
number). After rinsing the sample in the AFM electrochemical
cell carefully with dimethyl carbonate (DMC) three times, AFM
and c-AFM images were recorded in argon atmosphere on the
single polished HC particle prior and after cycling (1 mV/s scan
rate, 2.0V to —0.2V vs Na/Na* in 1 M NaPFg in EC/PC (1:1)+
5 wt % FEC), which are shown in Figure 1b.

The AFM images in Figure 1b show the topography and
conductivity of the pristine HC particle, along with the distinct
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footprint of the SEIl, which is evident from the morphology of
the spot and the blocking behavior reflected by the current
drop in the c-AFM data. The well-defined and consistent
electrolyte footprint generated by the SECCM probe’s meniscus
suggests that the meniscus remained stable under the selected
experimental conditions.

Figures 2a and b show localized SEl layers on a single HC
particle formed by SECCM in 1 M NaPF; in EC/PC (1:1)+5 wt%
FEC electrolyte. The pipette was moved in hopping mode to
different locations on the same HC particle and CV was
performed in a potential range from 2.0 V to 0.001 V or 2.0V to
—0.2V vs Na/Na*, respectively. The scan rate and cycling
number were varied as follows for the different spots indicated
by the numbers (see Figure 2b): spot 1: 1 cycle, 0.5 mV/s, 2.0V
to 0.0V vs Na/Na™; spot 2: 1 cycle, 1 mV/s, 20V to —0.2V vs
Na/Na*; spot 3: 1 cycle, 1 mV/s, 2.0V to —0.2 V vs Na/Na™; spot
4: 1 cycle, 0.1 mV/s, 2.0V to —0.2 V vs Na/Na™; spot 5: 3 cycles,
0.1 mV/s, 20V to —0.2V vs Na/Na*; spot 6: 1 cycle, 5 mV/s,
2.0V to —0.2V vs Na/Na™). It is evident from the topography
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Figure 2. (a) Topographic AFM image of the HC particle showing the footprint of electrolyte deposition following the SECCM test. (b) c-AFM image of the
same area, highlighting conductive and insulating regions. (c—f) Higher-magnification topographic images of the formed SEI spots visible in (a) under different
electrochemical cycling conditions: (c) 1 cycle at 1 mV/s (spot 3 in Figure 2b), (d) 1 cycle at 0.1 mV/s (spot 4 in Figure 2b), (e) 3 cycles at 0.1 mV/s (spot 5 in
Figure 2b), and (f) 1 cycle at 5 mV/s (spot 6 in Figure 2b). Line profiles below each image show the height changes along the black dashed lines, illustrating

the observed heights influenced by cycling conditions.

image that the spot 1 and spot 6 are not visible in the AFM
topography image, as spot 1 is at the edge of the HC particle
and spot 6 seems to be too thin to be visible in the AFM
topography image. The spot size of the formed localized SEI
layers with 1.0 um-1.4 um corresponds well with the orifice size
of the used micropipette. The c-AFM map in Figure 2b reveals
the change in electronic conductivity of the HC particle after
depositing the SEI microspots under different experimental
conditions in NaPF, in EC/PC electrolyte with a clear contrast
between the conductive pristine areas and the insulating SEI-
covered regions. The SEl-covered areas show significantly
reduced conductivity, reflecting the formation of an electroni-
cally insulating layer during the initial charge-discharge cycle.
For spots 2-5 the conductivity drops almost to zero, whereas
interestingly, spot 1 and 6, which are not visible in the
topography image, also show a partial blocking of the
conductive HC. The difference in the measured current between
pristine HC particles and particles with a SEl in the c-AFM
images exhibits a reduction of 58% for spot 1, and 60 %, 60 %,
62 %, 56 %, and 22 % for spots 2, 3, 4, 5, and 6, respectively. The
zoomed view of the topography maps of individual SEI micro-
spots (3-6) are presented in Figures 2cf. It is evident from the
associated line scans that the SEI forms a uniform, thin layer
with a thickness of approximately 6-8 nm. The observed
thickness range is slightly lower but generally in agreement
with the ex-situ measurements of the SEI formed in carbonate-
based electrolytes reported by Lee et al.® who observed SEI
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thicknesses of 10-20 nm using field emission transmission
electron microscopy (FE-TEM) and XPS depth profiling.
Although, it should be noted that the HC was sourced from a
different commercial manufacturer and that the experimental
conditions were not the same as used here.

A thin, uniform layer is covered by more heterogeneous
depositions, with an average thickness of 58+36 nm (n=4).
The formation of this heterogenous SEI structure is associated
with the electrolyte decomposition during the first charge-
discharge cycle. The presence of these two sub-layers may be
related to the influence of the droplet curvature and with that
on the local concentration gradients. Such curvature effects
could promote the formation of spatially distinct layers with
varying thicknesses. To investigate if this heterogeneity in layer
thickness is related to the EC/PC solvent, SEI microspots were
also deposited using an ether-based electrolyte, 1 M NaPF, in
diglyme. Figures 3a and b show the topography and c-AFM
maps of a SEI microspot deposited on a HC particle. The c-AFM
map clearly shows the SEI layer’s insulating behavior, with SEI-
covered areas having lower conductivity compared to the
pristine, conductive regions. Figures 3c-e show zoomed views,
representing the morphology of the SEI microspot, the current
image (c-AFM) and the phase map. Despite the larger size of
the microspot formed in the ether-based electrolyte, the SEI
structure still consisted of two distinct sub-layers. The first layer
was again a thin, uniform layer approximately 10-14 nm thick
(Figure 3f), which is in agreement with findings reported by
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Figure 3. Characterization of the HC particle after SEI formation using SECCM with 1 charge-discharge cycle in 1 M NaPF, in diglyme. (a) Topography and (b) c-
AFM image of the HC particle with the localized SEI deposition. (c) Zoomed topography image, revealing the morphology of the SEl layer. (d) Zoomed view c-
AFM image of the topography image shown in (c), revealing the conductive area of the pristine HC surface and the insulating nature of the SEl layer. (e) Phase
map illustrating variations in the phase contrast across the SEI layer. Line profiles (f) and (g) taken at indicated dashed lines in (c) showing the surface height

variations.

Dong etal,® who observed a thin SEl film with a high
inorganic content in ether-based electrolytes, determined by
ex-situ using cryo-TEM and XPS depth profiling. This thin layer
is again covered by a heterogeneous layer of particulate
deposits, with an average thickness of 36.3+7 nm (n=5, same
particle, different areas) (Figure 39g).

To further investigate the SEI microspots, we also performed
phase mapping (Figure 3e) in non-contact mode at the same
spot. Phase imaging, which measures the phase lag between
the driving signal of the oscillating AFM probe and the probe’s
response, as it interacts with different regions of the sample
surface, gives qualitative insights into the nanomechanical
properties of the sample. The phase map shows a higher phase
lag for the particulate deposits, which points towards that they
have different mechanical or viscoelastic properties compared
to the thinner underlying SEI layer. Taking the phase image into
account (Figure 3e), we assume that the layer-by-layer SEI
structure on HC, with an inorganic-rich inner layer and a
"softer”, organic-rich outer layer is obtained, which was also
reported by Pan et al.*” They assumed that the effectiveness of
the SEI formed on HC electrodes is not only dependent on its
chemical composition but rather on the distribution of the
compounds within the layers.

ChemElectroChem 2025, €202400707 (5 of 12)

The phase map also supports the layer-by-layer model
rather than the mosaic model of the SEI structure, which
suggests a heterogeneous distribution of different SEI compo-
nents “side-by-side” within the same layer. For the mosaic
structure, we would expect to observe varying phase lags even
among closely positioned deposits. However, significant phase
differences appear only between the distinct SEI layers. This
uniformity in phase lag among the deposits within the same
layer strengthen the concept of a layered SEI structure model,
where material properties change only between well-defined
layers rather than within the same layer. This aligns with the
findings of Lu and coworkers,®® who reported different
mechanical properties within SEI sub-layers for graphite electro-
des in ether- and carbonate-based electrolytes. They reported
that an ether-derived SEI forms an organic outer layer, which
allows it to adapt to the volume expansion of graphite during
cycling, while the distribution of inorganic compounds in the
inner layer improves the Young's modulus, providing higher
mechanical stability of the SEI. We also conducted AFM force
spectroscopy measurements on the SEI formed in NaPFg in
digylme as shown in Figure S4. Three different areas were
probed, a HC area outside the SECCM deposited SEI microspot,
the thin layer area of the SEI spot and the observed particulate
deposits on the thin layer. The adhesion force and the Young's
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modulus was determined for these three areas. It was found
that the thin layer part of the SEI layer is on average less
adhesive than the pristine HC particles (19.2+6.2 nN vs 83+
5.7 nN, reflecting 57 % less adhesion; n=100), which we assume
is inorganic in nature. Due to hydrophilic-hydrophobic inter-
actions between the clean silicon AFM tip, which is hydrophilic
in nature and the inorganic compounds of the SEl layer most
likely species like NaF, the adhesion force is low. The deposits of
the upper SEI layer exhibit adhesion properties similar to those
of the pristine particles (21.9+6.2 nN; n=100). This higher
adhesion force is in agreement with the hydrophilic-hydrophilic
interaction of organic compounds formed in the presence of
FEC in the electrolyte. The reduced adhesion of the SEI layer is
also clearly illustrated in the adhesion map and is in agreement
with a previous study from our group,* although it should be
noted that a different electrolyte and cycling parameters were
used. The Young's Modulus values for the probed areas showed
rather small changes in variation (pristine: 1.41+0.42 GPa; thin
SEl layer: 0.82+£0.70 GPa; particulate deposits: 1.71+£0.52 GPa;
n=100). The observed high variation of the data may result
from probing the underlying HC in thin film areas, leading to
potentially inaccurate values. Overall, the Young’s modulus is
similar to previous studies of our group for SEI formation on HC
in NaClO, in PC.*

To further characterize the SEI microspots on the HC
particles, we performed Raman measurements. Figure S5 shows
extracted Raman spectra from a line-scan across a HC particle
and SEl microspot. Two distinct bands at 1312cm™' (D),
associated with defect-induced vibrations and at 1590 cm™' (G)
corresponding to the E2g graphitic mode are observed.®™ The
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graphitization degree can be evaluated using the intensity ratio
of the D band to the G band. A higher Iy/I; ratio indicates an
increased presence of defects or structural disorder. The pristine
HC particle shows a higher ratio (//l;=1.26) compared with the
SEl deposit (Ip/l;=0.97), reflecting an increased structural
disorder and defect density. Notably, apart from the Ip/I; ratio,
which is also in agreement with our previous study,"® no
additional peaks were observed in the spectrum that could be
attributed to the SEI spot. This may be associated with spot size
and that only 1 cycle was performed.

Energy-dispersive X-ray spectroscopy (EDX) analyses were
performed to compare pristine HC particles with the cycled
ones. The emergence of a new peak in the EDX spectrum of the
SECCM spot, which can be attributed to the presence of
sodium, clearly indicates sodium being involved in the
formation of the SEI layer during electrochemical cycling
(Figure S6.) The EDX map reveals a significantly higher concen-
tration of sodium across the entire area of the cycled spot in
comparison to pristine HC.

To study the chemical composition of the locally formed
deposits on the HC particles, we performed ToF-SIMS. For an
introduction to this mass spectrometric imaging method and its
applications in battery research, the interested reader is referred
to a publication by Lombardo et al.® By combination of the 3D
mass spectrometric data sets with AFM topography scans, we
were able to get topography corrected spatially resolved 3D
mass maps. SECCM generated SEI spots obtained with NaPF,/
diglyme using the same experimental conditions as for the spot
shown in Figure 3 were imaged with AFM-SIMS. Figure 4a
shows the AFM topography scan. A white arrow points to the
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Figure 4. Correlative AFM-SIMS analysis of the particle that has been cycled in 1 M NaPF, in diglyme using SECCM. a) AFM topography scan before mass

spectrometric analysis. The white arrow points to the HC particle of interest. (
Topography corrected 3D overlay mass image of Na,Cl~ mass signal in pink a
interest for the depth profile shown in g). g) Depth profile of the surface area
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b, ¢, d) Cation images of selected mass fragments before depth profiling. e)
nd total ion signal in grey. f) Na* mass signal of the selected circular region of
that was in contact with the electrolyte in the SECCM experiment.
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HC particle with the SEI microspot. Figures 4b-d show cation
mass images of selected mass signals. The HC particle margins
are traced with white lines. The chemical composition of the SEI
microspot shows deposits of NaF, NaCl and Na,O. This can be
deduced from the depicted mass images (conf. Figures 4b-d) as
well as the depth profile shown in Figure 4g. Interestingly, no
mass signals characteristic for NaCO; or PF, appear in the region
of the cycled HC particle. These were found in integral mass
spectrometric data of a previous study of HC composite anodes
that were cycled in the same electrolyte.” All of the mass
signals that are related to the SEl are almost exclusively in the
region of the electrode spot. The depth profile in Figure 4g
shows that the Na,Cl*, Na,F* and Na,O* signals decline
significantly within the first 20 nm and keep than constant.
Obviously, small amounts of these compounds or of these
secondary ions forming precursors are also within the HC. The
chlorine in the NaCl is an impurity originating from the solvent
that accumulates in the formed SE|, as already reported."® The
high C;H,;™ count rate at the surface hints towards an outer
organic layer, which is in good agreement with the phase map
shown in Figure 3e. However, it cannot be excluded that
adsorbed hydrocarbon compounds from the glovebox atmos-
phere also contribute to these mass fragments. Figure S7 and
Figure S8 reveal single point measurements of a cycled spot in
1 M NaPF; in diglyme in negative and positive ion mode. In a
previous work with the same HC and same electrolyte, we
found a different composition of the SEL™ When examining
the entire electrode, there are apparently deposits in the binder
areas and we also measure its composition. These are then
incorrectly assigned to the SEI. This highlights the importance
of measuring SEI on individual, clean particles.

Investigating the Influence of the Scan Rate (1 Cycle)

Figure 5 shows AFM and c-AFM images revealing the effect of
different scan rates on the morphology and blocking behaviour
of the SEl spots formed via SECCM applying one charge-
discharge cycle in 1 M NaPFg in diglyme as electrolyte. For a
scan rate of 10 mV/s (Figure 5a), the topography shows a
uniform and smooth SEI layer, indicating uniform deposition
with a few higher deposits (Figure 5g), which overall causes a
stable protection layer of the HC in the confined area of the SEI
spot as clearly visible in the c-AFM image with a drop of the
current of 100% (Figure 5d). In contrast, higher scan rates of
100 mV/s and 1000 mV/s (Figures 5b, c, e, f) result in more
irregular and heterogeneous morphologies of the deposited SEI
and quite heterogenous SEI coverage with a drop of the current
to 72% and 76 % for the scan rates of 100 mV/s and 1000 mV/s,
respectively (Figures 5e and f). For these higher scan rates, the
c-AFM images of the SEI layers show also heterogeneity in the
blockage of the underlying conductive HC, likely corresponding
to incomplete coverage of the HC surface by the formed SEI
layer. Higher magnification images (Figures 5g-i) confirm this
heterogeneity of the SEI layer at higher scan rates, with
localized regions lacking proper SEI coverage.
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The inhomogeneous formation of the SEl layer on HC
composite anodes in diglyme-based electrolytes has been a
topic of debate in the literature.®***¢¢ We hypothesize that the
increased SEl inhomogeneities observed in diglyme are primar-
ily due to the higher wettability of HC in diglyme compared to,
for example, the carbonate-based EC/PC electrolyte. The
contact angle measurements shown in Figure S3, clearly
evidence that the average contact angle in diglyme is
significantly smaller compared to EC/PC, leading to a larger and
uneven spreading of the droplet in diglyme, resulting in
inhomogeneous SEI deposition. In addition, the rapid ion and
electron transfer at higher scan rates (e.g., 100 and 1000 mV/s
in Figures 5e and f) can further disrupt SEl layer growth,
resulting in even more heterogeneous structural features. We
assume that the observed inhomogeneities are not related to
solvent evaporation, as the low vapor pressure of diglyme
compared to conventional organic solvents such as acetone
suggests that its evaporation is negligible (e.g. acetone
(~231 mmHg or 30.8 kPa), diglyme (~0.45 mmHg or 0.06 kPa),
ethylene carbonate (~0.01 mmHg or 0.001 kPa) and propylene
carbonate (~0.13 mmHg or 0.017 kPa).

Investigating the Effect of Cycling Number
(Scan Rate: 10 mV/s)

Figure 6 shows the topography and c-AFM analysis of the SEI
layer formed at different cycling numbers in 1M NaPF, in
diglyme applying 1, 10, and 40 charge-discharge cycles,
respectively with a scan rate of 10 mV/s. For increasing cycling
number, an insulating SEl is formed. However, compared to the
localized SEI formation in EC/PC (see Figures 2a and b), the
meniscus contact droplet formed with NaPF¢ in diglyme seems
to spread for higher cycling numbers and the formed SEI is
spread over a larger area (Figures 6b and e) for 10 cycles or
covering almost the whole HC particle as clearly visible in
Figures 6¢ and f. Interestingly, for 40 cycles, the HC particle in
the topography image does not appear to be fully covered by
the SEI as the upper part of the particle does not reveal any
structure of SEI as typically observed in the topography images
and shows polishing artefacts (lines), whereas the c-AFM clearly
indicates that the whole HC particle is covered with an
insulating layer. This data also confirms that the SEI remains
stable, forming a uniform insulating layer under the given
experimental conditions for repeated cycles, which is in agree-
ment with studies reported by Pan etal,”” who showed
stability of the SEI layer over 150 cycles in ether-based electro-
lyte for HC anodes for fast Na* ion storage and long-term
cycling stability. It should be noted that the height profiles in
Figures 6j-1 do not show a clear correlation with the number of
cycles, as the thickness of the deposition is not significantly
increased over 40 cycles. While the formed SEI depositions are
becoming more widespread, their growth in height remains
limited. This suggests that the initial decomposition of the
ether-based electrolyte forms a thin insulating layer, which
prevents further electrolyte decomposition. The thin layers
observed are in agreement with previous studies showing that
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Figure 5. Topography (a, b, ¢) and c-AFM images (d, e, f) of different HC particles, showing confined SEI depositions using different electrochemical scan rates
for one charge-discharge cycle. (g, h, i) present zoomed-in topographic images corresponding to (a, b, c), respectively. Line profiles (j, k, 1) along the dashed

lines in (g, h, i) illustrate surface height variations.

ether-based electrolytes form thinner SEI layers, which enhance
charge transfer kinetics.*"*%

To evaluate the influence of the electrolyte and to compare
the influence on the SEI layer formation, SECCM experiments
were performed using the same experimental conditions (scan
rate and cycling number) in 1 M NaPFg in EC/PC (1:1)+5 wt%
FEC, as shown in Figures S9 and S10, respectively. As mentioned
above, the wettability is much higher in diglyme (see contact
angle measurements in Figure S3), which leads to a significant
spreading of the droplet at longer cycling times that is
observed to a much lesser extend in the experiments
performed in 1 M NaPFg in EC/PC+ 5% FEC. The diameter of the
formed spot increased from 3.7 um (1 cycle) to 5.1 um (10
cycles) and 7.2 um (40 cycles) as shown in Figure S10. In
addition, the SEI layer obtained from the carbonate-based
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electrolyte (Figure S9) showed a uniform SElI with complete
passivation at higher scan rates (100 and 1000 mV/s) in the first
cycle, as shown by c-AFM measurement by a current drop of
100%. In contrast, SECCM experiments using diglyme resulted
in irregular SEI morphologies (Figures 5b, ¢, e, f) with incom-
plete coverage and a reduction in current to 72% and 76 % at
100 and 1000 mV/s, respectively. Longer cycling (up to 40
cycles) also resulted in differences based on the different
electrolytes, which is in agreement with the findings of Dong
etal®’ In our study, the SEI layer obtained in 1M NaPFg in
diglyme increased from 10-14 nm in the first cycle to about
40 nm (10™ cycle) and then remained relatively stable up to the
40™ cycle forming an insulating layer. Experiments performed in
1 M NaPFg in EC/PC+5% FEC resulted in continuous growth of
the layer (see Figure S10), increasing from 20 nm (first cycle) to
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height variation.

almost 1 pm in the 40" cycle. The observed differences may be
related to the reported co-intercalation of solvated Na™ in
ether-based electrolytes” and the presence of the additive in
the EC/PC. In the diglyme-based electrolyte, the composition of
the SEI contains mainly sodium alkoxides rather than NaF,
which is the dominant species in carbonate-based electrolytes
with FEC. Overall, these results highlight distinct electrolyte-
dependent changes in SEl formation. These observations are
consistent with the study by Dong et al.®” where the relatively
stable and thinner SEl in the ether-based electrolyte indicates a
more controlled interphase formation, while the increasing SEI
thickness in the carbonate-based electrolyte indicates continu-
ous changes at the electrode interface. This difference may be
related to the proposed solvated Na™ co-intercalation mecha-
nism in ether-based electrolytes,” as well as differences in
electrolyte decomposition and SEI formation.
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Figures S13 and S14 show exemplary cycling curves of the
SECCM experiments using different experimental conditions.
Compared to cycling the HC composite anodes in Swagelok
cells, in half-cell configurations in ether- or carbonate-based
electrolytes, the absence of a deinsertion peak during the
oxidation process suggests that the inserted sodium is not fully
released under the given experimental conditions. This could
be due to partial sodium insertion during the reduction sweep,
where de-intercalation of small amounts of inserted sodium
may be difficult and require a higher driving force for
extraction. Several studies have been performed on Li-ion
batteries using SECCM, where the delithiation process is only
partially observable or absent.”®® For example, Martin-Yerga
et al. observed that, in contrast to macroscale experiments, only
one delithiation process was observed and delithiation became
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visible only when the SECCM test was performed with larger
micropipettes (~30 um in diameter).*”

Conclusions

A uniform SEI layer on the negative electrode of SIBs is the key
factor influencing the overall battery performance. Despite the
number of recent studies, the SEI formation is still not fully
understood and data for different electrolytes yield varying
results. Here, we used SECCM for the localized formation of SEI
microspots deposited on embedded and polished, single HC
particles, which allowed us to characterize the height and
morphology of the formed SEI layer. Our measurements
indicate that the SEI layer consists of two layers: a thin, smooth,
and uniform layer adjacent to the HC surface, and a thicker,
more heterogeneous layer with individual particulate deposits
on top of this thin SEI layer. c-AFM, force spectroscopy and
AFM-ToF-SIMS allowed us to further characterize the SEI micro-
spots with respect to the electronic insulating nature, e.g., as a
function of the different cycling number and scan rates, the
nanomechanical properties, and the chemical composition. Our
results contribute to information on the structure of the SEI
formed in different electrolyte compositions but also support
the layer-by-layer model of the SEI. Using SECCM opens up the
possibility to study the SEI formation on different electrode
anode and cathode materials in various electrolytes allowing for
screening experiments using the same electrode. It should be
noted, however, that such studies require samples that are
relatively flat.

Experimental Section

Materials

HC active material (Kuranode, 5 um, Type Il) was sourced from
Kuraray, Japan. Sodium carboxymethyl cellulose (Na-CMCQ), 1-
methoxy-2-(2-methoxyethoxy)ethane (diglyme), and sodium hexa-
fluorophosphate (NaPF;), were obtained from Sigma-Aldrich, Ger-
many. Sodium metal was purchased from Alfa Aesar, Germany, and
carbon black (Super P) was sourced from Thermo Scientific, USA.

For the presented studies, two different electrolytes were used. The
primary reference electrolyte was 1 M NaPFg in EC/PC (1:1 wt%) +
5 wt% FEC with a water content determined to be below 20 ppm
using Karl-Fischer titration. This electrolyte is used as reference
electrolyte for Round Robin tests within the POLiS Cluster of
Excellence. Electrolyte preparation was done by mixing the solvents
in aluminum containers, followed by transferring to aluminum vials,
which were sealed inside a glovebox. Each vial remained sealed
until used inside the glove box, ensuring minimal exposure. Further
details can be found in the publication by Smith et al.*” Addition-
ally, 1 M NaPF, in diglyme was prepared again within the glovebox.
The water content was below 10 ppm as determined by Karl-Fischer
titration.

Electrodes

The electrodes used in this study were composed of 85 wt.% hard
carbon (Kuranode type II, 5 um), 10 wt.% Super P, and 5 wt.% Na-
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CMC binder, coated (doctor-bladed) on an aluminum current
collector. To achieve a flat surface and minimizing artifacts for
SECCM and AFM measurements, the electrodes were embedded in
EpoFix (Struers GmbH, Germany) resin, allowing the cross section of
the electrode to be polished (see Figure S11) following a procedure
described elsewhere.”” To ensure electrical conductivity for electro-
chemical and c-AFM measurements, the backside of each sample
was attached to a stainless-steel support using silver adhesive.
Figure S11 shows an optical microscopic image of the embedded
and polished sample.

Prior to each experiment, sodium was freshly electroplated at E=
—0.2V vs Na/Na™ in 1 M NaPF, in EC/PC onto a copper wire to
obtain a reference electrode that fits into the SECCM pipette. The
stability of the Na-electroplated wire was evaluated by measuring
the open circuit potential (OCP) against sodium. Stability of the
potential was observed for 5 days after plating, with an OCP value
of approximately ~0.0 V, indicating that the reference electrode is
sufficiently stable (see Figure S12).

Scanning Electrochemical Cell Microscopy

Electrochemical experiments were performed using SECCM, as
schematically illustrated in Figure 1a. The scanning ion conductance
(SICM) and SECCM scan head of the Park NX10 (Park Systems, South
Korea) housed within an Ar-filled glovebox (Unilab, MBraun, O, <
0.1 ppm, H,0< 0.1 ppm) was used to conduct SECCM experiments.
Borosilicate pipettes with a tip inner diameter of approximately
1 um (Figure S1), were obtained from Park Systems. The pipettes
were filled with an electrolyte solution using a MicrofFil tip (MicroFil
67, WPI Instruments, Germany), and subsequently, the Na reference
electrode was inserted. To approach the electrode surface, the
pipette was approached at a rate of 0.1 um/s using the z-piezo of
the SICM scan head. The ion current was monitored, and a sharp
change in current indicated the formation of an electrochemical
liquid cell as the probe’s liquid meniscus contacts the surface of the
selected HC particle. CV was performed using a bipotentiostat
(CHI7Z60E, CH Instruments, USA) combined with a preamplifier
(CHI200B Picoamp Booster, CH Instruments) in a two-electrode
setup with the embedded HC as working and the Na reference
electrode as counter/reference electrode at different scan rates in
the potential range of 0.001-2.0 V vs Na/Na*. The faradaic current
output signal from the bipotentiostat was routed to the AFM
controller through an analog-to-digital conversion channel and
displayed by the scan software (SmartScan, Park Systems). The
SECCM measurements were repeated under identical conditions,
mainly on the central regions of the HC particles. A major
advantage of this approach is that we were able to perform
multiple experiments on the same sample, where different HC
particles have quite similar and uniform roughness parameters as
all HC particles were located on one single polished sample,
ensuring consistent surface preparation and roughness across the
electrode (see Figure S15).

SPM Measurements

Atomic Force Microscopy Measurements

After the SEI microspots were formed using SECCM, the samples
were carefully rinsed with dimethyl carbonate (DMC), three times in
the same electrochemical cell. DMC is commonly used for rinsing,
as it has been reported in the literature that the surface
composition of the SEI layer on HC is not significantly altered.”

The AFM head of the Park NX10 was used to conduct AFM
experiments of the dried samples. c-AFM measurements were
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performed using sharp, conductive, single-crystal diamond probes
(AD-2.8-AS, Oxford Instruments, UK) with a nominal spring constant
of 28 N/m and a resonant frequency of 65 kHz and conductive
diamond coated probes (All-In-One-DD, BudgetSensors, USA) with a
nominal spring constant of 6.5 N/m and a resonant frequency of
110 kHz. The scan speed was set to 0.3 Hz, with an applied
potential of 1V between the sample and the tip.

Low-force contact mode imaging (F=5 nN), force spectroscopy,
and nanomechanical mapping were performed using etched silicon
probes (RTESPAW-150, Bruker, Germany) with a nominal spring
constant of 6.0 N/m and a nominal resonance frequency of 150 kHz.
Before measurements, the force constants of the cantilevers were
determined using the thermal noise method.”" Force-distance
curves were recorded at a sweep rate of 1 um/s with loading forces
of 10nN. The nanomechanical mappings (30.0x30.0 um?,
512x512 pixels) were recorded in PinPoint mode utilizing loading
force of 10 nN at a sweep rate of 5 um/s '. Phase mapping was
recorded in non-contact mode (NCM) using a doped silicon probe
(AC160TS-R3, Oxford Instruments, UK) with a nominal spring
constant of 26 N/m and a resonance frequency of 300 kHz. AFM
images and force-distance curves were evaluated using Mountain
SPIP software (version 9.1.9908, Digital Surf, France). The top-
ography images were levelled to eliminate any surface tilt. We
applied noise correction to remove unwanted artifacts, such as
noise lines in the maps where necessary. The raw data are avaialble
from Zenodo (DOI: 10.5281/zenodo.14445595, reference number
439). The raw data were used to generate the CV plots (Origin
software was used for plotting).

SEM/EDX and Raman Spectroscopy

SEM imaging and EDX were performed with Quanta 3D FEG and
Apreo 2 s (Thermo Fisher Scientific, Netherlands). SEM images were
obtained at 5KkV, 50 pA and EDX measurements using a primary
electron beam at 5 kV, 4 nA. EDX mappings were performed using
EDAX Element EDS detector (EDAX, Germany) with a resolution of
512x400 pixels, 32 frames and a dwell time of 50 us. Raman spectra
of the HC samples with the SEI microspots were recorded over a
spectral range from 100 to 3700 cm™' (alpha300 R, WITec GmbH,
Germany) with an excitation wavelength of 532 nm, 200 micro-Watt
laser power for 3's (5 repetitions) and Uhts-300 detector, 1800 n/
mm grid and a 50x objective (NA=0.7). Data was processed using
Origin (OriginPro 2019b, OriginLab, USA).

AFM-ToF-SIMS

Correlative AFM-SIMS analysis was carried out with a M6 Plus ToF-
SIMS instrument (IONToF GmbH, Minster, Germany). The instru-
ment is equipped with a Bi50 nanoprobe analysis gun and a 2 keV
El source for sputtering. Samples can be reproducibly moved back
and forth between SIMS and the scanning probe module (SPM)
measuring positions by a piezoelectrically driven stage. The SPM
scanner can analyze an area of up to 80x80x10 um?>. SIMS imaging
was carried out with 60 keV Bi,>" primary ions by operating the
source in fast imaging mode (/=0.116-0.119 pA @ cycle time
100 ps, beam defining aperture 200 um). The ToF-analyser was
operated in delayed extraction mode (extraction delay =-0.010 ps).
In order to enhance transmission, the topography mode was
applied. For charge compensation, the low energy electron flood
gun was used and in addition the main chamber flooded with Ar
(p=>510"° mbar). The obtained mass resolution (FWHM) was better
than 1,100 @ m/z 23.0 (Na*) in positive and better than 1,000 @ m/
z 35.0 (CI") in negative ion mode. For surface imaging of single
particles, the analysis beam was scanned in random mode and
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512512 pixels were measured on an area of 50x50 pm? The dose
density was kept below 10" ions/cm? to maintain static conditions.

A 1keV Ar* beam (/=306.9 nA) was used for depth profiling in
non-interlaced mode with a pause time for charge compensation of
4 s. Analysis was carried out on an area of 40x40 um? centered to a
sputter removal area of 250x250 um? Before depth profiling, the
topography of the sample surface (50x50 um?, 128x2048 pixels)
was scanned in tapping® mode with the SPM. For depth profiling
15 analysis frames were measured per image layer alternating with
1 sputter frame. Finally, a further topography scan was recorded
with the SPM. The whole data evaluation including correlation of
AFM and mass spectrometric data was carried out with the
SurfacelLab 7.4 software (IONToF GmbH).

Supporting Information

Supplementary material associated with this article can be
found, in the online version, at DOI 10.5281/zenodo.14445595,
reference 439.
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