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The mechanical properties of a solid—electrolyte interphase (SEl), such as hardness and
Young's modulus, influence the ion transport pathways through the SEl as well as
affecting the dendrite formation processes. Moreover, the local composition of the SEl
has a strong influence on mechanical variations at small scales, making a thorough
understanding of such properties with high detail in depth and with high spatial
resolution crucial. Within this contribution, in operando atomic force microscopy (AFM)
and nanoindentation are used to investigate the mechanical properties of the SEI in
conventional electrolytes in comparison to those in ionic liquids. While both methods
have been shown to be powerful tools to investigate SEI formation, distinctive
mechanical fingerprints are demonstrated for SEls formed in carbonate electrolytes on
lithium deposited on copper in AFM-based experiments. Such fingerprints change
significantly when ionic liquids are used as electrolytes and depend critically on the
exact composition. These results are correlated with nanoindentation, performed on

“Institute of Energy Technologies, IET-1 - Forschungszentrum Jiilich, Jilich, Germany. E-mail: b.wolff@
fzjuelich.de; f.hausen@fz-juelich.de

’Institute of Physical Chemistry, RWTH Aachen University, Aachen, Germany

‘Helmholtz-Institute Miinster (HIMS): Ionics in Energy Storage, IMD-4— Forschungszentrum Jiilich, Aachen,
Germany. E-mail: s.berg@fz-juelich.de

“Institute of Power Electronics and Electrical Drives (ISEA), RWTH Aachen University, Aachen, Germany
“Institute for Materials Applications in Mechanical Engineering (IWM), RWTH Aachen University, Aachen,
Germany

fInstitute of Applied Powder Metallurgy and Ceramics at RWTH Aachen e.V., Aachen, Germany

¢Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont, USA

"Helmholtz Institute Ulm (HIU), Ulm, Germany

‘Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

JUIm University, Ulm, Germany

*Faculty of Mechanical Engineering, RWTH Aachen University, Aachen, Germany

+ These authors contributed equally.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.


http://orcid.org/0000-0002-3252-5464
http://orcid.org/0009-0007-2865-4304
http://orcid.org/0000-0001-7088-4591
http://orcid.org/0000-0002-9106-5250
http://orcid.org/0000-0002-5041-6077
http://orcid.org/0000-0001-9486-5395
http://orcid.org/0000-0002-0790-8148
http://orcid.org/0000-0001-6429-6048
http://orcid.org/0000-0002-0013-6325
http://orcid.org/0000-0001-5675-3173
http://orcid.org/0000-0002-6621-7419
http://orcid.org/0000-0001-5712-6761
https://creativecommons.org/licenses/by/4.0/

Faraday Discussions Paper

freshly cleaved lithium surfaces in an inert atmosphere and carbonate solvents.
Additionally, lithium surfaces treated with varying amounts of and exposure times to
jonic liquids are studied. In both cases, AFM-based experiments and nanoindentation,
higher stiffnesses and storage moduli are found, indicating a highly complex SEI structure.

Introduction

The solid-electrolyte interphase (SEI) formed on Li-metal anodes in combination
with liquid non-aqueous electrolytes is one of the most important features gov-
erning the longevity, safety and performance of lithium metal batteries (LMBs)."?
Li metal® as the active material in anode-free concepts is deposited and stripped,
resulting in severe morphological and volumetric changes. The SEI as a hetero-
geneous composition of organic and inorganic components needs to be flexible
enough to withstand these changes without cracking and decomposition. Addi-
tionally, it needs to completely cover the Li-metal surface as an interphase in
order to ensure stability between the electrode and the electrolyte. The mixed SEI
structure of organic and inorganic species (e.g:, Li,CO;, LiF and polymeric
decomposition products) formed in carbonate-based electrolytes provides great
longevity and safety when graphite anodes are used, but low cycle life and safety
issues occur with Li-metal anodes.> A promising step towards designing an SEI
that stabilises the Li-metal surface against the liquid electrolyte is the use of ionic
liquid (IL)-based electrolytes.” The IL cation chemistry allows it to be engineered
for generating self-forming artificial SEI (ASEI) layers with certain compositions of
inorganic phases, such as LiF and Li;N, in a more uniform and stratified structure
that is stiffer than that of their inorganic counterparts and might therefore
contribute to the suppression of the formation of dendritic structures.* Super-
concentrated IL-based electrolytes (e.g., 3.2 mol per kg LiTFSI in pyrrolidi-
nium(Pyr) cations) were shown to form thick, uniform and inorganic-rich SEI
layers with enhanced cycling stability with Li metal.® Also pre-treatment of the Li-
metal surface with gelled IL-based solutions was shown to form protective,
polymer-like layers that are maintained on the Li-metal surface even during
cycling with carbonate-based electrolytes.®

Ion transport pathways through the SEI, the surface morphology and especially
the suppression of dendrite formation are directly influenced by the mechanical
properties of the SEI, in particular its Young’s modulus, hardness and viscoelastic
behavior. Nanoindentation and atomic force microscopy (AFM) are suitable
methods for the analysis of mechanical properties.”” However, despite its
importance, reports about the experimental mechanical characterisation of the
SEI on Li metal are scarce.'*™*

The SEI also plays an important role in batteries with anode materials other
than Li metal. Both AFM and nanoindentation have also been used to study the
mechanical properties of the SEI formed on other anode materials' such as
graphite,’® silicon,”'® K-Sb and Li-Sn micro-particles,” Na metal®* and Zn
metal.”*

This work discusses the mechanical characterisation of the SEI by means of
AFM and nanoindentation and how complementary these methods are. Quanti-
tative nanomechanical mapping using AFM enables high spatial resolution in the
nanometre range to probe the outermost SEI layer’s surface morphology and
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stiffness. As a non-destructive method, it is performed inside an electrochemical
cell during operation and offers temporally resolved results. Because of the
shallow probing depths of typically <50 nm in AFM experiments, only the topmost
surface layers are probed.>** In contrast, nanoindentation, especially when using
continuous stiffness measurement (CSM), provides information about the
mechanical properties of deeper structures,” revealing information about the
layered architecture of the SEI. Oliver and Pharr illustrated quantitative deter-
mination of Young’s modulus and hardness, which were directly comparable with
literature values and computational predictions.”®*** Here, the complementarity of
AFM and nanoindentation is demonstrated for SEI properties in conventional
and IL electrolytes for samples of Li deposited on Cu and Li-metal foil. In a first
section, mechanical properties obtained by in operando AFM experiments are
directly compared to those recorded by ex situ nanoindentation results. This is
followed by a more detailed report of in operando AFM studies on Li deposited on
Cu and on Li-metal in carbonate electrolytes for different deposition times.
Subsequently, nanoindentation results on metallic Li are shown in carbonate
electrolyte. After comparing their electrochemical performance to the same
substrate being pretreated with ILs, nanoindentation of such pretreated Li
surfaces are illustrated. Finally, mechanical properties obtained by in operando
AFM on Li deposited on Ni-substrates are presented. The results discussed here
provide a multiscale understanding of the mechanical parameters: AFM reveals
fingerprints of the organic phases, while nanoindentation probes the mechanical
properties of the heterogeneous SEI bulk.

Methods

For AFM measurements, we report values for surface stiffness, while we use the
term elastic modulus for nanoindentation. Both terms refer to the mean Young’s
modulus for the probed depth. These different terms are used to illustrate how
the probing depth of those two techniques changes the measured parameter
although the physical quantity is different. Since the exact composition of the
probed samples is unknown, we report reduced moduli.

Fig. 1 portrays an overview of AFM and nanoindentation and the corre-
sponding workflows used in this work. A sketch illustrating the working princi-
ples is depicted in Fig. 1a. Nanoindentation indents the surface at single indents
spaced apart, whereas AFM continuously indents the surface while scanning
a small area. The nanoindentation workflow is displayed in Fig. 1b-e, whereas the
atomic force microscopy workflow is depicted in Fig. 1f-j.

For nanoindentation, Li deposition on Cu was performed inside a coin cell
with a special washer instead of a porous separator. The exploded-view drawing of
the coin-cell setup is depicted in Fig. 1b. After the deposition was completed, the
coin cell was disassembled inside a glovebox and the Cu foil with deposited Li
metal was mounted on a scanning electron microscope (SEM) stub holder, used
in the nanoindenter. Fig. 1c shows a photograph of the specific setup. Subse-
quently, the nanoindenter is transferred to the directly attached SEM chamber.
Fig. 1d shows a wide-view SEM image of the surface of the deposited Li on Cu foil
and the diamond tip used for indentation in the top part. During indentation,
force and indentation depth are sampled. Contact stiffness, hardness and elastic
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Fig.1 Overview of the methods and workflows used in this work. (a) Sketch of the working
principles of nanoindentation and atomic force microscopy. (b) Schematic depiction of
the coin-cell setup for Li deposition on Cu foil. (c) Photo of the nanoindenter inside the
glovebox with the attached indenter tip and sample tray. (d) Wide-view SEM image of the
indenter above the surface of deposited Li. (e) Exemplary load—displacement curve ob-
tained from indentation. (f) Topography map of Li deposited on Cu. (g) Stiffness map of Li
deposited on Cu. (h) Corresponding stiffness histogram. (i) Schematic depiction of an
electrochemical in situ AFM cell. (j) Schematic depiction of the electrode setup in the
electrochemical in situ AFM cell with the working electrode (WE), counter electrode (CE)
and reference electrode (RE).

modulus are then evaluated from the force-indentation depth curve, as can be
seen in Fig. 1e, using the Oliver-Pharr method.**

AFM obtains the topography of the sample simultaneously to the mechanical
properties of its surface. Fig. 1f shows the topography of Li deposited on Cu foil.
The corresponding stiffness map is shown in Fig. 1g. For a more quantitative
analysis and better comparability, the stiffness map is converted into a histogram,
as demonstrated in Fig. 1h.

The experimental setup of the AFM is displayed in Fig. 1i and j. Fig. 1i shows
a sketch of the electrochemical in situ AFM cell used for measurements. Experi-
ments are conducted in a liquid environment while Li is plated onto the working
electrode. A schematic depiction of the electrode setup inside the electrochemical
AFM cell is provided in Fig. 1j. The sample is acting as the working electrode (WE).
A Li counter electrode (CE) circumferences the working electrode while a Li
reference electrode (RE) is placed at the edge of the cell.

However, the exact sample preparation for the two measurement techniques
differs for both setups. AFM experiments were performed in liquid electrolyte
during Li deposition on a Cu or Ni surface or on Li foil soaking in liquid elec-
trolyte. Nanoindentation was performed on ex situ samples in a vacuum. These
included electrodeposited Li on Cu, Li surfaces prepared by precise cutting in
a controlled environment and Li surfaces treated with IL.
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A more detailed description of both methods, relevant calibration procedures
and experimental parameters is provided in the SI.

Results and discussion
Li on Cu - AFM and nanoindentation

The aim of this section is to demonstrate the complementarity of AFM and
nanoindentation in 1-1.2 M LiPF in ethyl carbonate/ethyl methyl carbonate (EC/
EMC 3 :7 by weight).

The mechanical properties of the SEI formed on Li deposited on a Cu surface
were obtained via both AFM and nanoindentation. The AFM experiments were
performed in electrolyte, during Li deposition. AFM obtains the localised elastic
modulus of the surface at every pixel of the image scan. Since the modulus is
defined as a bulk property, the measured value here is denoted as (surface)
stiffness. Fig. 2 displays the elastic modulus determined for the SEI formed on Li
deposited on Cu via both AFM and nanoindentation. AFM obtains locally resolved
stiffness maps, converted to a histogram, consisting of 256 x 256 = 65536
individual measurements. These are displayed as histograms in Fig. 2.

As illustrated in Fig. 2a, the stiffness values obtained via AFM are mostly below
2 GPa. Fig. 2b shows a zoom into this smaller region. The stiffness histograms ob-
tained via AFM differ in their shape, exhibiting different peaks with maxima at about
100 MPa, 160 MPa, 350 MPa and 400-800 MPa. The stiffness histograms are in
a comparable range to those observed for the SEI on Li in a vitrified state, as reported
by Zhang et al.™* The organic part of the SEI on highly oriented pyrolytic graphite
(HOPG) has been reported to exhibit a stiffness on the order of 0.5 GPa to 2 GPa,”
a value that is found here as well.

For instrumental reasons described in the SI in more detail, the nano-
indentation experiments were performed on disassembled samples of deposited
Li, with two different resting times of 1 hour and 1 month. Nanoindentation
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Fig. 2 Stiffness histograms obtained via AFM and storage modulus obtained via nano-
indentation. AFM data were obtained in electrolyte during Li plating on Cu. Nano-
indentation data were obtained at different areas of disassembled cells with Li plated on
Cu. At least five measurements were recorded and averaged. Variation from average value
is depicted as error bars. The sampling position describes the sample number and
measurement position of the nanoindentation measurements. (@) AFM and nano-
indentation data of the surface layer on Li deposited on Cu. (b) Close up of region 0—
2.5 GPa.
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provides the storage and loss modulus of the sample surface. In the case of a loss
modulus close to zero, the storage modulus reflects the elastic modulus.

At least five indentations have been performed on each surface area. The mean
value is depicted in Fig. 2, where error bars reflect the deviation of the individual
values. Fig. 2b provides a closer look into the area between 0 and 2.5 GPa.
Nanoindentation was performed on two different samples. One sample was res-
ted for 1 h after cell opening (marked by X), the other sample was rested for 1
month (marked by a #). Interestingly, the nanoindentation results vary strongly
between different sample positions, emphasising the importance of local
understanding of the mechanical properties of the SEI. The values of the long-
rested sample are below 2 GPa, while the short-rested sample exhibits a higher
value of 9.4 GPa.

Overall, there is a good agreement between the AFM and nanoindentation
results. Taking a closer look at the nanoindentation results in Fig. 2b, two
sampling regions result in storage moduli of 50 MPa and 450 MPa, which are
comparable to the stiffness values obtained via AFM. Similarly to the narrow AFM
histograms, the nanoindentation results exhibit a low variance of storage
modulus. The other nanoindentation sampling region (2.1) results in a storage
modulus around 1.8 GPa, which is slightly higher than the stiffness values
observed via AFM. Similarly to the broader distributions observed via AFM at
higher stiffness values, the nanoindentation results exhibit a higher variance of
storage modulus. The slightly higher elastic moduli observed via nano-
indentation are attributed to the different measurement environments between
AFM and nanoindentation. This is also in agreement with Zhang et al. reporting
a higher elastic modulus for the SEI on Li in a dried state compared to a vitrified
state.'> Moreover, the nanoindentation results show a difference in stiffness for
different resting periods, where the longer resting period results in a softer
surface layer. This result suggests that during the longer resting period, soft
components form in the outer part of the SEI.

Importantly, when comparing the results of AFM and nanoindentation
experiments, the different sampling depths of both methods must be taken into
account. While AFM only probes the outermost layer of the SEI with an inden-
tation depth of a few nm, nanoindentation indents several hundred nm into the
sample. As the SEI consists of a layered structure,*® different species are probed by
AFM and nanoindentation. Theoretical calculations of the elastic properties of
different SEI components using a force-field-based method have been reported by
Shin et al.*® Organic components were found to have elastic moduli of 2.4 GPa
(PEO), 7.9 GPa (LiEC), 10.7 GPa (LiMC) and 21.9 GPa (Li,EDC), whereas the
calculated values of the inorganic compounds Li,CO; and LiF range from 36 GPa
to 135 GPa, depending on the exact crystallinity.>® Therefore, the results recorded
via AFM and nanoindentation in this work suggest that an organic layer or
multiple thin inorganic layers were probed.

Since it is demonstrated that AFM and nanoindentation provide comple-
mentary results, in the following sections the focus is put on the individual
contributions.
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Fig. 3 Stiffness histograms of the outer SEI layer, obtained via AFM. (a and b) Stiffness
histograms for the SEI formed on Li deposited on Cu and the SEI formed on Li foil soaked in
electrolyte, with (a) short and (b) long durations of depositon or soaking. For SEI formation
on deposited Li, two different experiments are shown (red and turquoise histograms). (c) In
situ observation of SEI formation on deposited Li, for different plating durations. Two
different experiments are shown.

Atomic force microscopy

Within this section, a closer look at the stiffness histograms obtained via AFM is
provided. In particular, the stiffness histograms of the SEI formed on freshly
deposited Li are compared to the stiffness histograms of the SEI formed by
soaking Li foil in electrolyte. Additionally, the evolution of the SEI over time is
taken into account. Fig. 3a and b show the same stiffness histograms as in Fig. 2
for the SEI freshly formed on Li deposited on Cu foil. Furthermore, histograms of
the SEI formed on the surface of lithium foil soaked in electrolyte are shown.
Fig. 3a displays stiffness histograms obtained for the SEI formed on Li
deposited on Cu in two different experiments, after 14 min (turquoise) and 19 min
(red) of Li deposition. The black histogram corresponds to the SEI on Li foil
soaked in electrolyte for 100 min. The stiffness histograms exhibit a right-skewed
shape which is also multimodal in several cases. The stiffness histograms are
fitted using a combination of several Gaussians, indicating several mechanically
different species contributing to the shape of the histogram." In Fig. 3, light grey
lines mark the central positions of contributing peaks as a guide to the eye.
Although the stiffness histograms are not identical, it is seen that the same
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components contribute to the shape of the stiffness histograms, indicating that
the same mechanical species are present in the outermost layer of the observed
surfaces, regardless of how the SEI was formed. Fig. 3b illustrates stiffness
histograms of the SEI for a longer Li deposition or soaking time in electrolyte. Two
different experiments of SEI formation on freshly deposited Li after 120 min of Li
deposition are depicted in red and turquoise. The stiffness histogram of the SEI
formed on Li foil soaked in electrolyte for 300 min is displayed in black. The
shapes of these histograms differ from those obtained earlier in SEI formation,
revealing that the mechanical properties of the SEI change over time. Notably,
these changes are similar for both methods of SEI preparation, since the
turquoise and black histograms show similar features at the same stiffness values
in Fig. 3b and also undergo similar changes compared to their preceding versions
(turquoise and black, respectively) in Fig. 3a. However, it should be noted that the
time scales for these changes are different between SEI formation on freshly
deposited Li compared to SEI formation on Li foil submerged in electrolyte. This
is explained by a native passivation layer that might inhibit SEI formation. These
results show that the outer layer of the SEI, which is probed by AFM, consists of
rather soft mechanical species, as expected for an organic outer layer. For the
inner, mostly inorganic layer of the SEI, further influences of the native passiv-
ation layer are expected, but cannot be probed by AFM.

The temporal evolution of the mechanical properties of the outer SEI layer is
depicted in more detail in Fig. 3c. Here, the stiffness histograms at different
durations of Li deposition are depicted for two experiments. Both experiments
show that the histogram shape and position vary over time. The histogram
positions slightly vary between the experiments. The AFM provides a very local
view of the sample, probing an area of 5 um by 5 um in these experiments. Hence,
the variations of mechanical surface composition occur due to a lateral hetero-
geneity of the SEI layer.

Nanoindentation

In this section, nanoindentation results with higher indentation depth are re-
ported. Bulk Li was cut using a thin W wire to obtain a pristine Li surface with low
roughness and without a natural passivation layer. To compare different passiv-
ation layers formed on the Li surface, it was either cut in an argon atmosphere (Ar-
cut Li) inside a glovebox or submerged in ethyl methyl carbonate (EMC) solvent
(EMC-cut Li). The storage modulus, hardness and loss factor determined through
CSM are depicted in Fig. 4b-d for the measurements on Ar-cut Li and EMC-cut Li.
The non-transparent lines represent the mean values while the transparent
patches represent the minimum and maximum values for the respective inden-
tation depth.

Fig. 4b shows that Ar-cut Li and EMC-cut Li exhibited a sharp decline in
storage modulus up to 100 nm for Ar-cut Li and 200 nm for EMC-cut Li. For both,
the modulus levels between 6500 MPa and 5000 MPa. These values are in
accordance with the literature, where moduli between 1900 MPa and 10 000 MPa
are reported for bulk Li, depending on the crystal orientation.?””® The initial
decrease in modulus is attributed to a wrongly measured indentation depth & =
0 (zero-point error)® probably because of surface roughness or tip rounding. Zero-
point error might have occurred since forces of up to 20 pN were assumed at zero
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Fig. 4 Li foil cutting with a W wire. (a) The schematic of the setup used for cutting the Li
foil. (b) Storage modulus, (c) hardness and (d) loss factor tané against the indentation
depth using CSM mode for Li cut in argon (orange) and in EMC (blue). The plotted data has
been smoothed using a Gaussian-weighted moving average filter to reduce noise but keep
the important features.

displacement, which could have led to contact loss during CSM measurements.
As shown in Fig. 4c, the hardness continued to decline even after the modulus
had levelled out. This was likely caused by the size effect, as has been reported to
be a significant factor in lithium.** A hardness of 40 MPa was measured at an
indentation depth of 150 nm, while a reduced value of 10 MPa was obtained at
a depth of 400 nm, and further decreased. A literature value for the hardness of
bulk lithium is 2.01 MPa.”® For the loss factor tan ¢ depicted in Fig. 4d, the mean
value remained between 0 and 0.1 for both Ar-cut Li and EMC-cut Li, while the-
min and max values remained between 0 and 0.2. Values like this would be ex-
pected for lightly cross-linked, glassy and crystalline polymers.**

For the storage modulus, the biggest discrepancies occurred at depths below
100 nm where the measurement is likely unreliable, given the increase in
modulus in pure lithium. Still, the measured storage modulus of EMC-cut Li at
100 nm was almost double that of pure Li. Hence, it is assumed that a layer of
higher hardness and modulus had formed on the Li. Since both sample types
showed nearly the same storage modulus for indentation depths greater than
200 nm, while the storage modulus of Ar-cut Li already remained nearly constant
after 100 nm, the layer thickness could be assumed to be in the 100 nm range. It is
quite likely for the formed layer to be much thinner than in carbonate electrolytes
using additional ethylene carbonate (EC) and LiPFs. According to Weber et. al.,*
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an SEI layer thickness of roughly 100 um is to be expected when Li is left in EC:
EMC (1:1 by weight) + 1 M LiPF; electrolyte for 20 min. The solvated ions have
been reported to aid the reduction of carbonate solvents.*® Even if LiPFs had been
present in EMC, the layer would likely still exhibit a smaller thickness, as EMC has
a significantly lower dielectric constant than EC and is thus less likely to be
coordinated by lithium ions.**

Instead of removing the natural passivation layer mechanically, an artificial
SEI (ASEI) layer can be created on top of it by treating the Li surface with solutions
that form specific reaction products. In this work, we investigated the treatment
of Li with two different ILs, namely 1-butyl-1-methylpyrrolidinium di-
fluro(oxolato)borate [Pyr; ,][DFOB] for nanoindentation and 1-butyl-1-methyl-
pyrrolidinium bis(fluorosulfonyllimid [Pyr, 4|[FSI] for AFM.

Electrochemical performance

Fig. 5 shows a comparison of the voltage measured during electrochemical
stripping and plating of Li||Li cells, with a current density of 1 mA cm ™2 at an areal
charge of 0.5 mAh ecm™?, in LP30 (EC:dimethyl carbonate (DMC) (1:1 by
volume) + 1 M LiPFg, Sigma Aldrich) electrolyte. Since a full cycle takes exactly 1 h,
the cycle time in h is equal to the number of cycles. Both symmetrical cells use the
same type of Li chip as the electrodes (16 mm cutout from Honjo Li-metal foil,
thickness 500 um, battery grade). For the blue curve, Li was treated with two drops
of 10 wt% Pyr,,DFOB in dimethoxyethane (DME) for three days (IL-treated Li)
before being assembled into a coin cell; for the orange curve, no treatment was
performed before (untreated Li).

Since the symmetrical cells have an open-circuit potential (OCP) of 0 V, the
measured potential directly reflects the overpotential from Li stripping and
plating.** For the coin cells with untreated Li, the overpotential gradually
decreased from an absolute value of =380 mV in the first step to =90 mV in the
first 30 cycles. It remained nearly constant until cycle 200. After cycle 200, a near-
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Fig. 5 Voltage during continuous stripping and plating of Li||Li cells with a current density
of 1 mA cm™2 at an areal charge of 0.5 mAh cm™~2in LP30 electrolyte. For the blue curve, Li
has been treated with the IL; for the orange curve, no treatment was performed before.
Magnified subplots are shown for six 2.5-hour windows corresponding to the positions of
the translucent grey lines to visualise the change in voltage curve shape over cycles.
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exponential increase up to =400 mV at cycle 300 was observed. While the coin
cells with IL-treated Li showed a higher absolute overpotential value of =500 mV,
it decreased even more than that of the untreated Li and remained lower after
cycle 10. At cycle 300, the overpotential of the IL-treated Li reached =100 mV. It
then gradually increased to =150 mV at cycle 400. After cycle 400, the over-
potential also showed a near-exponential increase up to =400 mV at cycle 450.
The cycle count to reach 400 mV was therefore around 50% higher for the IL-
treated Li in comparison with the untreated Li. An increase in overpotential in
a symmetrical Li cell occurs due to an unstable SEI and the formation of “dead”
Li. According to the literature, these accumulated layers of “dead” Li would
increase ionic resistance in the cell and therefore the overpotential at the same
current rate.***” Since an identical electrolyte was used in both cells, it is assumed
that the IL-treatment contributes to an artificial SEI (ASEI) as a protective layer on
top of the Li. A stiff protective layer might have suppressed dendrite formation,
therefore decreasing the surface area and the amount of “dead” Li.

Nanoindentation in ionic liquids

To understand the formed (A)SEI better, nanoindentation of a Li surface, without
removal of the natural passivation layer and treated with two drops of Pyr,,DFOB
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Fig.6 (a) SEMimage of surface morphology of the pristine Li (top, orange contour) and IL-
treated Li (bottom, blue contour) before (left) and after (right) nano-indentation. (b)
Storage modulus, (c) hardness and (d) loss factor tan é against the indentation depth using
CSM mode for pristine Li (orange) and IL-treated Li (blue). The plotted data has been
smoothed using a Gaussian-weighted moving average filter to reduce noise but keep the
important features.
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in DME for four days before the measurement, was performed and the results are
shown in Fig. 6. As can be seen in Fig. 6a, the nanoindenter tip was completely out of
contact before and after the indentation into the untreated and rough Li surface. This
rough surface led to unstable contact during the initial =100 nm and the storage
modulus measurement results showed very high initial values, probably due to a zero-
point error, as discussed for Fig. 4. This zero-point error can be adjusted for
measurements in homogeneous materials, but this is nearly impossible for our
measurements of the heterogeneous surface layer.” Additionally, for this pristine Li
surface, the depth-profiling results exhibited significant stochastic fluctuations in the
storage modulus over the first 200 nm of displacement in Fig. 6b. This fluctuation is
a sign of the heterogeneous nature of the native passivation layer.*® The loss factor
tan 6 in Fig. 6d shows a higher mean value of =0.2 and a maximum of =~ 0.4 between
300 and 400 nm. Since the minimum value remains around 0, a transition zone was
present at this indentation depth for some indents. In contrast, the IL-treated surface
shows fewer stochastic fluctuations for the storage modulus between 100 and 200 nm
(Fig. 6b). For indentation depths greater than 200 nm, the quasi-constant storage
modulus is twice as high for the IL-treated surface (=8-12 GPa) than for the
untreated surface (=5-7 GPa) which is in the same region as for the cut Li in the
previous section and in good agreement with literature values for the corrected elastic
modulus of isotropic polycrystalline lithium (= 7.8 GPa) reported by Herbert et al.*
Different to the EMC-cut Li, the ASEI also influences the storage modulus for higher
indentation depths.

The hardness shown in Fig. 6¢ shows a similar trend as for the cut Li samples.
Both curves show asymptotically decreasing hardness for increasing indentation
depths. Additionally, as for the hardness of cut Li in Fig. 4c, the IL-treated sample
shows higher hardness until =250 nm and shows nearly the same value for
higher indentation depths.

Similar to the loss factor tan 6 for cut Li shown in Fig. 4d, the mean value for tan
0 remains between 0 and 0.1 for the first 150 nm of indentation depth, also indi-
cating a similar behaviour to lightly cross-linked, glassy and crystalline polymers.**
For the IL-treated sample, this is followed by a significant spike and a clearly
observable broad peak up to a mean value of about 0.8 between 150 and 300 nm
indentation depth, signaling the breakthrough of a highly cross-linked sub-layer.*’
The pristine Li did not show a similar peak in tan ¢. For the pristine Li, the mean
value of tan ¢ only exceeded 0.1 between about 320 and 400 nm indentation depth,
up to a mean value of 0.2. Since no significant changes in storage modulus or
hardness could be observed for pristine Li for this indentation depth, the deviation
might only have occurred due to a higher maximum value of a single measurement
and was therefore not considered an indicator for a cross-linked sub-layer.

On the other hand, the sub-layer formed on the IL-treated sample might be the
reason for the increased suppression of dendrite formation shown for Li depo-
sition after IL-treatment of Li surfaces.® It could also be observed that the storage
modulus (Fig. 6b) remained nearly constant after the maximum value for tan
6 which also indicated that the tip indented in bulk Li from then on. Between
approximately 200 and 300 nm indentation depth, the loss factor tané then
decreased linearly with stochastic fluctuations for the IL-treated sample and
remained steady around 0.1 until the maximum indentation depth of 500 nm,
also indicating that no further cross-linked sub-layer was penetrated for higher
indentation depths.
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Atomic force microscopy in ionic liquids

The low-indentation-depth regime, which is unstable in nanoindentation exper-
iments, is probed well by AFM in ILs. The mechanical properties of the SEI formed
in ILs are studied for Li plated on Ni foil in three IL-based electrolytes. The effect
of the additive fluoroethylene carbonate (FEC) and the influence of the concen-
tration of the conduction salt on mechanical properties are evaluated. Two
different ratios of IL Pyr4,FSI and conduction salt lithium bi-
s(trifluoromethanesulfonyl)imide (LiTFSI) were tested, denoted as 9: 1 electrolyte
and 8 : 2 electrolyte. The 8 : 2 electrolyte was also tested with the addition of 5 wt%
FEC additive, denoted as 8:2 + FEC electrolyte. The corresponding morphology
has been previously published.*

The stiffness histograms obtained during the plating process are depicted in
Fig. 7. Fig. 7a illustrates the plating process in electrolyte 9:1. At open circuit
voltage (OCV), the histogram shows a broad peak at about 1600 MPa. Once plating
starts, the histogram features a broad peak between 0 and 1000 MPa, which
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Fig. 7 Evolution of stiffness histograms during lithium plating on Ni foil in electrolytes (a)
Pyri4FSI+ LiTFSI9: 1, (b) Pyri4FSI + LiTFSI 8: 2, and (c) Pyri4FSI + LiTFSI 8: 2 + 5wt% FEC at
a current density of 80 pA cm™2. Depicted is the relative occurrence in percent; bin width
is 10 MPa. Offsets between histograms are (a) 0.015%, (b) 0.02% and (c) 0.01%.
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Table 1 Comparison of AFM and nanoindentation regarding testing conditions, and
spatial and depth resolution

AFM Nanoindentation
Environment Flexible (liquid + vacuum)
Indentation depth Small High
Experimental time Fast Slow
Spatial resolution High (nm) Low (um)

slightly changes its shape during plating. At the end of plating, an additional peak
at stiffness values up to 150 MPa arises.

The stiffness histograms obtained in 8: 2 electrolyte are presented in Fig. 7b.
They are composed of broad peaks between 0 MPa and 1000 MPa. At OCV, the
histogram exhibits two distinctive peaks. Upon plating, the histograms consist of
several narrow peaks that change their position and intensity over time. Starting
from 30 min of plating, the overall shape remains the same; however, the peaks
shift both to lower stiffness values and closer together. This indicates that the size
of the AFM tip increases, which is assumed constant for stiffness calculations.
Thereby, the actual stiffness values are underestimated.

Fig. 7c depicts the histograms of electrolyte 8 : 2 + FEC. The histograms exhibit
a main peak that remains constant in its position around 450 MPa. From 20 min
of plating, the shapes on the histogram are rather unchanged, featuring several
additional peaks with lower intensity.

In comparison, the concentration of the Li salt has a higher impact on the
stiffness histograms, reflecting the mechanical composition of the SEI rather
than the addition of FEC. Both the histograms obtained in electrolytes 8:2 and
8:2 + FEC exhibit similar features with a main peak and several narrow peaks
next to it. In the 9:1 electrolyte, the histograms are very broad with hardly
distinguishable individual peak positions. Furthermore, the histograms obtained
in the 8 : 2 + FEC electrolyte show the least variation in histogram shape and peak
positions. Hence, the FEC additive promotes a mechanically consistent and stable
SEI throughout the plating process. This is also reflected in the morphology.** To
discuss the relation of histogram shape to morphology and dendrite formation in
more detail, further experiments are required. Compared to conventional
carbonate-based electrolytes (Fig. 3c and ref. 11), the stiffness fingerprints of IL
electrolyte 9:1 (Fig. 7a) show the greatest similarities considering the histogram
shapes. The SEIs formed in IL electrolytes 8:2 and 8:2 + FEC exhibit distinctly
differently shaped histograms with more individual peaks. This illustrates the
higher complexity of IL-based electrolytes and resulting reaction products re-
flected in the SEI compared to carbonate-based electrolytes.

Advantages and comparison of AFM and nanoindentation

Both methods, AFM and nanoindentation, demonstrate individual strengths that
complement each other (Table 1). The environment under which both techniques
can be performed is determined by the setup. For setups coupled with optical
microscopy, liquid, ambient or protective gas environments are feasible. Setups
coupled to electron microscopy operate under a vacuum environment. AFM
thrives on locally resolved mapping of the surface morphology and contact
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stiffness and probes the outermost surface layers, which are not easily accessible
by nanoindentation. High sampling rates of less than 0.1 s per force curve and
high spatial resolution can be achieved. Nanoindentation, in contrast, performs
separate indents, which damage the surface morphology. A wide range of
indentation and selective probing of different layers are possible. The technique
requires more than 1 s per indent. The lateral resolution is limited by a distance of
at least 10 times the indentation depth between the indents to avoid crosstalk. A
superimposed oscillation on the indentation allows quasi continuous depth
profiling.

Conclusions

In this work, it is demonstrated that both AFM and nanoindentation are excellent
methods to study the mechanical properties of the SEI layer. Additionally, both
methods complement each other with respect to probing environment, sampling
depth, rate and area. Thereby, a multiscale approach greatly enhances the
knowledge gained about the studied system. The complementarity of both
methods for the SEI formed on Li deposited on a Cu substrate is shown.
Furthermore, we present results on the SEI in advanced electrolytes based on
ionic liquids. The components contributing to the mechanical surface properties
are electrolyte dependent and form independently of the method of SEI forma-
tion. The different plastic behaviours of Li and its surface layer have been
exploited to estimate layer thicknesses. An advanced nanoindentation mode
enables depth-profiling of surface layers.
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