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Solid-electrolyte interphase
nucleation and growth on
carbonaceous negative electrodes
for Li-ion batteries visualized with
in situ atomic force microscopy

SergeyYu. Luchkin®, Svetlana A. Lipovskikh, Natalia S. Katorova, Aleksandra A. Savina,
Artem M. Abakumov & Keith J. Stevenson

Li-ion battery performance and life cycle strongly depend on a passivation layer called solid-electrolyte
interphase (SEI). Its structure and composition are studied in great details, while its formation process
remains elusive due to difficulty of in situ measurements of battery electrodes. Here we provide a

facile methodology for in situ atomic force microscopy (AFM) measurements of SEl formation on
cross-sectioned composite battery electrodes allowing for direct observations of SEl formation on
various types of carbonaceous negative electrode materials for Li-ion batteries. Using this approach,
we observed SEI nucleation and growth on highly oriented pyrolytic graphite (HOPG), MesoCarbon
MicroBeads (MCMB) graphite, and non-graphitizable amorphous carbon (hard carbon). Besides the
details of the formation mechanism, the electrical and mechanical properties of the SEl layers were
assessed. The comparative observations revealed that the electrode potentials for SEl formation differ
depending on the nature of the electrode material, whereas the adhesion of SEl to the electrode surface
clearly correlates with the surface roughness of the electrode. Finally, the same approach applied to a
positive LiNi;3Mn,3Co;,30, electrode did not reveal any signature of cathodic SEI thus demonstrating
fundamental differences in the stabilization mechanisms of the negative and positive electrodes in Li-
ion batteries.

Li-ion battery (LIB) performance, life cycle, and safety strongly depend on interfacial processes in general and
on solid-electrolyte interphase (SEI) in particular'~>. SEI is a product of electrolyte reduction on the negative
electrode (anode) surface, which shifts the electrode potential into the electrolyte stability window* thus prevent-
ing further electrolyte decomposition and stabilizing the electrode/electrolyte interface. The optimal SEI should
possess negligible electrical conductivity and electrolyte permeability, high Li diffusivity, must accommodate
mechanical expansion and contraction stress without cracking and delamination, be insoluble in the electrolyte
in a working range of potentials and temperatures. Poorly formed SEI leads to rapid fade of electrochemical
capacity. Even optimal SEI is suffering from continuous growth during cycling, which consumes Li and increases
cell impedance resulting in gradual fade of capacity and power density’. Above all, in commercial production
the initial SEI formation process is expensive and time consuming?®. Therefore, thorough understanding of SEI
formation mechanism is essential for finding optimal SEI formation protocols, increasing battery performance
and lowering cost.

SEI structure and chemical composition are studied in great details™*”. In contrast, its formation mechanism
remains elusive due to difficulty of in situ measurements of multicomponent battery electrodes®. The SEI forma-
tion is often observed by in situ Atomic Force Microscopy (AFM). Until now most of in situ AFM measurements
were conducted on a basal plane of Highly Oriented Pyrolytic Graphite (HOPG)?~'. However, Li intercalates
through the edge plane, SEI on which must determine battery properties to higher extent than the basal plane
SEL It is known that SEI composition*!®17 and a first cycle capacity loss'®-2° depend on type and quality of carbon
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which determines the edge to basal plane ratio. Earlier salt reduction at the edge plane favors larger content of
inorganic components in a SEI"'¢2122, Preferential solvent reduction on the basal plane at lower potential vs.
Li*/Li determines larger organic content in the SEI'. Besides, the SEI growth and structure depend on binder
material?**%. To the best of our knowledge, only two in situ AFM measurement of SEI formation were reported
on a composite electrode comprised of graphite powder mixed with polyvinylidene difluoride (PVDF) binder
and a conductive additive: (1) in 1997% authors reported difficulties of such measurements, and (2) in 2017
the imaging quality was not enough to observe SEI formation due to rough surface and AFM tip contamination.

Not only anodic SEI but also cathodic electrolyte interface (CEI) is under ongoing investigation especially
relevant for emerging high voltage materials, where 4.7 V vs. Li*/Li oxidation potential of common organic elec-
trolytes may be surpassed. Different mechanisms underlying the first cycle irreversibility in layered oxides have
been discussed, including formation of CEI?’~*4, side reactions*, and structural transformations**%. The experi-
mental results are still sparse due to absence of model samples such as HOPG and due to difficulty of in situ AFM
measurements of powder samples.

Here we provide a facile methodology for in situ atomic force microscopy (AFM) measurements of SEI forma-
tion on cross-sectioned composite battery electrodes allowing for direct observations of SEI formation on various
types of carbonaceous negative electrode materials for Li-ion batteries. Using this approach, we observed SEI
nucleation and growth on highly oriented pyrolytic graphite (HOPG), MesoCarbon MicroBeads (MCMB) graph-
ite, and non-graphitizable amorphous carbon (hard carbon). Besides the details of the formation mechanism,
the electrochemical and mechanical properties of the SEI layers were assessed. The comparative observations
revealed that the electrode potentials for SEI formation differ depending on the nature of the electrode material,
whereas the adhesion of SEI to the electrode surface clearly correlates with the surface roughness of the electrode.
Finally, the same approach applied to a positive LiNi, sMn,;;Co,,;0, electrode did not reveal any signature of
cathodic SEI thus demonstrating fundamental differences in the stabilization mechanisms of the negative and
positive electrodes in Li-ion batteries.

Electrochemical cell

In order to measure SEI formation on cross-sections of composite battery electrodes in situ in AFM, we designed a
new electrochemical cell on the basis of a liquid perfusion cell capable to measure bulky samples. Figure 1 schemat-
ically illustrates a standard AFM electrochemical cell and the new one. In the standard cell (Fig. 1(a)) a flat sample is
clamped at the bottom of the cell body, sealed by an o-ring, and connected as a working electrode (WE) to an exter-
nal potentiostat/galavanostat. The cell body with counter (CE) and reference (RE) electrodes is filled with an electro-
lyte and a cantilever is immersed into the electrolyte bath for scanning. The cell body is typically made of Polyether
ether ketone (PEEK) and Polytetrafluoroethylene (PTFE), which possess high chemical resistance to a wide range of
chemical compounds. This cell configuration allows measurements only on flat samples such as HOPG.

In the new cell (Fig. 1(b)) measurements are performed in the electrolyte meniscus formed between the sam-
ple and the cantilever holder. Thus the sample may be bulky and does not require sealing by an o-ring, which
allowed us to use cross-sections of composite battery electrodes embedded in epoxy resin. The epoxy resin fixes
the composite electrode sample, and its polished surface additionally serves as a support for the electrolyte menis-
cus and the reference and counter electrodes. The meniscus is formed by injecting the electrolyte through the
tubing fixed from the top in the window of the cantilever holder.

Influence of sample preparation on the surface state
After preparation of the cross-sections, described in details in the Methods section, we analyzed to what extent
the polished surface is equal to the untreated surface of the original powder. Figure 2 illustrates normalized
Raman spectrum for HOPG, MCMB, and HC. The fresh HOPG basal plane gave intense G-band and no D-band.
The Ar ion beam polished edge surface of the HOPG gave additional D-band with the G- to D-band area ratio
equal 1.2. D and G bands from HC were similar from the pristine powder, ball-milled powder, the mechanically
polished surface after the final polishing with the active oxide polishing suspension (OP-S, Struers), and the ion
beam polished surface. On the pristine MCMB powder the D- to G-band ratio was 8.4. After the ball milling its
ratio dropped to 2. After the mechanical polishing the D- to G-band ratio dropped to 0.8 and after the ion beam
polishing slightly increased to 1.5. Both the HOPG and the MCMB possessed the 2D bands, while the HC did not.

The results show that the HC surface after the ball milling, mechanical, and ion beam final polishing closely
resemble the pristine powder surfaces. On the contrary, the ratio of basal to non-basal planes on the MCMB
surface (correlates with the G- to D-band ratio'®) strongly drops already after the ball milling, which is an inher-
ent step of the battery electrode production. Additional mechanical polishing further slightly reduces this ratio,
and the following ion beam polished slightly increases it, making similar to the ion-beam polished HOPG edge
plane. Overall, on the MCMB the polished surface resemble the ball milled one which is utilized in a commercial
battery. Taking into account that the SEI composition on the HOPG edge plane, hard carbon, and soft carbon
is similar with somewhat smaller content of salt reduction products in the soft carbon SEI?, the SEI from the
cross-sections must be more representative for real battery SEI than the SEI from the basal plane HOPG.

Due to higher roughness of the ion beam polished samples for further study we used the OP-S polished samples.

In situ SEl formation on HOPG, MesoCarbon MicroBeads (MCMB) graphite, and hard
carbon (HC)

Figure 3 shows comparative cyclic voltammetry (CV) curves and corresponding in situ AFM images of the
HOPG, MCMB, and HC surface before, during, and after cycling. The HOPG was used as a reference sample. Its
freshly cleaved surface shown in Fig. 3(a) is the graphite basal plane with small fraction of edge sites along step
edges. The MCMB and HC samples shown in Fig. 3 (d,g), respectively, are cross sections of composite electrodes
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Figure 1. Schematic illustration of a standard (a) and the new (b) AFM electrochemical cells. In the standard
cell the flat sample (a-1) is fixed and sealed at the bottom of the cell (a-2). The cell body is filled with the
electrolyte and the cantilever is immersed in the electrolyte bath (a-3) for scanning. In the new cell the sample
(b-1) is embedded into epoxy resin (b-2), polished/cross-sectioned (b-3), connected to the substrate by a
conductive silver or carbon paint (b-4), and installed into an AFM. The cantilever is positioned above the
sample (b-5), and the electrolyte is injected through the tubing to form the meniscus between the sample and
the cantilever holder (b-6). The images were created in Blender 2.8 software (https://www.blender.org/).

made of powder mixed with polyvinylidene difluoride (PVDEF) binder and Super P carbon black embedded in
epoxy resin. Being rougher than the HOPG, such cross sections are sufficiently flat for AFM imaging.

During the first CV cycle on HOPG, SEI was detected along step edges at 0.8 V and on the basal plane at 0.5V
(Fig. 3(c-4)). This process is associated with the first current peak at 0.8-0.3 V. At about 0.4 V the SEI merged into
a uniform layer and its topography remained stable during further cycling. Figure 3(b) shows the formed SEI after
the first CV. Apart from the SEI we observed blisters with lateral size up to 2 pm and height up to 35 nm. During
the second CV (dashed line in Fig. 3(c)) the SEI morphology did not change and the 0.8-0.3 V current peak was
3 times smaller.

The observed earlier SEI nucleation at the edge carbon sites is in agreement with previous studies showing that
the edge plane possess higher electrocatalytic activity than the basal plane??, which facilitates earlier salt reduc-
tion and favors larger content of inorganic components such as LiF, Li,0, and Li,COj; in a SEI in LiPF4-containing
electrolyte"'® and higher thickness®. Preferential solvent reduction on the basal plane at lower potential vs. Li*/Li
determines larger organic content in the SEL

Likewise, blistering is a typical phenomenon in ethylene carbonate (EC)-based electrolytes®®™*!. It is caused by
cointercalation of electrolyte molecules and trace water into graphite structure and consequent gas evolution on
the cathodic scan*?. Indeed when we used water contaminated electrolyte and observed a water reduction current
peak at 1.3 V4% blistering was more intense and particularly active on the cathodic cycle (Supplementary Fig. 1).

On the MCMB sample the SEI nucleation was detected at about 0.9V of the first CV cycle (Fig. 3(f-4)). At
0.6 V the SEI formed a uniform layer, which stabilized at about 0.3 V. The process is associated with the current
peak at 1.0-0.4 V. The formed SEI morphology remained stable during further cycling. During the second CV
(dashed line in Fig. 3(f)) the SEI morphology did not change and the current peak was almost 5 times smaller.

Because the MCMB graphite particle is a mixture of nanosized regions with different orientations, the edge to
basal sites ratio on the surface is much larger than on HOPG, which naturally explains the 0.9V SEI nucleation
potential - close to the step edge SEI nucleation on the HOPG. Consequently, we can expect more inorganic
fraction in the SEL
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Figure 2. Raman spectroscopy of HOPG (a), MCMB (b), and HC (c) samples after different surface treatment.
Ratio of area below D and G bands is indicated. For the HC ball milling, mechanical, and ion beam polishing
did not significantly change surface state and the corresponding Raman spectrum. For the MCMB ball milling,
mechanical, and ion beam polishing resulted in increased D-band intensity and corresponding increase of the
amount of non-basal planes of graphite.

On the HC sample distinct but loosely bound surface deposit appeared at about 1 V. It was permanently
scraped off by the cantilever until a complete SEI layer was formed at about 0.4 V (Fig. 3(i-4)). Its topography fur-
ther remained unchanged. The process was associated with the gradual current increase on the stage 4 (Fig. 3(i))
without distinct anodic peak. A larger area scan after the first CV (Fig. 3(h)) revealed partial SEI delamination on
the particles on the left hand side. Thickness of the delaminated SEI was about 70 nm. After the second CV the
SEI morphology remained unchanged but more rough atop the delaminated regions (Supplementary Figure 2).

Similarly to the edge plane of graphite, disordered structure of hard carbon facilitates its electrocatalitic activ-
ity and results in SEI composition similar to one on the edge plane of HOPG and graphite?. However, we repro-
ducibly observed SEI formation at about 0.4V vs. Li*/Li. We suggest that due to flat surface of hard carbon
(Rms = 1.4nm) and weak adsorption, the inorganic products of salt reduction were removed from the surface by
the AFM tip even in the gentle tapping mode, which was manifested as the loosely bound surface deposit in the
1.0-0.4 V range. The appearance of organic products of electrolyte reduction below 0.5V must have enhanced
adhesion and allowed SEI anchoring on the HC surface.

The samples with formed SEI were gently washed in dimethyl carbonate in order to remove remaining salt,
and dried in the Ar filled glovebox. The SEI then was scratched by a stiff (98 N/m spring constant) diamond
coated conductive cantilever with 100 nm tip radius in a conductive AFM mode. The moment of reaching carbon
through the SEI was detected by onset of electric current at 0.5V electric bias applied between the sample and
the cantilever. Such approach allows excluding misinterpretation of the dense lower SEI layer with the electrode
surface.

Figure 4 illustrates topography and current maps of the samples during scratching with the applied force
increasing from top to bottom. The SEI was scraped off when the force reached 1.9 uN on HOPG and 4.1 uN on
MCMB and on HC. This difference is naturally explained by the fact that the SEI formed on edge plane sites of
MCMB and on disordered sites of HC is rich in inorganic salt reduction products, while the SEI on the HOPG
basal plane is rich in polymer products™'¢. Moreover, when the force exceeded the threshold value, the SEI readily
peeled off from the HC (Fig. 4(a,b)) and from HOPG (Fig. 4(e,f)), showing smooth edge on the current maps,
while on the MCMB graphite the edge was rough (Fig. 4(c,d)). It suggests that the SEI is better bound to the rough
surface of MCMB than to smooth surface of the HC and the basal plane of HOPG.

SEM characterization of SEI cross-sections

The washed samples with SEI were transferred in a sealed vial to another N, filled glovebox with a physical vapor
deposition chamber installed inside, where a 100 nm thick Al coating was deposited on the samples in order to
protect the SEI from exposure to atmosphere during transition into the Helios PFIB G4 UXe dual beam system.
During the deposition the samples’ temperature did not exceed 60°C.

Figure 5 illustrates cross-sections of the samples exposing host electrode material (HOPG, HC, and MCMB),
SEI layer, protective Al coating, and Pt layer deposited prior to focused ion beam milling. On the HOPG we can
clearly distinguish a blister (Fig. 5(a,b)) and delaminated SEI (Fig. 5(a—c)). The delamination was probably caused
by vertical tension stress developed during blistering. The SEI is integral with thickness about 45 nm. On the HC
the SEI in about 90 nm thick - twice thicker than on the HOPG basal plane - and possess smooth interface with
HC. Partial SEI delamination is observed in Fig. 5(g). On the MCMB the SEI is about 90 nm thick - similar to the
HC. However, the SEI/MCMB interface is drastically different: the SEI fills pits in porous graphite surface and
thus is pinned to the surface. Such interface structure must reinforce the SEI/MCMB contact and reduce possibil-
ity of delamination. It is also consistent with the AFM scratching results — Fig. 4(d) - and correlates with surface
roughness: root mean squared (Rms) roughness of the fresh in situ scanned regions of 4 x 4um? of HOPG, HC,
and MCMB are 0.1 nm, 1.4 nm, and 3.2 nm respectively. Thus, sufficiently rough surface of particles benefits
stronger contact with SEIL.
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Figure 3. CV curves and corresponding AFM topography images recorded on HOPG (a-c), MCMB graphite
(d-f), and hard carbon (g-i) in 1 M LiPF, in EC/DMC=50/50 (v/v) electrolyte solution at 2mV/s cycling rate
vs Li*/Li. HOPG before (a) and after (b) cycling. MCMB graphite before (d) and after (e) cycling. Hard carbon
before (g) and after (h) cycling. 4 x 4 um squares in (a,b), (d,e), and (g,h) depict in situ scan areas shown in (c),
(), and (i) correspondingly as 1-9. White arrows indicate SEI nucleation.

In situ AFM investigation of NMC 111 surface during cycling

Using our approach, we performed in situ electrochemical AFM measurements on a cross section of a composite
cathode made of LiCo,;5Ni;;sMn,;0, (NMC 111) powder mixed with PVDF binder and Super P carbon black.
Figure 6 shows a cyclic voltammetry (CV) curve and corresponding AFM images of the NMC 111 surface before,
during, and after cycling. We did not observe SEI formation or any deposit on the surface in the whole 3.0-4.5V
potential range. Instead, comparison of Fig. 6(a,b) revealed changes in morphology of secondary particles, asso-
ciated with anisotropic lattice contraction caused by Li deintercalation from NMC 111 particles (more details in
Supplementary Fig. 3). The CV curve demonstrates a partial current peak associated with Li deintercalation from
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Figure 4. Topography and current maps of hard carbon (a,b), MCMB graphite (c,d), and HOPG (e,f) obtained
during scratching the SEI layer with a diamond coated conductive cantilever in the conductive AFM mode.

Numbers with arrows indicate force at which and place where the SEI was scraped off, which corresponds to the
current onset.
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Figure 5. Scanning electron microscopy images of FIB cross sections of HOPG (a-c), MCMB graphite (d-f),
and HC (g-i) samples with SEIL The SEI on HC and MCMB is about two times thicker than on HOPG. On the
MCMB the SEI is additionally rooted into porosity.

NMC 111 and low and broad intercalation current, different from the macroscopic CV. The latter may be due to
flat electrode geometry and size effect*®.

Conclusion

In this work we proposed a new methodology for in situ atomic force microscopy (AFM) measurements of SEI
formation on cross-sectioned composite battery electrodes allowing for direct observations of SEI formation
on various types of carbonaceous negative electrode materials for Li-ion batteries. Using this approach, we
observed and compared SEI nucleation and growth on highly oriented pyrolytic graphite (HOPG), MesoCarbon
MicroBeads (MCMB) graphite, and non-graphitizable amorphous carbon (HC). We found that under given
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Figure 6. CV curve and corresponding AFM topography images recorded on LiCo,;;Ni,;sMn,;0, in 1 M LiPF,
in EC/DMC =50/50 (v/v) electrolyte solution at 2mV/s cycling rate vs Li*/Li. LiCo,;5Ni,;;Mn, 50, before (a)
and after (b) cycling. 4 x 4um squares in (a) and (b) depict in situ scan areas shown in (c).

experimental conditions SEI on the edge sites of HOPG nucleated at about 0.8 V and on the basal plane sites at
about 0.5V. On the MCMB graphite SEI appeared at 0.8-0.9V and on HC at about 0.4 V with the preliminary
weakly bound deposit at about 1 V. The SEI on both MCMB and HC were twice thicker - 90 nm vs 45nm - and
mechanically stronger — 4.1 pN vs 1.9 uN - than the SEI on HOPG. These findings are in good agreement with
previous studies showing that SEI on the edge plane is rich in inorganic salt reduction products, while the SEI on
the basal plane is rich in polymer products. Moreover, we found that smooth SEI/HOPG and SEI/HC interface
is prone to delamination, while rough SEI/SG interface is less so due to SEI penetration into surface porosity.
Finally, the same approach applied to a positive LiNi, sMn,;;Co,,30, electrode did not reveal any signature of
cathodic SEI thus demonstrating fundamental differences in the stabilization mechanisms of the negative and
positive electrodes in Li-ion batteries.

Methods

Materials synthesis. The layered cathode material LiNi, ;Co,,3Mn;,;0, (NMC 111) was synthesized by cal-
cination of the precursor prepared using a co-precipitation method. First, a 2 M aqueous solution of Mn?*, Ni**,
and Co?" was prepared from NiSO,-6H,0 (RusKhim), MnSO,-H,O (RusKhim), and CoSO,-7H,0 (RusKhim)
in a 1:1:1:stoichiometric ratio. The solution was pumped into a Batch reactor (20L) under N, atmosphere. At the
same time, an alkali solution with 2 M Na,CO; (RusKhim) and 0.3 M NH,OH was also dropped into the reac-
tor. The pH value, temperature, and stirring speed were carefully controlled. Then, the co-precipitated particles
were obtained after filtering, washing with deionized water, and drying at 90-110°C in a vacuum oven. Finally,
LiNi, 5Co,;3Mn, 30, was prepared by annealing the dried precursor with 6% excess of LiOH-H,O (RusKhim) at
500°C for 5h in air, and then at 850 °C for 12h in air.

The hard carbon (HC) powder was prepared by a hydrothermal synthesis from D-glucose (Sigma Aldrich,
>99.5%) followed by pyrolysis. 9 g of D-glucose was mixed with 0.1 g of pectin (Souzopttorg, ARA104) and dis-
solved in 25 ml of deionized water. The mixture was placed in a Teflon lined stainless steel autoclave reactor with
addition of 2ml polytetrafluoroethylene solution (PFTE: Sigma Aldrich, 60 wt. % dispersion in H,0) and the
synthesis was performed at 180 °C for 8 hours. The obtained powder was centrifuged, washed in deionized water,
dried in air, and finally annealed in a tubular furnace with Af flow at 1200 °C for 5h.

MesoCarbon MicroBeads (MCMB) D-10 graphite powder was purchased from Gelon Lib Group.

Materials characterization. The LiNi,;;Co,,;Mn,;;0, powder was characterized by X-ray diffraction using
a Huber G670 Guinier diffractometer (CoKal radiation (A= 1.78892 A), curved Ge(111) monochromator,
image plate detector). To determine the lattice parameters, the Le Bail decomposition was carried out using the
JANA2006 software. The XRD spectra is presented in Supplementary Fig. 4.

The hard carbon powder was characterized by scanning electron microscopy using Quattro S ESEM (FEI) and
Raman spectroscopy using DXRxi Raman Imaging Microscope (Thermo Fisher Scientific). The results presented
in Supplementary Fig. 5 illustrate a characteristic round particle of hard carbon and its Raman spectra with
D-band (defect-induced) and G-band (crystalline graphite) peaks at ~1353 cm™' and ~1585 cm™! respectively.

Raman spectroscopy on the HOPG, pristine powders, and cross-sections was performed using DXRxi Raman
Imaging Microscope (Thermo Fisher Scientific) using the 532 nm laser.

Sample preparation. MCMB, HC, and NMC 111 powders were separately mixed with PVDF and super P
carbon black conductive additive in 80:10:10 mass ratio in N-Methyl-2-pyrrolidone (NMP) solvent and homog-
enized in a ball mill (Spex 8000 M) for 20 minutes. The slurry was deposited onto a polyimide tape (Kapton) and
dried in a vacuum oven at 50 °C overnight. Small pieces (up to 5 x 5mm) of the dried composite electrodes were
delaminated from the polyimide substrate by a tweezer and placed in a mold, which was made by cutting a piece
of a silicone tubing with 10 mm internal diameter. The mold with the electrode was filled with a bisphenol A/F
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epoxy resin HT2 with hardener HT2 (R&G Faserverbundwerkstoffe GmbH, Germany), placed in a vacuum oven
for vacuum infusion in order to fill porosity in the electrodes, and cured under ambient conditions according
specification. Diameter of the mold was chosen considering size of a sample stage of the AFM.

After curing and hardening the samples were mechanically polished on a SiC sand paper (25um and 10 um
particle size), diamond suspension (3 um and 0.25 um particle size), and OP-S silica suspension (Struers, 40 nm
particle size) consequently. The last step provides high quality surface comparable with one obtained after chem-
ical etching”’. (Additional cross-sectional samples for Raman imaging were further polished by an Ar ion beam
(Leica EM RES102) with a 10 min cleaning step at 10° and a 15 min polishing step at 4°.) The polished samples
were carefully washed in deionized water, dried in a stream of N,, and fixed from the bottom side on a steel sub-
strate with conductive silver paint. The perimeter of the samples on the substrate was additionally sealed with
bisphenol A/F or TorrSeal epoxy resin in order to prevent accidental electrolyte leak to the contact and dissolu-
tion of the silver paint. After transfer to the glove box, the samples’ surface was additionally washed with DMC.
The HOPG ZYA sample was fixed on a steel substrate in the same way. Fresh surface was exposed before meas-
urements by peeling off the top layer by a scotch tape. The prepared samples are shown in Supplementary Fig. 6.

Bisphenol A/F epoxy resin was chosen considering its electrochemical stability in the 1 M LiPF4 in EC/
DMC = 50/50 (v/v) electrolyte solution. Bisphenol A is used for sealing microelectrodes for electrochemical
applications*®*. Additional Bisphenol F reduces viscosity of the epoxy resin. The epoxy resin was thoroughly
tested before measurements. First, the embedded samples were stored for 2 weeks in the closed vial filled with the
electrolyte solution without visible changes. Second, 4 coin cells with the NMC 111 cathode and Li anode were
assembled: 2 with and 2 without pieces of epoxy inside (weight of the epoxy pieces (=3 mg) was comparable to
the weight of the active NMC 111 powder (4.1 mg)). The cells were cycled between 2.8 V and 4.2V at 0.3C-rate for
30 cycles. Resulting potential profiles and capacity were similar for cells with and without epoxy (Supplementary
Fig. 7).

In situ AFM measurements. In situ AFM measurements were performed in a tapping mode using Cypher
ES microscope (Asylum Research, Oxford Instruments) installed inside an Ar filled glove box (MBraun) with
0,<0.1 ppm and H,0 < 0.1 ppm. A Si cantilever with 140 kHz resonance frequency and 0.6 N/m spring constant
was mounted in a liquid perfusion cantilever holder and installed in an environmental sample cell. Before meas-
urements the cantilever was washed with acetone and deionized water. An external potentiostat/galavanostat
(BioLogic SP 150) was connected to the microscope. The samples were connected as working electrodes and a
Li foil was connected as a reference and a counter electrode in a two electrode configuration. The cantilever was
brought to a distance of 100 um from the sample surface. Commercial battery grade electrolyte solution (1 M
LiPF in EC/DMC=50/50 (v/v)) (Sigma Aldrich) was injected between the sample and the cantilever holder by
a syringe via a polyethylene tubing until it formed a meniscus between the sample and the fused silica window
of the cantilever holder. After that the cantilever was lander on the sample surface and the measurements were
performed with 512 x 512 pixels resolution. The detailed setup is illustrated in Supplementary Fig. 8.
AFM images were processed using Gwyddion software.

Scanning electron microscopy. Scanning electron microscopy (SEM) images were obtained using
Thermo Scientific Helios PFIB G4 UXe dual beam system in secondary electrons (SE) mode. The accelerating
voltage was 5kV and 20kV, electron beam current was 0.1 nA. A sample tilt of cross-section images was 52°.

Sample cross-sections were obtained by focused ion beam (FIB) under high vacuum. First, a Pt protective
layer was deposited at 12kV and 1nA on top of the Al cover layer. Then, cross-sections were milled at 30kV and
4nA. Finally, the cross-sections were cleaned at 30kV and 0.3 nA in order to obtain a smooth surface.

Data availability

The data are available from the corresponding author upon reasonable request.
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