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In Situ Mechanical Analysis of the Nanoscopic Solid
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Mohammadhosein Safari, Marlies K. Van Bael, An Hardy, Markus Valtiner,*

and Frank Uwe Renner*

The interfacial decomposition products forming the so-called solid—
electrolyte interphase (SEI) significantly determine the destiny of a Li-ion
battery. Ultimate knowledge of its detailed behavior and better control are
required for higher rates, longer life-time, and increased safety. Employing an
electrochemical surface force apparatus, it is possible to control the growth
and to investigate the mechanical properties of an SEI in a lithium-ion battery
environment. This new approach is here introduced on a gold model system
and reveals a compressible film at all stages of SEI growth. The demonstrated
methodology provides a unique tool for analyzing electrochemical battery
interfaces, in particular in view of alternative electrolyte formulations and

artificial interfaces.

Obtaining control of the solid electrolyte interphase (SEI) is key
for ultimately advancing the life-time of lithium-ion batteries.%
Yet, the internal structure and composition of this nanoscopic
reduction-product layer is complex. The considerably increasing
requirements for cost, safety, rate capability, and cycle life,
rejuvenate currently the ultimate interest in controlling the
interfacial properties in lithium-ion batteries. Li ions become
immobilized during the SEI formation in the form of various
lithium compounds. Also the rate capability depends critically
on the forming interface layer as well as for example the integ-
rity of the active anode particles. The introduction of electro-
lyte additives that influence the SEI formation on graphitic
anodes!'-3 have improved the battery performance significantly
over the years. Recently, new (composite) Li-alloy anodes offer a

significant increase in stored energy den-
sity compared to state-of-the-art graphitic
materials but pose enormous demands
on the interface stability due to much
larger volume changes. Next to commer-
cially promising Si or Sn alloys, also Ag
or Au are eventually used as coatings and
frequently addressed as model systems.
The continuous degradation of the SEI on
alloying materials has been recognized as
their key problem, currently preventing
their full commercial introduction.f=% A
customized electrochemical surface force
apparatus (SFA) is used here to control
the growth and to investigate the mechan-
ical properties of the SEI in a lithium-ion
battery environment. We utilize in this study Au thin films on
mica, yet any other metal thin film with a film roughness below
the expected film growth, or graphene to mimic graphite basal
surfaces,”) may be used. SFA force spectroscopy on the forming
SEI on Au reveals a compressible film at all stages of growth.
The structure is in line with a thin inorganic-organic inner
rigid layer and an outer polymeric and eventually porous layer
including precipitates. Employing white-light interferometry in
the SFA combined with force spectroscopy, we obtain insight in
the composition and multilayer structure of the SEI and chal-
lenge classic views. The demonstrated methodology provides
a unique tool for analyzing electrochemical battery interfaces,
in particular in view of alternative electrolyte formulations and
artificial interfaces.
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To improve the solid electrolyte interphase on any active
anode material, it is vital to understand its structure, compo-
sition, and formation mechanism. The various factors which
influence the SEI are the chemical parameters such as the type
of electrolyte, active material, binder, and the conductive mate-
rial, but also temperature and battery cycling conditions have
a profound influence. A thorough characterization remains
challenging due to the nanoscopic structure and its inherent
3D inhomogeneity.®-1% The thickness of the forming SEI is a
critical experimental and theoretical parameter!’’-2! and early
models included polyhetero-microphases of inorganic and
organic compounds!'”! and multilayer models!*1¢18l

Experimentally, postmortem sample treatment may heavily
influence measured thicknesses?? as well as risk beam
damage during spectroscopic analysis.?! In situ atomic force
microscopy (AFM)243% is able to directly address thickness
and surface topography and related mechanical analysis but is
hampered by the typical sharp tip geometries even if colloidal
probes are used.’% In contrast, sampling over a diameter of
tens of micrometers, an SFAB!32 enables to analyze both, the
average absolute growth and the mechanical compressibility of
the SEI on an alloying anode material (Figure 1c). During an
SFA experiment, two opposing materials on crossed, cylindrical
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Figure 1. SEI model structures and battery-SFA setup. SEl models
suggested by a) Peled['l and b) Aurbach.l'® ¢) Experimental setup of the
electrochemical surface forces apparatus (SFA), modified for lithium-ion
battery testing (battery-SFA).
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silica or mica disks form an atomically smooth contact and
create an interferometer. The opposing surface is an atomically
smooth gold mirror (or any other metal) in contact with electro-
lyte, prepared using template stripping.l”3! The generated inter-
ference patterns—so-called fringes of equal chromatic order
(FECO)—reveal the distance (AD) between the two mirrors
with a sub-Angstrom resolution as well as the applied forces.
The electrolyte used for our experiments reported here was 1m
LiPFg in ethylene carbonate (EC) equally mixed by volume with
diethylene carbonate (DEC), with additional fluoro-ethylene car-
bonate (10 wt%) and vinylene carbonate (2 wt%). After a dry
contact is established and the SFA-box was filled with battery
electrolyte, two different types of galvanostatic SFA experi-
ments were conducted. In a first approach, the SEI growth was
monitored by manually compressing the interface during the
electrochemical experiment. In the second approach, the gal-
vanostatic current was applied until predefined voltages, i.e.,
different depths of charge (DoC), were reached, after which
force experiments were conducted on the freshly electrochemi-
cally modified surfaces. Thus, the evolution of the mechanical
properties of the SEI revealed by force measurements can be
monitored together with the absolute thickness. The thickness
is sensed by the point of initial compression and the final hard
wall of compressed SEI.

Figure 2 shows the mirror shift together with the directly cor-
responding voltage profile, monitoring the initial SEI growth
on a pristine Au sample surface as measured by the SFA. The
distance between the two mirrors slowly relaxes to finally 4 nm
after the contact is closed, in line with the earlier observed wet-
ting phenomena.”l The galvanostatic experiment is started after
opening the contact between the sample mirror surfaces, and
a constant current of —20 mA is applied. The initial limits of
the voltage were 0.4 and 3.0 V versus Li/Li+, completing the
first discharge. After each cycle, a rest period is maintained for
100 s before the next cycle is commenced. After four cycles,
the lower voltage limit was removed and the current reversed
after 1000 s. Visibly, no electrolyte reduction product deposition
occurs at 2.5 V versus Li/Li+, at the gold electrode during the
initial 4000 s. With the potential then dropping well below 2.5 V
during the first charge cycle, the mirror shift starts to increase
to 12, 16, and then 20 nm, indicating the growth of an SEI.

The existence of a new reaction layer was also confirmed
using X-ray photoelectron spectroscopy (XPS). High-resolution
Au 4f spectra from the Au substrate are displayed in Figure 2b.
At 2.6 and 2.3 V versus Li/Li+, the Au 4f peaks are clearly visible
i,ii). However, at 0.4 V iii) and after one complete cycle iv),
the Au photoelectrons cannot be detected anymore indicating
an electron-blocking film of at least 10 nm. During the first
four cycles, the SEI keeps growing with the SFA intermirror
distances increasing to 27 nm. As the voltage limit is removed,
here in the fifth cycle, the voltage drops to 0.2 V versus Li/Li+
and forms a plateau caused by the lithiation of gold forming
Li-Au alloys.**¥l This lithiation does not occur directly at the
contact spot, but in the less confined direct surrounding. After
minor growth at the beginning of the alloying reaction, the
SEI thickness remains rather stable during the rest of the gold
lithiation. Upon reversing the current, during the dealloying
reaction, the SEI grows an additional 1.5 nm. Finally, an inter-
mirror distance of 33 nm is reached. A typical SEI signature is

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SEI formation followed by in situ SFA and XPS. a) Mirror shift evolution (SEI growth, blue dots) and working electrode evolution of voltage
(red line) during galvanostatic discharge of the Au surface. The colored dots (i-iv: green, blue, orange, and black) correspond with the points at which
the experiment was stopped and the b) high-resolution Au 4f XPS scans were recorded. At similar stages c) extended XPS analysis on a flat gold coated

mica surface was performed.

obtained in extended XPS measurements performed in control
experiments on the same but flat substrates (Figure 2c-ii,iv).
The spectra obtained after electrochemistry in a glovebox and
direct transfer into the XPS setup are identical to previously
reported SEI on Au.

After the manual approach as performed above, the distance
between sample and probe mirror relaxes. The exact approach
curve and relaxing behavior depend on the approach speed
(which is not constant in the manual approach) while the final
hard wall (minimum thickness under maximum compression)
is independent of the movement. Figure 3 shows force—distance
characteristics during well-controlled motorized approach at dif-
ferent DoC. In all five displayed force characteristics, the force
necessary to move the surfaces toward each other increases
until it hits a hard wall. At this point, the two disks cannot be
moved further toward each other, even at higher applied loads.
The position of this hard wall prior to the electrochemical
experiment (at open circuit voltage—red dots) is 4 nm, the
same value which was obtained during the “manual compres-
sion” experiment (Figure 2a) and similar to simple immersion!’!
indicating an electrolyte layering structure. At 2.3 V versus Li/
Li+, the voltage drop due to the SEI formation has just initi-
ated before the experiment was stopped. This results in a slight
increase of the hard wall position at 4.5 nm.

A clear signature for a new compressible film can be recog-
nized in the force—distance characteristic shown in Figure 3a.
In the subsequent force runs, the hard wall position increases
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to 10 nm (at 1.3 V vs Li/Li+), 17 nm (0.5 V), and finally 22 nm
for the starting lithiation, indicating the same growth pattern as
observed in the manual compression shown in Figure 2a. The
total compressibility of the latter SEI films is larger compared
to initial curves and finally constant, indicating the relatively
more important presence of a rigid film component in the
thinner initial layer. Yet, there is a clear compressibility of
the SEI film even in the very initial stage, pointing to a
considerable contribution of polymeric components from the
beginning of the SEI growth. The slopes do allow for the deeper
analysis of the mechanical properties, i.e., the elastic modulus,
but the purpose here is to follow the growth in situ.

The recorded force profiles display three major additive
contributions in line with established interpretations in terms
of the DIVO theory:***’1 1) A long range electric double layer
interaction, 2) a short range interfacial electrolyte layer com-
pression (in other systems also termed as solvation interaction),
and 3) SEI compressibility, as shown in detail in Figure 3b.
During the initial approach at all potentials, an exponential
increase in force is observed until a force of about 0.2 mN m™,
where a sudden change of the exponential slope is observed.
This turning point indicates the start of more structured elec-
trolyte layering.l”! This behavior is due to the compression and
pushout of the molecules in the liquid contact zone, character-
ized by steric repulsion due to electrolyte confinement. Typically
at forces >3-5 mN m™!, a characteristic change of the force
profile indicates SEI compressibility, which does not display a

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. In situ SFA force spectroscopy of SEI and analysis. a) Force
run curves on the SEI on gold-coated mica, taken on different depths of
discharge, indicated by voltage-time curve (inset). b) De Gennes fitting
performed on a force run curve. The gray areas indicate the thickness of
the SEI prior and after compressing. c) SEI thickness values prior and
after compressing are plotted for three different DoC. Model structure
sketches of the SEI d) prior and e) after compression.

constant exponential slope. Specifically, Figure 3b shows the fit-
ting of the force run taken at 0.1 V versus Li/Li+. Here, the SEI
compression part of the force—distance profile can be fitted well
using an empirically modified De Gennes equation®**! for
compressing grafted polymers

9/4 G\
k dG | (P—Dyg
F(D)/R:M}T[%(D_DO )[ﬁ} —;(D—Do )[%J }

N
1)
Here, F(D)/R is the force normalized by the radius, D the

substrate movement (or mirror shift), DJ¢ the shift away from
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the plane of origin, L the compressibility of the polymer, and s
the effective average grafting density, which indicates the
average distance between two anchor points of the polymer
chains on the substrate.

The applicability of De Gennes equation (Equation (1)) is
indeed pointing to grafted polymer structures as a base model
for SEI. A more complex analysis of the data curves obtained
from organic—inorganic composite layers will require the
further development of the theory and is not in the scope of
this communication. Figure 3c shows the SEI thickness at low
load and at highest applied loads. The values of the effective
compressibility L for the force runs performed at 1.3, 0.5, and
0.2 V versus Li/Li+ remain relatively constant at about 23% of
the layer thickness during the very beginning of growth and
slightly higher 27% for the further stages (regions indicated
in Figure 3D), as shown in Figure 3c. Thus, interestingly, no
large difference in early and later growth was obtained by SFA,
which is pointing to a simultaneous evolution from the start of
both the layer interfacing the electrode and the layer close to
the electrolyte. A kinetic analysis of the recorded current pro-
files (shown in Figures S1-S4 in the Supporting Information)
is indicating both organic and inorganic components.

Although the SEI is a complex mixture of inorganic and
organic compounds, it is noteworthy that the obtained effective
grafting density in these force runs (2-3 nm) is very similar to
grafting densities obtained in similar experiments with grafted
polymer brushes. As such, a mostly inorganic mosaic structure
of the SEI can be ruled out even at early stages of growth. On
the contrary, a layered, eventually laterally inhomogeneous SEI
model with a more compact inner interphase and a flexible
outer part does explain the observed force profiles. A number
of different as well as similar models have been suggested
before.[”16-1828] Tn summary, the combined data analysis of in
operando SFA and kinetic data therefore suggests a layered
model as illustrated in Figure 3d.

This result demonstrates that SEIs are to a large volume
fraction polymeric and potentially flexible in nature. Tuning
of polymeric structures will hence provide a viable strategy for
optimizing performance during large volume expansion and
contraction cycles. The proposed methodology will serve as
a unique and valuable new tool for analyzing and ultimately
tuning the mechanical properties of SEI layers by novel addi-
tives or electrolyte formulations. Both compressibility and
average grafting densities along with long-term measurements
may serve as effective parameters for understanding and tuning
the SEI performance over the life-cycle of a battery, from initial
formation to structural changes during extended cycling, and
their mechanical properties can be assessed in real time.

Experimental Section

SFA Setup: A surface force apparatus (SFA-2000, SurForce LLC)
setup was used in this study. Two semitransparent curved disks
were placed in a crossed cylinder geometry in an argon atmosphere
inside an airtight steel box. The top disk was mechanically fixed. The
bottom disk was attached to a spring and displacement mechanics,
which allowed to move the opposing disks into a well-defined contact
at a given force. The contact region can flatten and comply with the
opposing surface due to the glue that was used to fix mica sheets on
the silica disks. During the experiment, white light was guided through

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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these disks, which both had a semitransparent mirror: silver on the
backside of mica, i.e., not in contact with electrolyte, and the gold thin
film working electrode disk. When moved close together, these mirrors
formed an interferometer. The constructive and destructive interference
of the white light at discrete wavelengths led to the generation of the
fringes of equal chromatic order, which were detected by guiding
the interfered light into a grating spectrometer using a set of mirrors. A
typical FECO is shown in Figure Tc, which clearly depicts the flat region
of fringes indicating an extended flat contact region. The FECO allowed
the determination of the intermirror distance with a nominal resolution
of 10-30 pm, i.e., well below 1 A. At the same time, the lateral shape
of the fringes represented an image of a segment of the contact area,
having a lateral resolution of =1.0 um. The flat round-shaped contact
area of the mica—Au setup had a diameter of about 50-100 um. During
the initial contact situation in dry argon atmosphere, the absolute
zero distance (DMS = 0) was defined. In the course of the experiment,
FECOs were recorded at 2 frames per second (fps) and continuously
monitored. A change of the FECO fringe position (which is, in fact,
a wavelength shift AA away from the initial Ag) can be correlated to a
shift in distance, AD, of the opposing mirrors.

Electrochemistry: The electrolyte was Tm LiPFg salt dissolved in
ethylene carbonate equally mixed by volume with diethylene carbonate,
with additional fluoro-ethylene carbonate (10 wt%) and vinylene
carbonate (2 wt%). As a counter and reference electrode, a Li foil was
used.

XPS: The used XPS system at the Department of Physical Chemistry
at the University of Oldenburg was an ESCALAB 250 Xi (Thermo
Fisher) with an Al monochromatic X-ray source. An Ar-filled glovebox
was directly attached to the XPS system in order to measure battery
electrodes after cycling or opening of Swagelok-type cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

B.M. acknowledges travel support by InnoEnergy Ph.D. School. The
authors thank Carsten Dosche for additional XPS support. Furthermore,
the funding of the Escalab250 Xi XPS spectrometer at Carl von Ossietzky
University of Oldenburg by the Deutsche Forschungsgemeinschaft
(INST 184/106-1 FUGG and INST 184/144-1 FUGG) is acknowledged.
B.M. and H.W.C. performed the SFA experiments. C.M. and Q.H. helped
with the experiments and produced thin films. B.M., Q.H., and M.O.
provided XPS measurements. M.V. and F.U.R. conceived and designed
the experiments. M.S. designed and carried out theoretical kinetic
analysis. All authors analyzed data, discussed the results, co-wrote the
paper, and commented on the manuscript.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

Li-ion batteries, polymers, soft matter, solid—electrolyte interphases,
surface force apparatus

Received: January 23, 2019
Revised: March 31, 2019
Published online: June 14, 2019

Adv. Sci. 2019, 6, 1900190 1900190 (5 of 5)

www.advancedscience.com

[1] S.S. Zhang, J. Power Sources 2006, 162, 1379.

[2] N.-S. Choi, K. H. Yew, K. Y. Lee, M. Sung, H. Kim, S.-S. Kim,
J. Power Sources 2006, 161, 1254.

[3] L. Chen, K. Wang, X. Xie, . Xie, J. Power Sources 2007, 174, 538.

[4] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. Aurbach,
Energy Environ. Sci. 2011, 4, 3243.

[5] B. Philippe, R. Dedryvére, |. Allouche, F. Lindgren, M. Gorgoi,
H. Rensmo, D. Gonbeau, K. Edstrém, Chem. Mater. 2012, 24,
1107.

[6] ).-M. Tarascon, Philos. Trans. R. Soc., A 2010, 368, 3227.

[7] B. Moeremans, H.-W. Cheng, Q. Hu, H. F. Garces, N. P. Padture,
F. U. Renner, M. Valtiner, Nat. Commun. 2016, 7, 12693.

[8] A. Augustsson, M. Herstedt, J. H. Guo, K. Edstrom,
G. V. Zhuang, J. P. N. Ross, ). E. Rubensson, J. Nordgren,
Phys. Chem. Chem. Phys. 2004, 6, 4185.

[9] K. Edstrém, M. Herstedt, D. P. Abraham, J. Power Sources 2006,
153, 380.

[10] H. Nakai, T. Kubota, A. Kita, A. Kawashima, J. Electrochem. Soc.
2011, 758, A798.

[11] M. Nie, D. P. Abraham, Y. Chen, A. Bose, B. L. Lucht, J. Phys. Chem.
C 2013, 117, 13403.

[12] A. Xiao, L. Yang, B. L. Lucht, S.-H. Kang, D. P. Abraham,
J. Electrochem. Soc. 2009, 156, A318.

[13] Y.-C. Yen, S.-C. Chao, H.-C. Wu, N.-L. Wu, J. Electrochem. Soc. 2009,
156, A95.

[14] G.V. Zhuang, P. N. Ross, Electrochem. Solid-State Lett. 2003, 6, A136.

[15] L. Zhao, I. Watanabe, T. Doi, S. Okada, J.-i. Yamaki, J. Power Sources
2006, 161, 1275.

[16] P.Verma, P. Maire, P. Novék, Electrochim. Acta 2010, 55, 6332.

[17] E. Peled, D. Golodnitsky, G. Ardel, J. Electrochem. Soc. 1997, 144,
L208.

[18] D. Aurbach, J. Power Sources 2000, 89, 206.

[19] M. B. Pinson, M. Z. Bazant, J. Electrochem. Soc. 2013, 160, A243.

[20] S. Shi, P. Lu, Z. Liu, Y. Qi, L. G. Hector, H. Li, S. J. Harris,
J. Am. Chem. Soc. 2012, 134, 15476.

[21] J. M. Vollmer, L. A. Curtiss, D. R. Vissers, K. Amine, J. Electrochem.
Soc. 2004, 157, A178.

[22] S. Malmgren, K. Ciosek, R. Lindblad, S. Plogmaker, . Kiihn,
H. Rensmo, K. Edstrém, M. Hahlin, Electrochim. Acta 2013, 105, 83.

[23] T. M. Fears, M. Doucet, |. F. Browning, |. K. S. Baldwin, ). G. Winiarz,
H. Kaiser, H. Taub, R. L. Sacci, G. M. Veith, Phys. Chem. Chem. Phys.
2016, 18, 13927.

[24] X.-R. Liu, X. Deng, R.-R. Liu, H.. Yan, Y.-G. Guo, D. Wang,
L.-J. Wan, ACS Appl. Mater. Interfaces 2014, 6, 20317.

[25] L. Wang, D. Deng, L. C. Ley, S. Ng, J. Power Sources 2014, 265, 140.

[26] I. Yoon, D. P. Abraham, B. L. Lucht, A. F. Bower, P. R. Guduru,
Adv. Energy Mater. 2016, 6, 1600099.

[27] C. R. Becker, K. E. Strawhecker, Q. P. McAllister, C. A. Lundgren,
ACS Nano 2013, 7, 9173.

[28] A. Tokranov, B. W. Sheldon, C. Li, S. Minne, X. Xiao, ACS Appl.
Mater. Interfaces 2014, 6, 6672.

[29] A. Tokranov, R. Kumar, C. Li, S. Minne, X. Xiao, B. W. Sheldon,
Adv. Energy Mater. 2016, 6, 1502302.

[30] V. Kuznetsov, A.-H. Zinn, G. Zampardi, S. Borhani-Haghighi,
F. La Mantia, A. Ludwig, W. Schuhmann, E. Ventosa, ACS Appl.
Mater. Interfaces 2015, 7, 23554.

[31] J. Israelachvili, Y. Min, M. Akbulut, A. Alig, G. Carver, W. Greene,
K. Kristiansen, E. Meyer, N. Pesika, K. Rosenberg, H. Zeng,
Rep. Prog. Phys. 2010, 73, 036601.

[32] L. Chai, ). Klein, Langmuir 2007, 23, 7777.

[33] P. Bach, I. Valencia-Jaime, U. Rutt, O. Gutowski, A. H. Romero,
F. U. Renner, Chem. Mater. 2016, 28, 2941.

[34] P. G. De Gennes, Adv. Colloid Interface Sci. 1987, 27, 189.

[35] J. N. lIsraelachvili, Intermolecular and Surface Forces, 3rd ed.,
Academic Press, London 2011.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



