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ABSTRACT: An operando bimodal atomic force microscopy system was constructed
to perform nanomechanical mapping of an amorphous Si thin film electrode deposited
on a Li6.6La3Zr1.6Ta0.4O12 solid electrolyte sheet during electrochemical lithiation/
delithiation. The evolution of Young’s modulus maps of the Si electrode was
successfully tracked as a function of apparent Li content x in lithium silicide (LixSi)
simultaneously with real-time surface topography observation. At the initial stage of
lithiation, the average modulus steeply decreased due to the generation of LixSi from
intrinsic Si, followed by a moderate modulus reduction until the electrode capacity
reached 3300 mAh g−1 (Li content x = 3.46). In the following delithiation, the gradual
recovery of the average modulus of LixSi was observed up to 1467 mAh g−1 (Li
content x = 1.54) at which delithiation stopped due to the significant volume change
induced by phase transformation of LixSi.

Li-ion batteries (LIBs) are the most mature energy storage
technologies in electric vehicles and portable electronic

devices due to their high energy densities and low self-
discharge rates.1−3 Unfortunately, conventional LIBs still suffer
from safety issues because of the employment of flammable
liquid organic electrolytes.4 In this regard, research efforts have
been devoted to the development of all-solid-state Li-ion
batteries (ASSLIBs), which demonstrate relatively high
chemical safety, low flammability, and wide electrochemical
potential windows due to the substitution of liquid organic
electrolytes with solid-state electrolytes.5−7

Toward the high-performance next-generation batteries,
silicon is considered one of the most promising candidates
as an anode material for both conventional liquid-type
LIBs8−11 and ASSLIBs,12,13 due to its extremely high
theoretical specific capacity density at room temperature
(3579 mAh g−1) and low lithiation/delithiation potential
(∼0.4 V vs Li+/Li).14−18 Nevertheless, Si undergoes severe
volume expansion/contraction during electrochemical lithia-
tion/delithiation, resulting in poor cycle and rate performance
of the electrode.12,19 These phenomena are caused by the
changes in the lattice structure as well as phase transitions in Si
upon the insertion/release of Li ions, leading to cracking,
pulverization, and fracture of the particles and/or electro-
des.20,21 For these reasons, several fabrication techniques to
produce Si anodes with improved electrode performance and
cycle life have been developed, including the slurry-based
synthesis approach,13 spray deposition,12 electrophoretic
deposition,22 electron-beam evaporation,23 pulsed-laser depo-
sition,24 and magnetron sputtering.25

Recently, an operando X-ray photoelectron spectroscopy
(XPS) study on amorphous Si thin film electrodes revealed the
formation of amorphous lithium silicide LixSi (0 < x < 3.5) and
a metastable crystalline Li15Si4 phase throughout the first
lithiation up to x = 3.5, followed by the phase transition of
crystalline Li15Si4 to the amorphous phase in the successive
delithiation.26 The reversible capacity of lithiation/delithiation
cycles up to the formation of Li3.5Si where the phase transition
occurs, was more rapidly decayed than that of Li2.4Si where the
phase transition does not occur. Thus, the local mechanical
stress caused by the phase transition from crystalline Li15Si4 to
amorphous LixSi is considered a primary factor of relatively
rapid capacity fading. The nanomechanical properties of LixSi
species depends on the Li content x which is changed by the
lithiation/delithiation.21 Further, the heterogeneity in the
mesoscale distribution of LixSi can induce local mechanical
stresses within the particles and/or electrodes, especially when
the two-phase regions are involved.16,27,28 Those multiscale
physicochemical events significantly affect the bulk mechanical
properties of the electrode and macroscale cell performance, as
predicted by numerical simulations and machine learning
studies.29 Therefore, it is very important to clarify and manage

Received: October 27, 2023
Revised: December 30, 2023
Accepted: January 3, 2024

Letterpubs.acs.org/JPCL

© XXXX The Authors. Published by
American Chemical Society

490
https://doi.org/10.1021/acs.jpclett.3c03012

J. Phys. Chem. Lett. 2024, 15, 490−498

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 I
N

ST
 F

O
R

 M
A

T
L

S 
SC

IE
N

C
E

 (
N

IM
S)

 o
n 

Ja
nu

ar
y 

11
, 2

02
4 

at
 0

1:
29

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ridwan+P.+Putra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyosuke+Matsushita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsuyoshi+Ohnishi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takuya+Masuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.3c03012&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03012?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03012?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03012?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03012?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03012?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


such nanomechanical events in order to mitigate mechanical
degradation and the failure of the electrodes.
To date, several studies have been carried out to quantify the

mechanical properties of LixSi. Theoretical studies on the bulk
moduli of amorphous and crystalline LixSi by the first-
principles calculations show elastic modulus reduction/gain
with increasing/decreasing Li content x in LixSi.

21,28 The
decrease in the bulk modulus of LixSi with increasing Li
content x is attributed to the structural transformation upon
Li-ion insertion.21

Zeng et al. (2013) experimentally measured the bulk
modulus of a metastable polycrystalline Li15Si4 phase using in
situ high-pressure synchrotron X-ray diffraction (XRD) at
room temperature. The modulus obtained from their study
follows a linear relationship with the modulus of pure Li and
Si.30 Meanwhile, the bulk moduli of crystalline Li12Si7 and
Li7Si3 evaluated using the same technique exhibit a nonlinear
behavior with respect to the ratio of Li to Si.31 Using an ex-situ
nanoindentation technique, Hertzberg et al. (2011) studied the
Young’s moduli of Li0.6Si, Li1.08Si, Li2.06Si, and Li3.75Si upon the
first lithiation of a nanocrystalline Si electrode film. The
measured moduli are in line with a linear rule of mixtures up to
a Li fraction of 0.375, while a constant modulus is attained
when the Li fraction is within the range 0.52−0.67.32

Nonetheless, using the currently available techniques, it is
difficult to elucidate the changes in the mechanical properties
of various LixSi species under electrochemical lithiation and
delithiation, which are essential in the design and fabrication of
highly durable electrodes. Thus, only a few experimental
studies on the mechanical properties of various LixSi species
have been reported, possibly due to the challenges of
experimental techniques and difficulties in obtaining stable
LixSi phases under ambient conditions.
Atomic force microscopy (AFM) is a powerful tool for

revealing real-time morphological evolution and physicochem-
ical properties of a wide variety of solid surfaces33−38 including

battery materials.39−44 Recent breakthroughs, known as the
bimodal AFM, enables a nondestructive nanomechanical
property mapping for a wide range of Young’s modulus (1
MPa−200 GPa) simultaneously with surface topography
imaging at a high-speed and high-spatial resolution by
detecting the changes of amplitude and frequency of excited
first and higher eigen-mode resonant vibrations of canti-
lever.45,46 Previously, our group applied this technique to
perform nanomechanical mapping of composite LiCoO2 and
graphite electrodes composed of active materials, binders, and
conductive agents. The nanoscale moduli of the electrode
materials in the pristine and fully charged states were
successfully distinguished and quantified from the acquired
Young’s modulus maps.44 Using the same method, Yang et al.
(2021) investigated the topographic and nanomechanical
evolutions of LiMn2O4 cathode films upon several charge/
discharge cycles to study the degradation mechanisms of the
materials.47 In these studies, the ex-situ characterizations were
performed after several electrochemical treatments and
disassembly of the cells, which may lead to misinterpretation
of the actual phenomena taking place in the electrodes due to
the sample inhomogeneity under different probed areas and
voltage relaxation during sample transfer to the measurement
apparatuses.48,49

Therefore, here we developed an operando bimodal AFM
system to carry out nanomechanical mapping of an amorphous
Si thin film electrode in an all-solid-state battery configuration
during the first electrochemical lithiation and delithiation. The
Young’s modulus was selected to represent the nano-
mechanical property of the electrode because it indicates
how strain develops in the electrode when a certain amount of
force is applied.44,50 The changes in the Young’s modulus maps
of the Si electrode were successfully observed simultaneously
with topography images in real-time, and the average Young’s
moduli of the Si electrode at different Li contents x in LixSi
were quantitatively determined.

Figure 1. Schematic illustration of the cross-section-exposed Cu/Si/LLZT/In/Li cell mounted on a custom-made sample holder coupled with a
potentiostat for operando nanomechanical mapping on bimodal AFM.
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A Cu/Si/Li6.6La3Zr1.6Ta0.4O12 (LLZT)/In/Li cell was
prepared following the protocol described earlier with a few
modifications.26,51 Initially, one side of a 500 μm thick garnet-
type LLZT solid electrolyte sheet (Toshima Manufacturing
Co., Ltd.) was sandblasted with 220 grit alumina powder to
obtain a rough surface. After annealing at 700 °C for 2 h, the
LLZT was immersed in an aqueous solution saturated with
LiOH for 1 h to remove the resistive species, e.g., LiOH and
Li2CO3.

14 Amorphous Si thin film with a thickness of 3 μm
was deposited on the sandblasted side of the LLZT solid
electrolyte sheet by radio frequency magnetron sputtering
under Ar atmosphere. Cu layer with a thickness of 100 nm was
subsequently deposited on the Si thin film by direct current
sputtering and used as the current collector. Afterward, a thin
In layer (5 nm) was sputter-deposited on the other side of the
LLZT electrolyte to yield a sample with a structure of Cu/Si/
LLZT/In. Prior to combining the Cu/Si/LLZT/In sample
with 50 μm thick Li metal (Honjo Metal Co., Ltd.), the cross-
section of the sample was polished using an Ar-ion beam to
obtain the flat and smooth Cu/Si/LLZT/In cross-section
required for AFM analysis.
The cross-section polishing of the Cu/Si/LLZT/In sample

was performed on a Hitachi ArBlade-5000 at accelerating and
discharge voltages of 8.0 and 2.0 kV, respectively, for 3 h. The
sample was initially placed on the sample holder, with a Ti
mask facing the Cu side of the Cu/Si/LLZT/In sample; thus,
the Cu layer was the first layer milled by the Ar-ion beam. The
Ti mask was cooled to −100 °C using liquid nitrogen
throughout the milling process. The cross-section-exposed Cu/
Si/LLZT/In sample was subsequently combined with Li metal
to yield a cell with a configuration of Cu/Si/LLZT/In/Li.
Here, the Si film and Li metal worked as the working and
counter electrodes, respectively. Prevention of damage to cells
during ion milling is one of the challenges in the present work.
A few typical failures are shown in the Supporting Information.
The cross-section-exposed Cu/Si/LLZT/In/Li cell was

mounted on a custom-made sample holder made of stainless-
steel before being inserted into the bimodal AFM instrument
(Cypher ES, Asylum Research, Oxford Instruments), as
illustrated in Figure 1. Appropriate confining pressure was
applied by a metal screw when sandwiching the Cu/Si/LLZT/
In/Li cell between the stainless-steel plates. The sample holder
was connected to a potentiostat (SP-50, BioLogic Science

Instruments) for the bias applications during lithiation/
deltihation. All the experiments were conducted inside an
Ar-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) to avoid
any oxygen and moisture contaminations.
The operando nanomechanical mapping was performed

during the first lithiation and delithiation of the Si thin film
electrode within a potential window of 0.01−1.20 V. The
potentials reported in this study were measured against the
Li+/Li reference.
The galvanostatic potential profiles of the Cu/Si/LLZT/In/

Li cell in the first lithiation/delithiation carried out within a
potential window of 0.01−1.20 V are shown in Figure 2a. The
first lithiation was started at a low constant current density of
14.59 μA cm−2 (0.005 C) for 25 h from the open circuit
potential (OCP, 0.35 V), followed by the application of a
higher constant current density of 29.19 μA cm−2 (0.010 C)
until 0.01 V. Subsequently, the successive delithiation was
performed at a constant current density of 29.19 μA cm−2

(0.010 C) up to 1.20 V. The upper axis indicates the apparent
Li content x in LixSi, estimated from the integrated electrical
charge at the bottom axis during lithiation/delithiation and the
number of Si atoms present in the thin film electrode. The first
lithiation capacity density of the Si electrode was 3300 mAh
g−1 (Li content x = 3.46), which is close to the theoretical
capacity at room temperature (3579 mAh g−1) of a Si
electrode.16,52 In addition to the measured capacity density, the
shape of galvanostatic profile during the first lithiation is
comparable to our previous study employing Si/LLZT/Li cell
with a thinner amorphous Si film of ca. 95.0 nm, despite
increased film thickness.26,51

Although the first lithiation capacity of the Si electrode
reached 3300 mAh g−1, the successive delithiation capacity
observed in this study was only 1833 mAh g−1 (=3300−1467
mAh g−1, Li content x = 1.54). The cause of the low
delithiation capacity is the incompletion of delithiation, most
likely due to the decrease in confining pressure of the cell
sandwiched by the sample holder, which was induced by a
significant volume change during the delithiation. Thus, the
delithiation in this study stopped at a potential of ∼0.41 V
where the phase transformation of crystalline LixSi to
amorphous takes place, as discussed in the following section.
Figure 2b shows the negative and positive dQ/dV curves of

the thin film electrode during the first lithiation and

Figure 2. (a) Galvanostatic profiles and (b) generated dQ/dV curves during the first lithiation/delithiation of the Si thin film electrode in the Cu/
Si/LLZT/In/Li cell.
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delithiation, respectively, obtained from the differentiation of
the smoothed galvanostatic profiles in Figure 2a. Two sharp
peaks observed at 0.27 and 0.26 V in the negative dQ/dV curve
are attributed to the two-step lithiation process of amorphous
Si electrode to amorphous LixSi.

11,53 A positive dQ/dV peak
was detected at 0.27 V in the negative dQ/dV curve, probably
due to the transition from lower to higher current densities in
the first lithiation. Further lithiation of the Li-poor to -rich
amorphous LixSi phase was characterized by a broad peak
observed at 0.10 V.53 At a potential of 0.05 V, a small peak
corresponding to the transformation of amorphous LixSi to
crystalline Li3.75Si was detected.16,53 The presence of an
overlithiated crystalline phase, Li3.75+δ (δ = 0.2−0.3), was also
observed, as indicated by a shoulder at 0.02 V in the negative
dQ/dV curve.54

The positive dQ/dV curve shows a single sharp peak at 0.41
V, which corresponds to the phase transition of crystalline
Li15Si4 to amorphous LixSi.

53,55 The generation of crystalline
Li15Si4 phase in the first lithiation, followed by the phase
transformation of the Li15Si4 to amorphous LixSi in the
subsequent delithiation, may induce a significant volume
change and decrease in confining pressure within the thin film
cell, resulting in the incompletion of delithiation at this stage.
The topography imaging and nanomechanical mapping were

performed on the cross section around the Si/LLZT interface
using a Si cantilever (AC160TSA) with spring constants of
23.93 and 772.2 nN/nm for the first and second eigenmodes,
respectively. The LLZT was used as an internal standard to
calibrate the acquired Young’s modulus maps, as the contact
radius of the tip and sample (R) tends to change throughout
the scanning, which can affect the measured Young’s modulus
values.45 The measurement was conducted over a scan size of 8
μm × 2 μm at a scan rate of 0.1 Hz. The amplitude

modulation-frequency modulation (AM-FM) mode of the
bimodal AFM was employed to acquire Young’s modulus maps
simultaneously with the topography images, and the effective
Young’s modulus (Eeff) was extracted using the Hertz contact
model with a flat punch, as justified in eq 1, where R indicates
the contact radius of the tip and sample, k1, Q1, A1,free, A1,set,
and θ1 are the spring constant, quality factor, free oscillation
amplitude, set point amplitude, and phase of the first
eigenmode of the cantilever, while k2, Δf 2, and f 2 are the
spring constant, frequency shift, and frequency of the second
eigenmode of the cantilever.45,56 Prescanning treatment was
performed on a “dummy” scan area for 12 h before the main
experiment in order to stabilize the tip−sample contact radius.
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Young’s modulus of the sample (Es) was determined using eq
2, where vt is Poisson’s ratio of the tip, Et is Young’s modulus
of the tip, and vs is Poisson’s ratio of the sample.45,56
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Here, Young’s modulus of the tip was assumed to be 150 GPa,
while Poisson’s ratios of the tip and sample were assumed to be
0.17 and 0.26, respectively.44,57−59 The images presented in
this work were processed and analyzed using modified Igor Pro
6.38B01 with Asylum Research 16.26.229 add-on and/or
ImageJ software.60

As mentioned above, the Young’s modulus maps were
calibrated using the bulk modulus of LLZT as the internal
standard.45 The calibration was carried out using modified Igor

Figure 3. Topography images and Young’s modulus maps of the Si thin film electrode in the Cu/Si/LLZT/In/Li cell during the first lithiation. The
masked areas indicate the boundaries of the Si/LLZT.
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Pro 6.38B01 with Asylum Research 16.26.229 add-on,
employing the Hertz contact model with a flat punch tip, as
eqs 1 and 2.45,56 The bulk modulus of LLZT was initially
measured on a nanoindenter (iNano Nanoindenter, KLA-
Tencor) using a Berkovich pyramidal diamond tip, and Oliver
and Phar method was used to extract the bulk modulus from
the recorded load−displacement curves.61 From the measure-
ments, it was found that the bulk modulus of LLZT was in the
range 100−150 GPa, which is consistent with the values from
the literature.62 Here, a Young’s modulus value of 130 GPa was
selected as the modulus of LLZT to perform the calibration on
the acquired Young’s modulus maps. We assumed that there is
no significant change in the Young’s modulus of LLZT
throughout the first lithiation and delithiation of the Si
electrode.
Figure 3 shows the topography images and Young’s modulus

maps simultaneously recorded throughout the first lithiation
from x = 0 up to x = 3.46 in LixSi. The topography images
show the roughening of the Si surface with increasing Li
content x in LixSi, due to the expansion accompanying with
lithiation. The average size of the Si particles was found to
increase from 167 nm in Si to 446 nm in Li3.46Si. Meanwhile,
the shift of the Si/LLZT interface toward the Li counter
electrode was also observed, most likely due to the expansion
of the Si electrode film and/or the contraction of the Li
electrode during the first lithiation.63,64

Calibrated Young’s modulus maps of the Si thin film
electrode suggest spatially nonuniform Young’s modulus
reduction with increasing Li content x in LixSi. In general,
the areas with low Young’s modulus values, indicated by the
red color, tended to increase as more Li was inserted into the
Si thin film. The nonuniform distribution of Young’s modulus
at each measurement point can be attributed to the variation of
thermal drifting of the tip and contact area between the tip and
surface during the AFM measurements, as well as the
inhomogeneous reaction distribution due to the use of
sputter-deposited amorphous Si.
Some spherical particles with relatively low modulus values

were observed on the surface of the LLZT solid electrolyte.
These particles may be the LixSi particles exfoliated from the
electrode that are dragged and dropped by the AFM tip
throughout the measurement. Occasionally, some areas in the
Young’s modulus maps were not successfully acquired. Hence,

the calibration of the Young’s modulus maps was carried out
by omitting the soft particles present on the surface of LLZT,
which was used as the internal standard,45 in addition to the
unsuccessfully mapped areas and Si/LLZT boundaries. The
average Young’s modulus of the Si electrode at different Li
content x was calculated from the average measured modulus
of the Si surface at the cross-section.
The average Young’s moduli of the Si thin film electrode

throughout the first lithiation were plotted as a function of Li
content x in LixSi to estimate the trend of elastic modulus
change with increasing x, as shown in Figure S4. As the
modulus of the Si electrode generally decreases with increasing
x, we assume that there are some potential outliers. Therefore,
standardized residual (SR) analysis was performed to identify
the outliers,65,66 and the measured moduli with |SR| > 3, 2.5,
and 2 were excluded from the data set. The average moduli of
the Si thin film electrode throughout the first lithiation with
outliers (|SR| > 2.5) excluded are presented in Figure 4a. The
average modulus of pristine Si measured in the present work is
within the range of acceptable modulus of pure Si reported in
the literature,21,28,67−69 confirming the reliability of Young’s
modulus measured by this technique. In the initial stage of
lithiation, in the range of Li content x = 0−0.37, the modulus
steeply decreased due to the formation of LixSi from pristine
Si, followed by a moderate modulus reduction with a further
increase in Li content x. A similar phenomenon was observed
in our previous operando XPS study in the first electrochemical
lithiation of amorphous Si electrode; the peak position
corresponding to pristine bulk Si 2p shifted to lower binding
energy steeply in the range of Li content x = 0−0.13, and then
moderately.26 Those initial drastic changes of Young’s modulus
and Si 2p photoelectron peak position are attributable to the
difference in electronic structures of pure Si and LixSi.

21,70

The changes in the contact radius R of the tip and sample
during the first lithiation are presented in Figure 4b. The R
varied from 0.73 to 1.89 nm, which were within the range to
perform nanomechanical mapping by the bimodal AFM
(within a few nanometer).45 The moduli of various LixSi
species from this study are also consistent with those obtained
from theoretical calculations.21,28

The topography images and calibrated Young’s modulus
maps of the Si electrode in the successive delithiation are
shown in Figure 5. The nanomechanical mapping was

Figure 4. (a) Average Young’s moduli of the Si thin film electrode after calibration using LLZT as an internal standard and (b) contact radius of the
tip and sample during the first lithiation of the Si thin film electrode in the Cu/Si/LLZT/In/Li cell with outliers (|SR| > 2.5) excluded.
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conducted only up to Li content x = 1.54 in LixSi because the
delithiation stopped at this level possibly due to the mechanical
failure induced by phase transformation of crystalline Li15Si4 to
amorphous LixSi.

26 No significant changes were observed in
the topography of the Si electrode. Calibrated Young’s
modulus maps of the Si electrode during the first delithiation
showed gradual recovery of the elastic modulus in the areas at
which the lithiation took place during the first lithiation. In
general, the average modulus of LixSi increases with decreasing
Li content x in LixSi during delithiation, although the
fluctuation in the recorded values were observed (Figure 5).
This is probably due to the coexistence of crystalline Li15Si4
and amorphous LixSi

26 and/or the loosening of cell

sandwiched by two metal plates (see Figure 1), resulting in
less accurate measured modulus values.
Figure 6a summarizes the average Young’s moduli of the Si

electrode throughout the successive delithiation from Li
content x = 3.46 up to x = 1.54 in LixSi, with outliers (|SR|
> 2.5) excluded. The whole measured moduli during the
delithiation and the moduli with outliers (|SR| > 3 and 2)
excluded are available in the Supporting Information (Figure
S5). The measured modulus values of the LixSi throughout the
subsequent delithiation are also consistent with the values
obtained from theoretical calculations.21,28 The changes in the
contact radius R of the tip throughout the first delithiation

Figure 5. Topography images and Young’s modulus maps of the Si thin film electrode in the Cu/Si/LLZT/In/Li cell during the first delithiation.
The masked areas indicate the boundaries of the Si/LLZT.

Figure 6. (a) Average Young’s moduli of the Si thin film electrode after calibration using LLZT as an internal standard and (b) contact radius of the
tip and sample during the first delithiation of the Si thin film electrode in the Cu/Si/LLZT/In/Li cell with outliers (|SR| > 2.5) excluded.
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(Figure 6b) were also recorded, and the values were within the
normal contact radius range.45

In summary, we developed an operando bimodal atomic
force microscopy (AFM) system to carry out nanomechanical
mapping of an amorphous Si thin film electrode during
successive lithiation/delithiation. Quantitative Young’s mod-
ulus maps of the Si electrode were successfully acquired
simultaneously with real-time cross-sectional surface top-
ography images of the electrode. The average modulus of the
Si electrode was in good agreement with those reported in the
literature. This technique can be applied for a wide range of
battery materials not only in an all-solid-state configuration but
also in a liquid-type cell to clarify the mechanism of mechanical
degradation initiated by phase transition and volume change in
nanoscale accompanied by changes in mechanical property,
which is crucial in the design of highly efficient and durable
LIBs.
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