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ABSTRACT: Solid electrolyte interface (SEI) is “the most
important but least understood (component) in rechargeable Li
ion batteries”. The ideal SEI requires high elastic strength and can
resist the penetration of a Li dendrite mechanically, which is vital
for inhibiting the dendrite growth in lithium batteries. Even though
Li,CO; and Li,O are identified as the major components of SEI,
their mechanical properties are not well understood. Herein, SEI
related materials such as Li,COj; and Li,O were electrochemically
deposited using an environmental transmission electron micros
copy (ETEM), and their mechanical properties were assessed by in
situ atomic force microscopy (AFM) and inverse finite element
simulations. Both Li,CO; and Li,O exhibit nanocrystalline
structures and good plasticity. The ultimate strength of Li,CO,
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ranges from 192 to 330 MPa, while that of Li,O is less than 100 MPa. These results provide a new understanding of the SEI and its

related dendritic problems in lithium batteries.
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atomic force microscopy (AFM), finite element simulations

B INTRODUCTION

Lithium ion batteries (LIBs) have been extensively used in
portable electronics and electrical vehicles. When the anode
such as graphite or lithium (Li) contacts the electrolyte in
LIBs, it reacts with the electrolyte instantly to form a surface
layer referred to as solid electrolyte interface (SEI),'~"" which
is considered to be “the most important but least understood
(component) in rechargeable Li ion batteries”,* "¢ as it is the
Liion transport gateway and always keeps changing during
battery cycling."' An effective SEI layer can not only protect
the anode from further reacting with the electrolyte, thus
improving the coulombic efficiency and preventing capacity
decay, but also restrict dendrite formation and mitigate short
circuits of batteries. It is suggested that the Li dendrite growth
may initiate from the pinhole or facture of the SEI layer, which
then pierces through the separator or the SEI to reach the
cathode, causing a short circuit of LIBs.>'%*3 Additionally, the
fracture of SEI exposes new anode surfaces to the electrolyte,
causing a further reaction between the anode and the
electrolyte, which leads to electrolyte consumption and
capacity decay. Therefore, understanding the mechanical
properties of the SEI is critical to improve battery performance
and mitigate dendrite grow‘ch.”’1> Nevertheless, there are no in
situ transmission electron microscopy (TEM) studies on the

mechanical properties of SEI due to the lack of appropriate
experimental platforms currently.

It is generally accepted that the SEI is composed of two
distinct layers: a thin, dense layer of inorganic species close to
the electrode side, and a thick, soft layer of organic and
polymeric compounds close to the electrolyte side." "% It is the
mechanical strength of the inorganic layer mainly composed of
Li,O, Li,CO;, and LiF that plays a critical role in preventing
the fracture of the SEI upon cycling and restraining the
penetration of Li dendrite, thus mitigating capacity decay and
failure of the batteries. However, little is known so far about
the mechanical properties of Li,O, Li,COj, and LiF. Using an
aberration corrected environmental transmission electron
microscopy (ETEM), we successfully synthesized a series of
Li,CO; and Li,O nanorods and then conducted in situ
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measurements to advance our understanding of the mechanical
properties of the SEI related materials.

We constructed an electrochemical mechanical device
(EMD) comprising a carbon nanotube (CNT) cathode
adhered to a conducting atomic force microscopy (AFM)
tip, a Li anode, and a naturally formed Li,O or Li,CO; solid
electrolyte.'®'” It is very difficult to decompose the Li,CO,
electrolyte covered on the bulk Li anode under normal
electrochemical conditions, which is actully a major issure in
the metal—air battery, as with poor electronic (4.4 X 107 S
em™') and ionic (1077 S:em™) conductivity,'® once the
Li,COs; is formed on the surface of the air cathode, it blocks
further electron and ion transport of the air cathode, thus
shutting off the electrochemical reaction.'”*’ The attachment
of the CNT was performed inside the TEM: first, a CNT was
aligned with the AFM tip, then the CNT was anchored to the
AEM tip by electron beam induced carbon deposition,”' and
finally, the CNT was cut off by the electron beam at the other
end opposite to the AFM tip. The growth of Li,O or Li,CO;
nanorods was conducted under an Ar or CO, atmosphere,
respectively, using the CNT in the EMD as a template. In the
O, atmosphere, Li,O, was deposited on the surface of the
CNT via the reaction 2Li* +2¢~ +0, — Li,0,.* In
comparison, when Ar was injected into the ETEM column,
only a small amount of residual oxygen in the ETEM chamber
participated in the reaction, and Li,O was formed via the
reaction 4Li* +4e” +0, — 2Li,0.”> When CO, was injected
into the ETEM column, the Li,CO; formation was attributed
to an electrochemical reaction via 4Li* +4e~ +3CO, —
2Li,CO; + C.*° The CNT acted as a mixed ionic and
electronic conductor (MIEC) as reported previously.”* If we
replace CNT with a MnO, nanowire, Li,CO; was also
deposited on the surface of the MnO, nanowire relatively
quickly.”” However, the Li,CO; layer was relatively thin and it
was difficult to deposit a thicker Li,COj layer. The obtained
Li,O or Li,CO; nanorods were then compressed by the piezo
manipulator in the EMD for determining their mechanical
properties.

B EXPERIMENTAL SECTION

Synthesis of Arc-Discharged CNTs. The CNTs used in this
study were prepared by an electrical arc method. The anode was an
asphalt derived carbon rod, and the cathode was a high purity
graphite electrode. To facilitate the collection of CNTs and improve
the purity, a wire net was placed on the top of the two electrodes in
the chamber and the distance between the wire net and the electrodes
was about 5 cm. The buffer gas pressure was set in the range of 0.04—
0.05 MPa during the arc discharge experiment; meanwhile, the DC
voltage and current for arcing were controlled at 18—20 V and 60—80
A, respectively. By manually advancing the anode that was consumed
during the experiment, the distance between the two electrodes was
kept at about 1-3 mm.*'

In Situ Growth of Li,O and Li,CO; Nanorods. The in situ
growth of Li,O and Li,CO; nanorods were conducted in an
aberration corrected ETEM (FEI, Titan G2, 300 kV), which permits
gas flows into the sample chamber up to 20.0 mbar. In the
experiment, a solid state nanobattery consisting of a Li anode, a Li,O
or Li,CO; electrolyte, and a single nanotube or nanowire as the
cathode was set up using a TEM scanning tunneling microscopy
(TEM STM) holder (Pico Femto FE F20). A high purity Ar or CO,
(99.99%) was introduced into the ETEM chamber with a pressure of
1.0 mbar. The generation of Li,O and Li,CO; was achieved via the
electrochemical reactions 4Li* + 4e” + O, — 2Li,O and 4Li"* + 4e™ +
3CO, — 2Li,CO; + C, respectively.”®>* The charge and discharge

voltages were precisely controlled by a potentiostat (PiciFemto V3ST,
produced by Anhui Zeyou Technology Co., Ltd.).

In Situ Characterization of the Deformation Behaviors of
Li,O and Li,CO; Nanorods. To measure the mechanical strength of
Li,O and Li,CO; nanorods, we created a homemade AFM ETEM
device, in which a Si AFM cantilever was installed onto one end of the
AFM ETEM sample holder. We first welded a short CNT onto the
AFM tip by electron beam induced carbon deposition. After that, a
piece of Li metal scratched onto an aluminum (Al) tip was mounted
onto the other end of the TEM holder (Pico Femto FE F20) inside a
glove box filled with dry Ar. Then, the holder was sealed in an airtight
bag filled with dry Ar and transferred into the ETEM. The total time
of air exposure was less than 2 s, which limited the oxidation of metal
Li. Prior to the experiment, high purity CO, (99.99%) or Ar (99.99%)
was introduced into the specimen chamber with a pressure of 1.0
mbar. Controlled by the piezoelectric tube of the holder, the Li metal
attached Al tip can be driven to move toward the AFM tip. When the
CNT on the AFM tip and Li metal were connected, an external
negative bias was supplied to the AFM tip to facilitate the growth of
Li,CO; or Li,O nanorods. Once the Li,COj; or Li,O nanorods grew
to a certain length, a compression test was carried out by the
movement of the piezoelectric tube of the holder toward the AFM tip.
The generated force induced not only the deformation in the Li,CO,
or Li,O nanorods but also the deflection of the AFM cantilever, thus
permitting real time measurements of the stress caused in Li,CO; or
Li,O. During the experiment, a beam stopper was inserted into the
field of view as the reference for displacement measurements of the
Li,CO; or Li,O nanorods and AFM tip. As the AFM cantilever length
(520 um) is much larger than the deflection of the cantilever (<$
um), a linear relationship between the displacement of the AFM tip
AX and the force applied on the nanorods F was assumed to be F = k
X AX, where k (in the range of 0.1—40 N m™!) is the stiffness of the
AFM cantilever that was purchased from the Bruker Company. With
the measurements of the diameter and thus the cross sectional area, A,
of the Li,COj; or Li,O nanorods through in situ TEM imaging, the
axial compressive stress, o, generated in the nanorods during
compression and the corresponding compressive strength were
determined by ¢ = F/A. To verify the accuracy of our measurement
system, benchmark experiments were conducted by measuring the
mechanical strength of individual single crystal Ag pillars.'® The
difference between the results obtained from our AFM ETEM system
and a commercial mechanical testing TEM sample holder (Hysitron
PI 95) is about +4.6%, demonstrating the high accuracy of our AFM
ETEM testing system. This information was provided in our previous
paper.'

Identification of Mechanical Properties with Inverse Finite
Element Simulations. During the compression test, the nonuniform
geometry of the as grown nanorods can lead to the variation of stress
distribution in the nanorods. In addition, the compression force
always caused localized deformation in the nanorods close to the
point that they contact the AFM tip. This is mainly due to the stress
concentration of the contact surface and the tapered geometry of the
nanorods during compression experiments. To more accurately
estimate the mechanical properties of the nanorods, inverse finite
element simulations were conducted to simulate the compression
behaviors of the nanorods. By systematically tuning the input material
parameters to enable the simulation obtained force—compression
curve to match the experimentally measured one, the mechanical
properties, such as Young’s modulus, yield stress, and plastic
hardening, can be derived. For simplicity, the elastic—plastic
deformation behavior with multilinear isotropic hardening was
assumed for all of the nanorods. The models for different nanorods
were built referring to their TEM images, and the compressive loading
was applied according to the pertinent experimental conditions. To
mimic the compression induced bending as well as buckling behaviors
of the nanorods, geometric imperfections were introduced into the
models via a linear superposition method of the corresponding
buckling eigenmodes.
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Figure 1. In situ electrochemical growth and characterization of a Li,CO; nanorod. (a) Schematic of the AFM ETEM setup for in situ studies of
the mechanical properties of electrochemically deposited Li,CO; nanorods in a CO, ambiance. A CNT was attached to the conductive AFM tip by
electron beam deposition of carbonaceous material and used as the cathode; a sharp Al needle scratched Li was used as the anode; and the naturally
formed Li,COj; on the Li surface was used as an electrolyte. (b) TEM image showing a CNT attached to a flattened AFM tip. (c—g) Time lapse
TEM images of a Li,CO; nanorod growth along a CNT by the electrochemical reaction in a CO, atmosphere. (h) The selected area electron
diffraction (SAED) shows diffraction rings superimposed on a diffused amorphous background, indicating that Li,COj is polycrystalline with poor
crystallinity. (i) Growth rate—time plot of the Li,COj nanorod. Low loss (j) and core loss (k) electron energy loss spectroscopy (EELS) confirm
that the deposited materials are Li,COj;. The low loss EELS (j) features a major plasmon peak at 21.3 eV with a shoulder peak at 13.5 eV, both of

which are consistent with that of Li,COs.

B RESULTS AND DISCUSSION

Figure la shows the schematic of the AFM ETEM setup for in
situ studies of the mechanical properties of electrochemically
deposited Li,CO; nanorods in a CO, ambiance. A CNT
adhered to a conducting AFM tip by electron beam deposition
of carbonaceous material was used as a cathode; a sharp Al
needle attached with scratched Li was adopted as an anode;
and the naturally formed Li,COj; on the Li surface was used as
an electrolyte. As shown in the bright field TEM image in
Figure 1b, a CNT was attached to a flattened AFM tip. The
time lapse TEM images in Figure lc—g display a CNT
templated growth of a Li,CO; nanorod with a length of 676
nm and a diameter of 61 nm (Figure S1, and Movies S1 and S2
in the Supporting Information).

The formation of Li,COj; is from the following electro
chemical reaction: 4Li* + 4e~ + 3CO, — 2Li,CO; + C.*° The
Li,COj; layer grows intimately onto the CNT with a growth
rate increasing linearly with time initially and then slowing
down (Figures 1i and Sl1i). It is difficult for the as grown
Li,CO; layer to decompose at room temperature when a
reverse bias is applied."” The selected area electron diffraction
(SAED, Figures 1h, Sle, and S2b) of the nanorod exhibits

diffraction rings superimposed on diffuse amorphous back
ground, in which the former is indexed as monoclinic Li,CO,
(JCPDS no. 83 1454), and the amorphous background
indicates the presence of amorphous materials in the nanorod.
The lattice fringes of the high resolution transmission electron
microscopy (HRTEM) images of the nanorods are identified
as Li,CO; and amorphous carbon (HRTEM, Figure S1f).
Electron energy loss spectroscopy (EELS, Figures 1jk and
S1gh) further confirms that the nanorod is Li,CO;. It is worth
noting that, according to SAED, the major product is suggested
to be Li,CO;.

The obtained Li,CO; nanorods were then used for
compression tests. Figure 2a shows the schematic of the
AFM ETEM setup for in situ compression of the Li,CO;
nanorod. When the Li,COj; nanorod is pushed upward by the
piezoelectric tube of the holder, the AFM cantilever is bent
accordingly with a tip displacement of AX, generating a force
exerted on the Li,CO; nanorod by the AFM tip to compress it
from its initial length of L to L — AL, leading to the strain of
AL/L in the nanorod. Figure 2b shows a tapered nanorod with
the upper and lower diameters of about 338 and 254 nm,
respectively. The SAED of the Li,CO; nanorod (Figure S2a)
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Figure 2. In situ compression of a Li,CO; nanorod and the corresponding simulated stress—strain distributions. (a) Schematic diagram of the
AFM ETEM device for in situ compression of the Li,CO5 nanorod. (b) In situ compression experiment of a Li,CO; nanorod. (c) The nanorod
fractured at the end of compression. (d) High magnification image of the fractured nanorod in (c). (e) Experimental (red) and simulated (blue)
force—compression curves of the Li,CO; nanorod shown in (b). Simulated time series snapshots of the effective stress (f) and effective strain (g)
contours of the Li,CO; nanorod during compression (corresponding to 1—8 in (b)).

exhibits diffraction rings superimposed on an amorphous
background (Figure S2b), and the diffraction rings can be
indexed as Li,CO; The dark field image indicates that
nanograins are dispersed in the amorphous matrix (Figure
S2c). When the nanorod is pushed upward by the piezoelectric
manipulator, the AFM cantilever is displaced upward (Figure
2b and Movie S3), forcing the nanorod to be compressed and

eventually fractured near the bottom (Figure 2c). As shown in
Figure 2d, the inner CNT core is pulled out after fracturing of
the nanorod and the surface of the CNT is very smooth,
suggesting a sword in sheath failure mode. With the stiffness
constant k = 40 N m™! for the Si AFM cantilever, the force F
exerted on the AFM tip can be calculated according to Hook’s
law: F = k X AX.”> As the amount of compression of the
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Figure 3. In situ compression tests of Li,O nanorods and the corresponding simulated stress—strain states. (a) In situ compression test of a Li,O
nanorod. (b) Experimental (red) and simulated (blue) force—compression curves of the Li,O nanorod shown in (a). Simulated time series
snapshots of the effective stress (c) and effective strain (d) in the Li,O nanorod during compression (corresponding to 1—8 in (a)). (e) In situ
compression experiment of a Li,O nanotube. (f) Experimental (red) and simulated (blue) force—compression curves of the Li,O nanotube shown
in (e). Simulated time series snapshots of the effective stress (g) and effective strain (h) contours in the Li,O nanotube during compression

(corresponding to 1-8 in (e)).

nanorod (AL) was directly measured from the TEM images, a
force—compression curve, the red curve shown in Figure 2e,
can be obtained with the corresponding experimentally
measured data provided in Table S1 in the Supporting
Information. Based on the geometry of the nanorod and the
loading scheme, finite element simulation was conducted to
derive the material properties inversely. By tuning the input
material parameters, when the stress—strain data listed in
Table S2 was adopted, the force—compression curve obtained
from the simulation (the blue curve in Figure 2e) can match
the experimental one well. The simulated evolutions of the
effective stress and effective strain of the Li,CO; nanorod
during compression are shown in Figure 2f,g, respectively. It
can be clearly seen that the localized stress and strain occurred
near the location that the nanorod contacts the AFM tip. With
the compression of the nanorod, high level stress and strain
appeared in the whole nanorod. Before the fracture of the

nanorod, both the top and bottom regions of the nanorod
underwent high level stress of up to 192 MPa.

Figure S3 and Movie S4 show the compression test of
another short Li,CO; nanorod with a diameter of ~54 nm and
a length of ~191 nm. In this case, the inner CNT is already
pulled out (Figure S4), leaving an empty core in the nanorod.
During the compression test, the nanorod was first compressed
(Figure S3a—d) and then bent severely out of the vertical
direction (Figure S3d—g). No strain contrast was observed
during the compression experiment. After the release of the
load, the nanorod retained the bent morphology and the top of
the rod was significantly flattened, indicating that the nanorod
underwent large plastic deformation during the test. In
addition, the nanoscale pores contained in the pristine as
deposited nanorod (Figure S1 and Movie S2) disappeared
after compression. According to the force—compression curve
shown in Figure S3h (with the experimentally measured data
listed in Table S3), the force increases almost linearly from
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point a to point d, and then almost flatten out from point d to
point f due to the bending induced large plastic deformation.
Using the force at point d, the ultimate strength can be
estimated as ~330 MPa. It should be noted that for this
particular nanorod, the CNT was already pulled out, and
therefore, its mechanical strength was not affected by the
presence of the CNT. The in situ TEM tensile test was
performed on the deposited Li,COj; nanorod using the AFM
ETEM device. As shown in Figure SS, cracks appear at the
bottom of the nanorod when the stretching limit is reached
(Figure SSc). The nanorod broke from the crack with further
stretching (Figure S5d). The tensile strength of Li,CO; was
found to be 188 MPa.

To minimize the electron beam effect, we also conducted
compression experiments in the annual dark field (ADF)
mode, and a typical example is shown in Figure S6. The
nanorod was buckled during compression (Figure S6b) and
then fractured into two pieces (Figure S6c), with its cross
section clearly visible (Figure S6d,f). Such large buckling of the
nanorod again indicates good plasticity of the as deposited
Li,CO; nanorod. The SAED (Figure S6g) shows weak
diffraction rings superimposed on a strong amorphous
background, suggesting poor crystallinity of the nanorod.

Adopting a similar approach to grow Li,COj; nanorods, Li,O
nanorods were also synthesized by electrochemical deposition
in an Ar atmosphere (Figure S7a—e and Movie SS). The
obtained Li,O was confirmed by SAED (Figure S7f) and EELS
(Figure S7gh). The SAED (Figure S7f) can be indexed as
cubic Li,O (JCPDS no. 77 2144). The low loss EELS (Figure
S7g) features three peaks at 10.5, 18.5, and 30.1 eV, which are
consistent with those of Li,0.”° The presence of two
characteristic peaks at 59.1 and 63.5 eV (Figure S7g) indicates
the presence of Li,0.2°"* The core loss EELS (Figure S7h)
displays the C—K and O-K edges. The Li,O layer grows
intimately on the CNT with a growth rate increasing almost
linearly (Figure S7i). The growth of Li,O can be attributed to
the following electrochemical reaction: 4Li* + 4e” + O, —
2Li,0, and the O, is from the residue gas in the TEM
column.”

The as synthesized Li,O nanorods were then subjected to
compression. Figure 3a and Movie S6 show the compression
behavior of one of the nanorods. The nanorod was compressed
uniaxially first and then bent slightly (Figure 3a 8) due to its
geometric imperfections and the high aspect ratio (7.2). The
experimentally measured force—deformation data and the
corresponding force—compression curve are provided in Table
S4 and Figure 3b, respectively. To derive the material
properties of the nanorods, finite element simulations were
conducted. By matching the simulation obtained force—
compression curve (blue) with experimentally measured one
(red), as shown in Figure 3b, the stress—strain data for the
Li,O nanorod with an inner CNT core were extracted, as listed
in Table S5. Figure 3c,d shows the simulated time series
snapshots of the effective stress and effective strain,
respectively. Again, the compression always led to localized
stress and strain near the region that the external loading was
applied. At a point when the nanorod started to bend (Figure
3a 8), the maximum compression induced stress was 111 MPa,
which could represent a low bound of the maximum stress that
the nanorod could sustain, as serious buckling of the nanorod
could still be caused without any failure if the nanorod was
continuously compressed, as shown in Figure S8c. If we pulled
back the nanorod, it stuck to the AFM tip (Figure S8d—f) and

eventually broke from the bottom with the inner CNT being
pulled out, forming a Li,O nanotube with a wall thickness of
about 28 nm (Figure S8f). The tensile strength of the Li,O
nanorod was estimated to be 249 MPa. As the tensile strength
of a CNT is much higher than that of the Li,O, the pulling out
process can be considered as a sword in sheath manner,”’ ie.,
the Li,O was the sheath while the CNT was the sword. It is
interesting to note that with the continued electron bombard

ment, a circumferential gap emerged in the Li,O wall (Figure
S$8d), which propagated downward the nanorod and eventually
extended over the entire Li,O tube wall, forming a double

shelled tubular structure (Figure S8f—i). The formation of the
gap in the Li,O may be ascribed to the stress generated by the
pulling out of the CNT and electron bombardment but the
exact reason warrants further investigation.

After pulling out the inner CNT, a compression test was
then conducted on the double shelled Li,O nanotube (Figure
3e and Movie S7). In sharp contrast to the compression of the
Li,COj; nanorod, the Li,O nanotube displayed good flexibility
and did not fracture even after severe buckling, suggesting
excellent plasticity of the Li,O nanotube. The experimentally
measured force—deformation data and the corresponding
force—compression curve are provided in Table S6 and Figure
3f, respectively. By matching the finite element simulated
force—compression curve with the experimentally measured
one (Figure 3f), the stress—strain data for the Li,O nanotube
were derived, as listed in Table S7. The corresponding
simulated time series snapshots of the effective stress and
effective strain are presented in Figure 3gh, respectively.
Considering that the compression process of the nanotube
occurred before serious buckling (Figure 3e 8), the simulated
largest effective stress in the nanotube was 77 MPa.

Li,O is one of the leading candidates for the breeding
material in a fusion reactor blanket. Its mechanical properties
strongly depend on the porosity. According to the previous
publications,” Young’s modulus of Li,O increases from ~72
to ~114 GPa when its density increases from 81.4 to 91.5% of
its theoretical density, and the compressive strength of Li,O
with 81.4 and 91.5% of the theoretical density is about 132 and
139 MPa, respectively.”' In addition, Young’s modulus and
shear modulus of coarse grained Li,O with a grain size of ~40
um and a theoretical density of 90% are 108 and 45.6 GPa,
respectively.”> Considering the fact that the electrochemically
deposited Li,O possesses the porous composite structure with
nanograins dispersed in the amorphous matrix, the derived
mechanical properties of our electrochemically deposited Li,O
nanorods are still reasonable.

For Li,COj;, based on the molecular dynamics simulation,
the shear modulus of amorphous Li,COj; is about 8 GPa at
room temperature.” Shin et al. calculated the shear modulus
of crystalline and amorphous Li,COj; to be 22.2 and 13 GPa,
the bulk modulus of crystalline and amorphous Li,CO; to be
50.5 and 43.1 GPa, respectively.”* Based on Pugh’s criterion
(B/G ratio, bulk modulus/shear modulus) of a brittleness
material,”> the Li,CO;, irrespective of crystalline or amor
phous, is a ductile material (>1.75).”* If we consider the shear
modulus of amorphous Li,CO; as 8 GPa, the theoretical
strength can be estimated as one tenth of the shear modulus,
which is about 800 MPa. In this study, the derived mechanical
strength of electrochemically deposited Li,CO3, which ranges
from ~192 to ~330 MPa, agrees reasonably with the
theoretically estimated value of 800 MPa, considering that
the as deposited Li,CO; contains the porous composite



structure with nanograins dispersed in the amorphous matrix
that might reduce its strength.

Overall, the electrochemically deposited Li,O exhibits much
lower strength (less than 100 MPa) than that of Li,CO; (~192
to ~330 MPa) but higher ductility.”® Based on the Newman
and Monroe theory, if the shear modulus of the polymer
electrolyte is twice that of Li, the growth of dendrite can be
inhibited.”” This implies that if the strength of the SEI is twice
higher than that of Li, the Li dendrite growth should be
restrained. As the yield stren§th of Li is about 1 MPa from the
pure mechanical perspective,”'®*** the strength of both Li,O
and Li,COj is sufficient to suppress the Li dendrite growth,
which is obviously not the case.' " The discrepancy may be
ascribed to the fact that the Newman and Monroe model
assumes the polymer electrolyte to be perfect, while the
practical polymer electrolyte is never perfect. Moreover, recent
experiments show that the micron sized Li rod” and
nanometer scale Li whiskers'®*” exhibit much higher strength
than that of bulk Li®'®3%3® Furthermore, there is a strong
electrochemical and mechanical coupling effect during Li
deposition, suggesting that a 10 mV overpotential can generate
75 MPa stress in the polymer or solid state electrolyte or
SEL>*' Therefore, a heuristic approach needs to be adopted to
study the effect of the actual composite structure of SEI on the
dendritic problem.

B CONCLUSIONS

In summary, SEI related materials, Li,CO; and Li,O, were
electrochemically in situ deposited in an ETEM, which were
then subjected to mechanical compression. Through in situ
measurements and inverse finite element simulations, it is
revealed that, with the structural characteristics of nanograins
dispersed in the amorphous matrix, both electrochemically
deposited Li,CO; and Li,O exhibit good plasticity. The
ultimate strength of Li,COj; ranges from 192 to 330 MPa,
while the Li,O shows strength of less than 100 MPa, which is
much weaker than that of Li,COj. These results provide a new
understanding of the mechanical behavior of SEI materials,
which may provide important insights into the dendritic
problems in LIBs.

B ASSOCIATED CONTENT

TEM images of growth, compression, and tensile tests of
the Li,CO; and Li,O nanorods; the SAED and EELS of
the Li,CO; and Li,O nanorods; the growth rate—time
plot of the Li,CO; and Li,O nanorods; force—
deformation data corresponding to the compression of
the Li,CO; and Li,O nanorods; inverse finite element
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Li,O nanorods (PDF)

In situ TEM movie showing the growth of a Li,CO,
nanorod (corresponding to Figure 1). The Li,CO; grew
directly along the CNT. The movie was recorded at S
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In situ TEM movie showing the growth of a Li,CO;
nanorod (corresponding to Figure S1). The Li,CO,
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at 5 frames/s in TEM bright field images and played at
84X speed (AVI)

In situ TEM movie showing the compression of a
Li,CO; nanorod (corresponding to Figure 2). The
movie was recorded at S frames/s in TEM bright field
images and played at 12X speed (AVI)

In situ TEM movie showing the compression experi
ment of a Li,CO; nanorod (corresponding to Figure
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In situ TEM movie showing the growth of a Li,O
nanorod (corresponding to Figure S6). The Li,O grew
directly along the CNT. The movie was recorded at 5
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In situ TEM movie showing the compression of a Li,O
nanorod (corresponding to Figure 3a). The movie was
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