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ABSTRACT: The increasing demand for safe and dense energy storage has shifted research
focus from liquid electrolyte-based Li-ion batteries towards solid-state batteries (SSBs).
However, the application of SSBs is impeded by uncontrollable Li dendrite growth and short
circuiting, whose mechanism remains elusive. Herein we conceptualize a scheme to visualize Li
deposition in the confined space inside carbon nanotubules (CNTs) to mimic Li deposition
dynamics inside solid electrolyte (SE) cracks, where the high-strength CNT walls mimic the
mechanically strong SEs. We observed that the deposited Li propagates as a creeping solid in the
CNTs, presenting an effective pathway for stress relaxation. When the stress-relaxation pathway
is blocked, Li deposition-induced stress reaches GPa level and causes CNT fracture. Mechanics
analysis suggests that interfacial lithiophilicity critically governs Li deposition dynamics and
stress relaxation. Our study offers critical strategies for suppressing Li dendritic growth and

constructing high energy density, electrochemically and mechanically robust SSBs.



= INTRODUCTION

Lithium (Li) metal solid-state batteries (SSB) have emerged as one of the most attractive
energy storage technologies for their high energy density and improved safety, due to the use of
the high-capacity Li-metal anode and ceramic solid electrolytes (SEs).'” However, Li metal
deposition requires free volume around the deposition sites,® which may otherwise generate large
mechanical stresses. These stresses can be transmitted to the surrounding solid components,
leading to fracture of the components, including SEs. The fracture surfaces further attract Li
metal propagation and penetration into the SEs, causing uncontrollable Li dendrite growth and
short circuiting> " ®. To elucidate the Li dendrite growth mechanisms under complex
electrochemomechanical environments, significant work has been done imaging dendrite growth
in SEs by in situ optical microscopy.”'' Recent X-ray computed tomography revealed Li
deposition induced cracking in SEs, indicating that cracks propagated much faster than lithium,
and most cracks were not filled with Li."*'* These studies advanced our understanding to the
failure mechanisms of SSBs. However, quantitative measurements of Li deposition induced
stress in SEs remains elusive. Despite of these progress, in situ transmission electron microscopy
(TEM) visualization of the dendrite nucleation and propagation in solid media remains very
challenging as such processes are deeply buried within the SSBs."> '® As a result, a mechanistic

understanding of the Li dendrite growth in SSBs is still lacking.® 7!

We here conceptualize a scheme to directly visualize Li deposition and propagation in a sub-
micron carbon nanotubule (CNT), whose mechanical properties can be measured, inside an
environmental transmission electron microscope (ETEM), whereby the high-strength CNT
mimics the mechanically strong SEs that confine Li deposition and growth. We show direct
evidence that Li deposition-induced stress can reach GPa level, causing fracture of CNTs. We
reveal that interfacial lithiophilicity critically mediates Li dendrite growth dynamics and
mechanical stress relaxation and accumulation in the CNT. Once the stress relaxation pathway is
blocked, a very large stress can be generated and transmitted to the CNT, causing CNT fracture.
Our results thus suggest that Li deposition-induced stress can similarly be high enough to cause

crack nucleation and propagation in SEs.

m RESULTS AND DISCUSSION
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Li deposition was achieved in an electrochemical device comprising a Li metal anode, a
naturally formed Li,O or Li,CO; layer as the SE and a hollow CNT as the counter electrode
operating in a CO, ambient in an aberration-corrected ETEM."*?* The initial CNT has an outer
diameter of 361 nm and an inner diameter of 306 nm with a wall thickness of 27.5 nm (Figure
Sla). When a negative potential was applied to the CNT, the CNT wall was first lithiated (Figure
S1b), resulting in an increase of the wall thickness from the initial 27.5 nm to 51 nm after 430 s
lithiation. Selected area electron diffraction (SAED, Figure Slc, d) and electron energy loss
spectroscopy (EELS, Figure Sle, f) confirm the lithiation of the CNT. High-resolution
transmission electron microscopy (HRTEM) indicates the amorphous and turbostratic nature of
the pristine CNT wall (Figure S1g) and the presence of Li,CO; after lithiation (Figure S1h).
Further lithiation leads to Li deposition inside the CNT. Lithiation of the CNT can also be
performed from the radial direction of the CNT (Figure S2 and Supporting Movie S1). We found
that the thickness of the CNT walls increased 113.0% on average (Figure S3), corresponding to a
volume expansion of 114.9%, which is much larger than that of lithiated graphite. For a well
graphitized CNT, assuming lithiation to LiCs, the volume expansion is estimated to be 10%.%
The large volume expansion in amorphous CNT implies other Li storage mechanisms than
intercalation are operating.”® Noticeably, the lithiated CNT is a mixed ionic-electronic conductor
(MIEC), which is both mechanically robust and electrochemically stable against the corrosive Li
metal. Such a MIEC can be used as an ideal host of Li metal to construct three-dimensional (3D)
SSBs. Therefore, in addition to exploring Li deposition-induced mechanical instability of SEs,
our study provides a direct demonstration of a MIEC-enabled Li metal host for Li metal

anodes.'>?’

During the Li deposition process, we observed frequent fracture of CNTs, with two sets of
experimental results shown in Figure 1. In Figure 1a-i the deposition initiated from the middle of
the CNT, where a nanoparticle (determined to be Al,O;, Figure S4) was present (Figure 1a-b and
Supporting Movie S2). The Al,O; nanoparticle appeared to be a nucleation site for Li deposition.
The Li metal grew in length towards the two ends of the lithiated CNT (Figure 1c-d), with the
length increasing linearly with time (Figure S5), suggesting a reaction-controlled growth process.
Interestingly, our in situ experiments evidenced symmetry breaking of the growing fronts of the

Li metal inside the CNT. Both fronts propagated forward at the beginning of Li deposition. The
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front far from the SE (hereafter denoted as the far front) arrested after a certain period of Li
deposition, while the front near the SE (the near front) continued to propagate until it reached the
SE at 203 s. Further Li deposition was fully constrained by the SE, the far front, and the CNT. At
217 s a bump emerged on the left wall of the CNT closer to the near front (Figure le, white
arrow), which then grew (Figure 1f) until fracture of the CNT wall occurred on the left wall of
the CNT (Figure 1g, h). Evidently, the stress relaxation due to the cracking altered Li-metal
growth pathway from longitudinal to the radial direction along the crack. At 367 s the crack
appeared to have propagated to the right side of the CNT wall (Figure 1i, white arrow on the
right), and the growth then proceeded radially along the crack. It should be noted that the fronts
of Li in the CNT were covered by thin layers of Li,CO; %**° (Figure 1I-III), which may exert a
back pressure against the growing Li and cause stress buildup in the deposited Li.*" Figure 1j-p
(Supporting Movie S3) is another experiment showing fracture of a CNT after 3068 s of Li
deposition. Again the deposition changed its course once fracture occurred in the CNT (Figure
Ip). Additional images of Li deposition-induced fracture of CNTs are depicted in Figure S6
(Supporting Movies S4 and S5), which demonstrate behavior similar to that shown in Figure 1.
When the potential was reversed, the deposited Li was stripped away. However, the fractured

CNT cannot be recovered to its initial shape after Li stripping (Figures S7).

We carried out parallel in situ TEM experiments in vacuum conditions and observed distinctly
different phenomena. In vacuum, the symmetry breaking of the Li front propagation was nearly
absent, as both the near and far fronts propagated continuously until the CNT was fully filled
with Li metal. Corresponding to the less predominant symmetry breaking of Li metal front
propagation, cracking of the CNTs in vacuum was not observed (Figure S8 and Supporting

Movie S6), indicating that stresses in the Li were not so high in this case.

The Li deposition-induced fracture of CNT may be surprising, as the fracture strength of CNT
is considered very high.* Because the structure of the CNT in our experiments consists of
mainly disordered or near amorphous carbon, its mechanical strength differs considerably from
that of well-graphitized arc discharged CNTs. Therefore, we conducted both tensile (along the
longitudinal direction) and compression experiments (along the radial direction) on the pristine

and lithiated CNTs using either a home-made ETEM-AFM (atomic force microscopy) platform?*



33 or a Hysitron PI 95 TEM sample holder. Corresponding schematics of ETEM-AFM used for
the compression from the radial direction or the tensile from the longitudinal direction of the
pristine/lithiated CNTs are depicted in Figure S9a and c, respectively (Figure S9b, d shows the
TEM images of the compression and tensile tests, respectively). Figure 2 shows tensile tests
conducted on both the pristine (Figure 2a-h and Supporting Movie S7) and lithiated CNTs
(Figure 2j-q and Supporting Movie S8). Both the pristine and lithiated CNTs exhibit brittle
fracture with sharp fractured surfaces perpendicular to the longitudinal direction of the CNTs
(Figure 2h, q). The fracture strengths of the pristine and the lithiated CNTs were measured to be
1.45 GPa and 0.93 GPa, respectively. Apparently, the mechanical strength of the lithiated CNT is
weaker than that of the pristine CNT. Additional tensile tests of both pristine and lithiated CNTs
are shown in Figure S10 (Supporting Movies S9 and S10), and the results are consistent with that

shown in Figure 2.

As lithiation-induced fracture occurred along the hoop direction, we speculate that the fracture
strength along the hoop direction of the CNT may be more relevant to the lithiation-induced
fracture event. Therefore, we conducted compression experiments along the radial direction for
both the pristine (Figure 3a-f and Supporting Movie S11) and lithiated (Figure 3g-l1 and
Supporting Movie S12) CNTs. The pristine CNT is highly elastic: it was almost flattened after
compression (Figure 3e) yet it recovered to its original shape after release from the compression
(Figure 3f), and the process is highly repeatable. After even 4 cycles of repeated flattening, it still
recovered to its initial shape, indicating high elasticity of the amorphous CNT (Figure S10 and
Supporting Movie S11). Although the CNT recovered to its tubular structure after every
compression (Figures 3a-f and S11), the corresponding force-displacement curves (Figure 3p)
shows that the maximum attainable force dropped significantly after the 1* compression
experiments, suggesting that some carbon-carbon bonds in the amorphous CNT may have been
damaged after the 1* compression. However, the force-displacement curves (Figure 3p) were
repeatable after the 1* compression, suggesting that most damages to the CNT structure occurred
in the first compression. More experimental tests are shown in Figures S11 and S12a-f

(Supporting Movies S11 and S13), showing the repeatability of these experimental tests.



In contrast to the pristine CNT, the lithiated CNT exhibited much less elasticity. In fact, it
fractured after the 1* compression experiment (Figures 3g-1, S12g-1 and S13, Supporting Movies
S12 and S14), suggesting lithiation induced embrittlement of the CNT, which is consistent with
our previous studies of lithiation induced embrittlement of CNTs.* To correlate the radial
compressive loading in the experiments with the stress state in the CNT, we invoked finite

element analyses (FEA) to quantify the stress states using the package Abaqus.* ¢

The simulated force-displacement plot (Figure 3p, purple curve) reproduces the experimental
measurements very well. The maximum hoop and axial stress versus displacement curves of the
pristine CNTs are shown in Figure 3p (red and blue curves), where an inflection point of the
curve (marked by a red arrow) indicates a transition of the maximum hoop stress from the center
of the inner CNT wall to both edges of the flattened CNT wall. Such a transition can be clearly
seen in the stress distributions shown in Figure 3m-o. According to the FEA analysis, the
maximum hoop and axial stress of the pristine CNTs is estimated to be 1.36 and 1.2 GPa,
respectively. The stress versus displacement curves of the lithiated CNTs are shown in Figure 3t
and the hoop stress distributions during the compression are shown in Figure 3g-s, from which
we can see that both the simulated deformation of the lithiated CNT and the force-displacement
curve agree with the experimental measurements very well. The critical maximum hoop stress of
the lithiated CNTs is estimated to be 1.84 GPa which is greater than the critical maximum axial
stress of 1.35 GPa, implying that the fracture should occur along the hoop direction. More in situ
compression experiments and FEA simulations are shown in Figure S12. From FEA we estimate
that the critical maximum hoop and axial stress of the pristine CNT is 1.8 and 1.1 GPa,
respectively, and the breaking strength of the lithiated CNTs is 2.0 ~ 2.53 GPa if the maximum
hoop stress is considered. The maximum equivalent stresses of the pristine and lithiated CNTs

are presented in Figures S14 and S15.

In a tensile test, a CNT failure always starts from the weakest point of the CNT wall and thus
tensile tests generally result in low strengths due to defects in CNT. In contrast, the indentation
test breaks a CNT from a local point, whose strength could be much higher than that measured
by tensile test. The maximum pressure inside the CNT is estimated to be from 247 to 1000 MPa

(Supporting Section 5, Figures S14 and S15).



To further appreciate the correlations between the symmetry breaking of the moving fronts
and the fracture of CNT, we analyze below Li deposition dynamics and stress generation and
transmission in the constituent materials during Li deposition. As Li deposition is limited by the
diffusion of Li ions, Li deposition, once nucleated, likely occurs in the proximity of the near
front of Li. Li deposition in this region generates volumetric chemical strain and compressive
stress, denoted by 0. The compressive stress is then transmitted to the Li fronts as well as the

CNT, driving the propagation of Li fronts and fracture of CNT, respectively.

The transmission of the compressive stress to the surrounding components depends on the
materials properties of Li and the Li/CNT interface. The Li surface was covered with Li,CO; and
a Li,O surface layers, and the wetting angles between Li and the surface layers are ~90° (Figure
S16a) and ~126° (Figure S16b-¢), respectively, in CO, and vacuum ambient. Li is soft with a
homologous temperature of 0.66 and exhibits creep behavior.”’* Thus, considerable shear
resistance is generated at the interface (Figure 4a). Here, we assume that the interfacial shear
stress T is proportional to the radial stress 0, of Li near the interface: T=#0,, where 4 is
interfacial friction coefficient that measures the lithiophilicity of the interfaces. Assuming Li
metal is nearly incompressible, the stress state in the Li metal is approximately hydrostatic,
denoted by 0,. Treating the shear stress as a body force that is uniformly distributed in Li,
mechanics balance yields the hydrostatic stress along the axial (z) direction:

—2u

o R (1

m :o-oe

where R is the radius of the CNT. Equation (1) shows that the hydrostatic stress in Li metal

. ) 2
exponentially decays from the near front to the far front, with a decay constant Tﬂ For a very

weak interfacial shear resistance as in vacuum conditions, # 0, and Li encased in the CNT acts
as an incompressible fluid that uniformly transmits the deposition stress 0 from the deposition
site to all the surrounding materials with negligible decay (Figure 4b). The entire Li whisker
experiences the same level of hydrostatic compressive stress 0. Thus, the near and far fronts
undergo the same propelling force and both propagate to lengthen Li. The propagation of both
the Li metal fronts causes instantaneous stress relaxation, giving rise to a low stress level 0.

Accordingly, the stresses transmitted to the CNT is insufficient to cause fracture. On the other
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hand, in CO, environment, the appreciable shear resistance causes decays in the stresses (Figure
4c). The near and far fronts thus undergo uneven propelling forces, breaking the symmetry: the
near front continues to propagate while the far front arrests. Stress relaxation in CO, environment
relies on the near front propagation (Figure 4d). Once the near front reaches the SE, stress
relaxation becomes impeded, Li deposition switches to a root growth mode, and the deposition

stress rapidly rises,*’ causing fracture of the CNT.

To determine the critical deposition stress 0 to cause CNT fracture, a simple mechanics
analysis shows that the hoop direction of the CNT (0 cnr, #) experiences a stress twice as much as
in the axial direction (O cyr, 46, suggesting that fracture would likely occur in the hoop direction

of the CNT. Specifically, the hydrostatic stress in the Li metal is transmitted to CNT by:

R
Ot n=F— Om: where Senr

is a geometric amplification factor of the stress and Ocyr are the

thicknesses of the CNT. Given R~ 160 nm and Ocyr ~20nm, the geometric factor is roughly 8
folds for both the CNTs. Assuming that the friction coefficient # ~ 0.1, and since the fracture site
is about ~ 10 R from the SE (Figure 2), the deposition stress decays by a few folds: o, ~a,/3.
The stress transmitted to the CNT at the fracture site is 8 X 0,/3. Considering that the fracture
strength of the lithiated CNT is ~1.0 GPa, the deposition stress accumulated in Li metal is
0y~ 375 MPa in order to fracture the CNT, corresponding to an applied overpotential of ~ 50
mV. Clearly, the deposition stress, which is compressive, is transmitted to a very large tensile
stress in CNT, causing CNT fracture in our experiments. Such a compression-to-tension
conversion may also occur in SEs, depending on the geometry of the surrounding components.
The high level of deposition stress, if built up in SEs, may likely cause the fracture of SEs at the

defected sites.
®m CONCLUSIONS

In summary, we used CNTs whose mechanical properties were measured to mimic SEs, and
we carried out in situ TEM studies on the Li deposition-induced fracture of CNTs. Our
accompanying mechanics analysis reveals that stress relaxation plays a critical role in
maintaining the structural stability of SE during Li deposition. For a lithiophilic Li/CNT

interface, Li flows along the CNT with little shear resistance, and the deposition induced stress is



relaxed. When such stress relaxation pathways are blocked, Li deposition-induced stress can be
very high, at GPa level, causing fracture of lithiated CNTs. Given the high rigidity and low
fracture strength of typical SEs such as LLZO, we suggest that our results can be extended to
SEs, where Li deposition may generate similarly high stresses that fracture the SEs and,
subsequently trigger short circuiting. Our results suggest that the electrochemomechanical
stability of high-energy density SSBs hinges upon the interfacial engineering to facilitate stress
relaxation, reduce the interfacial impedance thus the overpotential, and minimizing the flaw size,
thus increasing the fracture strength of SEs. In addition, MIEC represents an important class of
3D Li metal hosts, which may also have important applications for constructing Li-metal anodes
with a 3D porous architectures for simultaneously maintaining mechanical and electrochemical

stability of the SSBs.
B ASSOCIATED CONTENT
Supporting Information

The Supporting Information is available free of charge on the ACS publications website.

Movie S1, in situ TEM movie showing the lithium deposition. (AVI)

Movie S2, in situ TEM movie showing the fracture of CNT. (AVI)

Movie S3, in situ TEM movie showing the fracture of CNT. (AVI)

Movie S4, in situ TEM movie showing the fracture of CNT. (AVI)

Movie S5, in situ TEM movie showing the fracture of CNT. (AVI)

Movie S6, in situ TEM movie showing the lithium deposition. (AVI)

Movie S7 in situ TEM movie showing the nanowelding of a pristine CNT and tensile test. (AVI)
Movie S8, in situ TEM movie showing the nanowelding of a lithiated CNT and tensile test. (AVI)
Movie S9, in situ TEM movie showing the nanowelding of a pristine CNT and tensile test. (AVI)
Movie S10, in situ TEM movie showing the nanowelding of a lithiated CNT and tensile test.
(AVI)

Movie S11, in situ TEM movie showing the compression experiment of a pristine CNT. (AVI)
Movie S12, in situ TEM movie showing the compression experiment of a lithiated CNT. (AVI)
Movie S13, in situ TEM movie showing the compression experiment of a pristine CNT. (AVI)

Movie S14, in situ TEM movie showing the compression experiment of a lithiated CNT. (AVI)
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Detailed descriptions of supporting movies and figures providing the lithium deposition inside
the CNTs under CO, ambient and vacuum, and the tensile or compression tests of the pristine or

lithiated CNTs and corresponding FEA modeling. (PDF).
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Figures

Figure 1. Two sets of time lapse TEM images (a-i, j-p) showing the fracture of CNTs induced by
lithium deposition in a CO, ambient. The applied voltage was -0.8 V in (a-i) and -1 V in (j-p). "I"
to "III" are local magnification of "(d)", "(g)" and "i", respectively, showing the front of the
deposited lithium was covered with a thin layer of Li,CO;. Arrowheads point out the lithium
deposition fronts. White arrows point out the fracture location of the CNT walls.
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Figure 2. Tensile experiments in the pristine (a-h) and lithiated (j-q) CNTs. Both the pristine and
the lithiated CNTs exhibit brittle fracture showing a sharp fracture surface (red arrows)
perpendicular to the longitudinal direction of the CNT (h, q). (i) and (r) are force-displacement
and stress-strain plots corresponding to (a-g) and (I-p), respectively.
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Figure 3. Radial compression of the pristine (a-f, m-p) and lithiated (g-1, g-t) CNTs. (a) and (g)
are schematic of the experimental configurations for the compression experiments. (b-f) and (h-1)
are sequential TEM images showing the compression processes of the pristine and lithiated
CNTs, respectively. Note that for the pristine CNT, it resumed to its initial shape after release of
compression (f), indicating good elasticity of the pristine CNT. However, the lithiated CNT
exhibits brittle fracture characteristic after compression (I). (m-0) and (g-s) are FEA simulations
to the experimental results shown in (b-f) and (h-1), respectively. Both longitudinal and cross-
sectional views are provided. (p) and (t) are experimental and simulated force-displacement plots
and maximum hoop and axial stress-displacement plots corresponding to (a-f, m-o) and (g-1, g-s),
respectively.
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Figure 4. Li deposition dynamics and stress relaxation and accumulation during Li deposition in
the CNTs. (a) Schematics of the Li dendrite (Grey) deposited within a CNT (light green). The
white arrows point to the deposition site with a deposition stress 0. The deposition stress is
transmitted to the Li,O or Li,COs; layer at the near and far fronts (the light blue). An interface
layer, with Li,CO; for the CO, TEM environment and Li,O for vacuum environment, is formed
between the Li metal and the lithiated CNT. (b, ¢) The interfacial shear resistance (7 ¢ scales with
the frictional coefficient #, which depends on the lithiophilicity of the interface. The wetting
angles at the interface are ~126° in the CO, environment and ~90° in vacuum, suggesting a
smaller # in vacuum than in the CO, environment. (d) Corresponding to the different frictional

coefficient, the deposition stress 0o may be exponentially decay (#>0, for the CO, environment)

or uniform (# = 0, for the vacuum environment). For the latter the uniform compressive stress
propels the propagation of both the Li,CO; layers at the near and far fronts, whereas for the
former a symmetry breaking occurs and the near front propagates but the far front arrests.
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