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In Situ TEM Experiments of Electrochemical Lithiation
and Delithiation of Individual Nanostructures

Xiao Hua Liu, Yang Liu, Akihiro Kushima, Sulin Zhang, Ting Zhu,*

Ju Li,* and Jian Yu Huang*

Understanding the microscopic mechanisms of electrochemical reaction and material
degradation is crucial for the rational design of high-performance lithium ion batteries
(LIBs). A novel nanobattery assembly and testing platform inside a transmission elec-
tron microscope (TEM) has been designed, which allows a direct study of the structural
evolution of individual nanowire or nanoparticle electrodes with near-atomic resolu-
tion in real time. In this review, recent progresses in the study of several important
anode materials are summarized. The consistency between in situ and ex situ results
is shown, thereby validating the new in situ testing paradigm. Comparisons between

a variety of nanostructures lead to the conclusion that electrochemical reaction and
mechanical degradation are material specific, size dependent, and geometrically and
compositionally sensitive. For example, a highly anisotropic lithiation in Si is observed,
in contrast to the nearly isotropic response in Ge. The Ge nanowires can develop a
spongy network, a unique mechanism for mitigating the large volume changes during
cycling. The Si nanoparticles show a critical size of ~150 nm below which fracture

is averted during lithiation, and above which surface cracking, rather than central
cracking, is observed. In carbonaceous nanomaterials, the lithiated multi-walled carbon
nanotubes (MWCNTs) are drastically embrittled, while few-layer graphene nanorib-
bons remain mechanically robust after lithiation. This distinct contrast manifests a
strong ‘geometrical embrittlement’ effect as compared to a relatively weak ‘chemical
embrittlement’ effect. In oxide nanowires, discrete cracks in ZnO nanowires are gener-
ated near the lithiation reaction front, leading to leapfrog cracking, while a mobile
dislocation cloud at the reaction front is observed in SnO, nanowires. This contrast is
corroborated by ab initio calculations that indicate a strong chemical embrittlement of
ZnO, but not of SnO,, after a small amount of lithium insertion. In metallic nanowires
such as Al, delithiation causes pulverization, and the product nanopatrticles are held in
place by the surface Li-Al-O glass tube, suggesting possible strategies for improving
electrode cyclability by coatings. In addition, a new in situ chemical lithiation method
is introduced for fast screening of battery materials by conventional TEM. Evidently, in
situ nanobattery experiments inside TEM are a powerful approach for advancing the
fundamental understanding of electrochemical reactions and materials degradation
and therefore pave the way toward rational design of high-performance LIBs.

1. Introduction

Lithium ion batteries (LIBs) have received
significant attention as they are being consid-
ered for the power supply of electric vehicles
and the power backup of intermittent energy
systems, etc.l'3l To meet the ever-increasing
requirements for such demanding applica-
tions, new materials and chemistries must
be developed to achieve high energy density,
high power capability, and long lifetime.~!
Radical progress, although highly desired,
has not been achieved so far,®l owing to the
intrinsic complexity of LIBs, i.e., many elec-
trochemical, physical, and mechanical proc-
esses are concurrently taking place during
their operation. To improve the overall per-
formance, a LIB must be designed such that
all these concerted processes are operated
in a predictable manner across multiple
interfaces. Currently, many aspects of the
fundamental science with respect to battery
operation remain poorly understood, such
as the atomic mechanisms of lithiation-del-
ithiation, electrode degradation, electrolyte
decomposition, evolution of solid electrolyte
interphase (SEI), and the size effects on the
transport kinetics, mechanics, and degrada-
tion of nanomaterial-based electrodes, to
name a few.

Carbonaceous anodes are widely used in
current LIBs. But the theoretical capacity
is only 372 mAh/g for graphite. Potential
replacements, such as Si and Ge, have a
much higher energy density than graphite,
but they suffer from severe degradation
due to the large volume changes during
the electrochemical cycling (i.e., lithiation
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and delithiation). Nanostructured and nanocomposite materials
are being widely explored for the next-generation LIBs. Com-
pared to their bulk counterparts, the larger surface-to-volume
ratio of nanomaterials can enable fast charge/mass transport
and facile strain relaxation,’# thereby offering a pathway for
nanoengineered LIBs with enhanced performance.

To shed light on the fundamental science and to improve bat-
tery design, it is important to probe the reaction kinetics and
microstructural evolution during battery operation. There have
been growing interests in developing various in situ techniques
for battery studies, such as optical microscopy,”!% scanning elec-
tron microscopy (SEM),112l transmission electron microscopy
(TEM),I3-13] X.ray diffraction (XRD),'6-18 nuclear magnetic reso-
nance (NMR) spectroscopy,!!*2!l transmission X-ray microscopy
(TXM),22l and Raman spectroscopy.?>?* These in situ studies
have provided important insights into the phase transformation
and material degradation mechanisms. For instance, the equi-
librium Li-Si binary phase diagram indicates four distinct Li-Si
phases (Liy,Siy, Li;Sis, Lij3Sis, and Liy,Sis),?! and spontaneous
electrochemical alloying (SEA) was believed to be an effective
way to screen the alloy phases at ambient temperature;2°l for
Li-Si system, the Li),Sis phase has long been considered as the
fully lithiated phase for a Si anode at room temperature.l’-2’!
However, by monitoring the changes of crystal structure during
lithiation of crystalline Si (¢-Si) with in situ XRD, Obrovac et al.
discovered a new crystalline Li;sSi, (c-Li;sSis) phase,'® which
does not appear in the equilibrium Li-Si binary phase dia-
gram.”’] The Li;sSi, phase as the fully lithiated product for Si
anodes at room temperature was later verified by many inves-
tigations, using techniques such as in situ TEM,%3U in situ
NMR,2021 and in situ XRD.I'7:18 This example shows that the
electrochemical reactions could be considerably far from revers-
ible equilibrium processes. It also demonstrates the importance
of in situ studies. A brief review on the in situ techniques for
LIB studies was available in an earlier review article.!”]

Among the many in situ techniques, in situ TEM offers a
unique capability of resolving the microstructural evolution of
the electrode materials at high tempo-spatial resolutions.['>3233]
The main challenge of in situ TEM electrochemistry is that
the volatile organic electrolytes are incompatible with the
high-vacuum environment required for TEM observations.”!
To circumvent this difficulty, we demonstrated the “open-cell”
concept by creating the first working nanobattery in the TEM
(Figure 1a) using an individual SnO, nanowire anode, an
ionic liquid electrolyte (ILE), and a bulk LiCoO, cathode, and
observed the microstructural evolution during the electrochem-
ical lithiation.["¥ This liquid-cell technique was later adapted to
a half cell using a solid-state lithium oxide (Li,O) electrolyte and
a Li metal as the counter electrode.’) This development ena-
bles the in situ observation of extremely small objects such as
a single nanoparticle with sizes down to a few nanometers./”]
Using this all-solid nanobattery technique we have studied sev-
eral anode materials of both fundamental and technical impor-
tance, such as Si,39313433 Ge 361 A1B7] multi-walled carbon
nanotubes (MWCNTSs),38 graphene,% and ZnOM% as well as a
few cathode materials such as LiFePO,.

Figure 1 shows a schematic illustration of the in situ TEM
nanobattery setup.[!315303134-3638-421  For  studying anode
materials, the key components of the nanobattery include an
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electron transparent anode (such as nanowires, nanoparticles,
and thin foils), a vacuum-compatible electrolyte (such as ionic
liquids, polymer or other inorganic solid-state electrolytes), and
a bulk Li source (such as a discharged cathode). Depending on
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Here we summarize the recent progress in
the studies of anode materials with the in situ

cathode

electrolyte

TEM electrochemistry technique. This review
emphasizes “comparison” and “verification”, i.e.,
by comparing (1) the electrochemical behavior
of structurally similar materials or poly-
morphs; and (2) the results obtained from the

current
collector

in situ nanobattery experiments and those from
ex situ electrochemical tests in conventional
macroscopic cells. The review is divided into
the following sections. In Section 2, the cycling
behavior of two important anode materials

lithiation
<~

(b)

with the same diamond cubic crystal structure,
ie. Si and Ge, will be compared. In Section
-+ 3, the post-lithiation properties of carbonaceous
materials, MWCNTs versus few-layer graphene
nanoribbons (GNRs) will be compared to illus-

In Situ TEM Electrochemistry

Figure 1. Schematic illustration of in situ TEM electrochemical tests setup. (a) A nanobattery
setup for anode study. The key components include an electron-transparent anode (such as a
nanowire or nanoparticle), a vacuum-compatible electrolyte (such as ionic liquid, polymer or
solid-state electrolyte), a stable Li source (such as a bulk discharged cathode) and the current
collectors. (b) Operation of the nanobattery for lithiation of the anode. Potential is applied to
the current collectors to drive the electrons and Li ions flow across the circuit, and the micro-
structural evolution is monitored in real time. The setup may be adapted for studies such as

the cathode or other interfaces in the nanobattery.

the focus of the study, any electron-transparent electrode or
interface could be investigated by this technique.

There are several major differences in the experimental setup
between the in situ TEM electrochemistry and a conventional ex
situ electrochemical cell or a real battery: (1) Cell geometry: only
one end of the single nanowire, nanotube, or nanoparticle elec-
trode is brought to contact with the electrolyte in the former,!3!
while electrodes are immersed in an electrolyte in the latter
(so-called “flooding geometry”®#2l). Recently we have demon-
strated that flooding experiments can also be realized with an in
situ TEM setup.*d (2) Electrolyte: vacuum-compatible electrolyte
must be used in the former,[®!3 such as room-temperature ionic
liquid electrolyte (LiTFSI/P,TESI; LiTFSI denoting lithium bis
(trifluoromethylsulfonyl) imide; P;,TFSI denoting 1-butyl-1-
methylpyrrolidinium bis (trifluoromethylsulfonyl) imide). The
ionic conductivity in ionic liquid electrolyte is significantly lower
than that in the conventional organic EC/DMC (EC denoting
ethylene carbonate; DMC denoting dimethyl carbonate) electro-
lyte.3 Another example is Li,O. It is an electron-insulating but
ion-conducting material at the nanoscale,/'*3% and is not usu-
ally considered as an electrolyte in conventional cells. (3) Beam
effect: any material subjected to the in situ TEM study will una-
voidably be exposed to the high energy (80 ~ 300 keV) electron
beam in contrast to the “dark” environment in real batteries,
which may modify the material properties or electrochemical
reactions.["”! Therefore, in our in situ TEM experiments, the
control experiments are always conducted to verify observations
in the illuminated experiments. This review will also make com-
parisons between in situ TEM and more conventional ex situ
electrochemical studies to validate the former.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

trate a lithium embrittlement effect. In Section
4, different mechano-electrochemical effects of
brittle oxides (ZnO, SnO,) will be compared,
to illustrate a lithium embrittlement effect of
a chemical origin, which is different from the
carbonaceous materials. In Section 5, pulveriza-
tion of the Al nanowires as well as the evolution
of the thin alumina (Al,05) surface layer during
cycling is shown. Finally, in Section 6, a new
in situ technique based on conventional TEM
instrument, ie., without specially designed
TEM holders, will be presented. Such develop-
ment allows for a wider application of the in situ TEM technique
as a quick screening tool for the battery materials. Based on the
comparison of the in situ and ex situ experiments, we conclude
that the in situ nanobattery TEM experiment is a novel technique
for gaining fundamental understanding of the operative mecha-
nisms in real LIBs, despite the apparently different experimental
conditions between the in situ and ex situ cells.

2. Si versus Ge

Some of the Group IV materials, including Si, Ge, Sn and their
compounds, have received considerable attention as candidates for
LIB anodes, because they have much higher lithium storage den-
sities than the carbonaceous anodes used in current LIBs.*}] Si is
of particular interest for its high theoretical capacity, 4200 mAh/g
for Li,,Sis at high temperature®*4 or 3579 mAh/g for Li;sSiy
at room temperature.'®4] There have been a large number of
ongoing studies of the Si anode materials in different forms,
such as single crystals,*®! polycrystalline thin films,*”! amorphous
films,*7#%] nanoparticles,*”! nanowires,” %! nanotubes,’? com-
posites with conductive materials (carbon,'#%>3-8] nickel -1l
etc.) and doped Si.[2331:59.60]

Compared to Si, the iso-structural Ge has gained much less
attention,®'~71 despite having a comparable volumetric capacity
(7366 Ah/L for LijsGe, versus 8334 Ah/L for Li;sSiy,).[3643:62]
Ge has a lower gravimetric capacity of 1384 mAh/g for Li;sGe,
(about 40% of that of Si) than Si, but it is still much higher than
those of graphite and Sn. Moreover, Ge has a smaller band-gap
(Eg = 0.6 eV) than Si (E; = 1.1 eV), and thus a higher intrinsic

Adv. Energy Mater. 2011, 2, 722-741
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281% for Si
246% for Ge

(M = Si, Ge)

Figure 2. Phase transformation of Si and Ge anodes from pristine to fully lithiated states.
At room temperature, Si and Ge expand by 281% and 246% if lithiated to the Li;sM, phase
(M = Si, Ge). The basic structural unit is a six-membered ring (highlighted with red balls)
enclosed by strong covalent bonds in pristine Si and Ge, which collapses into isolated atoms

www.advenergymat.de

Ge anodes is the large volume changes during
cycling. This could cause fracture, loss of elec-
trical contact, and pulverization of electrodes,
manifested as rapid capacity fading 37

Si and Ge exhibit similar cyclic voltam-
mograms (CVs),*>6268] sugoesting the quali-
tatively similar electrochemical processes
and phase transformations upon Li inser-
tion and extraction. During lithiation, crys-
talline Si and Ge adopt a two-step reaction
process to reach the fully lithiated Li;sM,
phases.31:3645.62.68] Namely, the crystals are
first converted to the amorphous alloys of
LiM (a-LiiM, 0 < x < 3.75) through electro-
chemically-driven solid-state amorphization
(ESA), which is then followed by crystalliza-

in the fully lithiated Li;sMy4 phases.

electronic conductivity, which is desirable for
high power capability. The high rate capability
of thin film Ge electrodes has been demon-
strated up to 1000 °C.”?l Compared to Si, a
practical disadvantage of Ge is its high cost.
In our in situ experiments, Ge electrodes in
the forms of nanowires,*®! nanoparticles, and
thin films, indeed showed superior properties
in terms of high rate capability, cyclability,
and stability. The detailed comparison of the
electrochemical cycling results between Si
and Ge are discussed in the following.

2.1. Phase Transformation during
Electrochemical Cycling

As promising anode materials in the same
column of the Periodic Table, Si and Ge have
many similarities. First of all, Si and Ge both
undergo significant structural changes during
cycling. Figure 2 shows the huge volumetric
expansion upon the first lithiation, 281% for
Si and 246% for Ge through alloying with
Li to form the crystalline Li;sM, (M = Si or
Ge) phases, which is much larger than the
volume change of graphite (<10%) through a
Li-intercalation mechanism. Both the pristine Si
and Ge crystals have the diamond cubic crystal
structure, in which the atoms are tetrahedrally
bonded and the characteristic structural unit
is the six-membered ring (highlighted by the
red balls in Figure 2). During lithiation, the
Si-Si bonds are broken to form five-membered
rings, “Y”-shaped Si-Si; stars, dimers, and
finally isolated Si in Li;5Si,2®273 The Si-Si
distances are greater than 4.5 A in the Li;sSi,
lattice,?” as compared to the 2.35 A bonds in
the six-membered ring of pristine Si. One of the
major and common problems with the Si and

Adv. Energy Mater. 2012, 2, 722-741
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tion of a-LiyM to c¢-Li;sM,. Figure 3a shows a
typical CV for Si,” in which the two broad
lithiation peaks marked as “A” and “B”

@ F CV of Si

l(uA/em”)
]

delithiation
—_—
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C v lithiation —
-— ymVy = 1V
B — - 50mV -1V
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Figure 3. Typical phase transformation routes of Si during electrochemical cycling. (a) Cyclic
voltammogram (CV) of Si. Depending on the cutoff potential used during lithiation, the CV
curve show different peaks, i.e., only two broad peaks (marked as “A” and “B” in the blue curve)
appear if the cutoff is 50 mV or above versus Li*/Li, and the third sharp peak (marked as “C” in
the red curve) appears if the cutoff is 0 mV, corresponding to the crystallization process of the
amorphous Li-Si (a-Li,Si, x ~ 3.75) alloy to the crystalline LiysSiy (c-LiysSis) phase. Accordingly,
the delithiation process from a-Li,Si shows two broad peaks (marked as “D” and “E”) but a
sharp peak (marked as “F”) from ¢-Liy5Si,. (b,c) Typical electron diffraction patterns (EDP) from
a-Li,Si and ¢-Li;sSi, observed in the in situ lithiation experiments of Si. The similarity of intensity
distribution of the EDPs between the amorphous (Figure 3b) and the crystalline (Figure 3c)
phases implies that the a-Li,Si phase is structurally close to the ¢-Li;sSi, phase. The structures
of Li-Si alloy phases corresponding to Peaks “A”, “B”, “D”, “E”, and “F” (Figure 3a) are not
clear. Reproduced with permission./’”]
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correspond to the ESA process, and the sharp tiny peak marked
as “C” corresponds to the sudden crystallization of a-Li,Si
(x = 3.75) to c-Li;5Siy. Figures 3b and ¢ show the electron dif-
fraction patterns (EDPs) from the a-Li,Si (x = 3.75) and ¢-Li;5Si4
phases obtained in the in situ lithiation experiments,’*!] respec-
tively, which are consistent with the ex situ electrochemical
results.'%184] The final lithiated phase appears to be dependent
on the cutoff potential during lithiation,°37%] which may sup-
press formation of the ¢-Li;sM, phases (e.g., using 50 mV cutoff
for the blue curve in Figure 3a). Interestingly, the delithiation
peaks are highly dependent on the lithiated states, showing two
broad peaks (marked as “D” and “E” in Figure 3a) from a-LiM
(M = Si or Ge, x = 3.75) or a single sharp peak (marked as “F”)
from ¢-Li;sM,, respectively. The same dependence of the delithi-
ation peaks on the lithiated states has been observed for both Si
and Ge,[1045626875] byt the reason is not well understood. It was
recently found that doping conditions could also influence the
positions of the peaks.?3l Overall, the phase transformations
in the electrochemical lithiation and delithiation processes are
similar between Si and Ge. With increasing Li content, the dif-
ference between Li, Si and Li,Ge becomes progressively small.
For instance, the diamond cubic Si and Ge (x = 0) show a 4.2%
difference in their lattice parameters, but the difference is only
0.9% between the Lij5Si, and LijsGe, phases (ie., x=3.75).

Formation of similar Li;sSi, and Li;sGe, phases was observed
in conventional electrochemical cells.[10:18:45:61.626576] The consist-
ency of the observed Li;sM, phases between the in situl!>30:31:36]
and the ex situ electrochemical experiments!!®18626876] demo-
nstrates that in situ TEM electrochemical experiments can
capture the main feature of the electrochemical processes
occurring in conventional electrochemical cells. Furthermore,
opportunities are opened up for in situ TEM
studies to identify the unknown Li-Si or Li-Ge  (a)
phases corresponding to other peaks in the
CV (Figure 3a, except for the known LijsM,
phase for Peak “C”).[”] It is worth noting that
the phase formation sequence in the electro-
chemical process is likely to differ from that
in equilibrium phase diagram. For instance,
the established Li;sM, phase observed in
many independent experiments was not
included in the phase diagram of the equilib-
rium phases.?>?277] With the high spatial
resolution and analytical capability of TEM, it
is possible to incorporate the controlled elec-
trochemical characterization methods into the
in situ TEM experiments,'* such as galvanos-
tatic charging and cyclic voltammetry, so as to
screen all the intermetallic phases in the CVs
of Si and Ge. Such development will be highly
promising for advancing the fundamental
understanding of the lithiation and delithia-
tion mechanisms.
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responses are markedly different. First, the volume expansion
of ¢-Si during the first lithiation is highly anisotropic,i34678l
with the predominant expansion along the <110> directions
and little expansion along the <111> directions. In contrast, the
volume expansion of ¢-Ge during the first lithiation is largely
isotropic.’®l Second, due to the different band structures and
electronic properties, Si lithiation is sensitive to the change of
doping condition and electrical conductivity,?33! but Ge is not
because of its high intrinsic conductivity.[*®]

2.2.1. Anisotropic Lithiation of Si

Several recent studies have clearly shown that the lithiation
of Si is highly dependent on the crystallographic orienta-
tions, 30478 resembling the anisotropic etching of Si.’*80
Figure 4 shows the microstructural evolution of a Si nanowire
with a <112> growth direction during the in situ lithiation
process. Once the Si nanowire contacted the Li,O/Li electrode
and a negative potential of -2 V was applied to the nanowire,
lithiation proceeded both axially and radially. The ¢-Si nanowire
was converted to a-Li,Si alloy, which was further crystallized to
the ¢-Li;sSiy phase after full lithiation. The interface between
the ¢-Si and the Li-Si alloy was atomically sharp (Figure 4a).
The lithiated part showed a unique contrast with two par-
allel subwires separated by a central white line (Figure 4a,b).
Close-up view at the lithiated nanowire revealed a central crack
running along the nanowire axis (Figure 4c). It has been deter-
mined that a lithiated <112> Si nanowire exhibits a unique
dumbbell-shaped cross section,?% as illustrated in Figure 4d,
showing the largest swelling along the radial <110> directions
and the smallest swelling along the radial <111> directions.

expansion

Figure 4. Anisotropic swelling and cracking of a <112>-Si nanowire. (a,b) Snapshots showing

2.2. Mechano-Electrochemical Effects

progressive lithiation along both the axial and radial directions. The radial swelling was aniso-

tropic, as evidenced by the white contrast in the center of the lithiated nanowire. (c) Enlarged

Although the electrochemical reaction prod-
ucts are similar between Si and Ge, their
lithiation kinetics and associated mechanical

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

image showing the central crack in the lithiated Si nanowire. (d) Schematic illustration of the
dumbbell-shaped cross section of a lithiated <112>-Si nanowire viewed along the <112> axial
direction. A central crack developed due to hoop stress and much larger swelling along the
<110> directions than that along the <111> directions.

Adv. Energy Mater. 2011, 2, 722-741
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b
ex situ

Full lithiation <= Partial lithiation<= pristine

Figure 5. Comparison of in situ and ex situ results on the anisotropic lithiation of crystalline
Si. (a) <112>-Si nanowires with large swelling along <110> but much less swelling along <111>
revealed in the in situ TEM experiments. (b) Anisotropic radial lithiation of Si pillars with
different orientations in conventional ex situ cells. Preferential lithiation along <110> direc-
tions leads to formation of different cross sections with shapes of 4-fold, 2-fold, and 6-fold
symmetries for <100>, <110>, and <111> pillars, respectively. (c) Dominant swelling along
<110> in Si slabs but little swelling along <111>. All these in situ and ex situ studies reveal that
lithiation occurs along the <110> directions of crystalline Si. Reproduced with permission. 4678l
Copyright 2011, American Chemical Society and Wiley.

The anisotropic swelling creates a thinned center along the
nanowire axis, leading to the formation of the apparent longitu-
dinal crack along the wire that causes self-splitting of the single
nanowire into two subwires.[?

The anisotropic lithiation is intrinsic to the Li-Si alloying
process, regardless of the experimental procedures, as
evidenced by the consistent observations in
both the in situ (Figure 5a) and ex situ experi- (a)

www.advenergymat.de

nanopillars (Figure 5b), respectively. Simi-
larly, in an independent study by Goldman
et al., predominant swelling along the <110>
directions was observed in Si microslabs in
the ex situ experiments (Figure 5c).*l These
mutually consistent results suggest that the
anisotropy of Si lithiation is an intrinsic prop-
erty of Li-Si alloying reaction, largely inde-
pendent of the experimental conditions. On
the other hand, the lithiation process can be
regarded as analogous to the etching process
of ¢-Si, and the anisotropy in lithiation is sim-
ilar to the established anisotropic etching of
¢-Si,798% which has been widely exploited in
the microelectronics industry.

2.2.2. Isotropic Lithiation of Ge

Interestingly, despite the same diamond cubic
crystal structure and same growth direction
along <112> as Si, Ge nanowires showed
markedly different mechanical responses
in the in situ lithiation experiments.3¢
Figure 6 shows the typical microstructural
change of a <112>-Ge nanowire in the first
lithiation process. The pristine Ge nanowire
was straight (Figure 6a). Upon Li insertion, it
swelled along both axial and radial directions,
resulting in an elongated and thickened wire
(Figure 6b) with uniform amorphous con-
trast (Figure 6d). This morphology suggests

an isotropic swelling along all directions during lithiation.
The EDPs before and after lithiation confirm the phase trans-
formation from single crystalline Ge (c-Ge, Figure 6e) to a
Li-rich amorphous phase of Li-Ge (a-Li,Ge, x ~ 3.75, Figure 6f),
which eventually crystallizes to the c-Li;sGe, phase.l3l The EDP
from this a-Li,Ge (x ~ 3.75) phase is characterized by two broad

ments (Figure 5b-c), which were performed
under different experimental conditions and
with different cell geometries.?%4078] For the
<112> Si nanowires, there are orthogonal
<110> and <111> radial directions in the
cross section, which happen to exhibit the
largest anisotropy with the fastest lithiation
occurring in the former direction and the
slowest lithiation occurring in the latter direc-
tion, respectively.’% Indeed, the diameter
increases by over 200% along <110>, but less
than 10% along <111> (Figure 5a). Lee et al.
fabricated Si pillars with different orienta-
tions and conducted electrochemical lithia-
tion in a conventional cell.”® They observed

TR

200 nm

\\ — \% (e)

(b) / NAR . —_—
— '—I—'elongation

thickening

a-Li,Ge (x = 3.75)
e

anomalous shape change of the cross sec-
tions in those Si pillars, which was highly
dependent on the crystallographic directions,
as manifested by the 4-fold, 2-fold and 6-fold
swelling in <100>, <110> and <111> oriented
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Figure 6. Isotropic swelling of a <112>-Ge nanowire without cracking during lithiation.
(a) A pristine Ge nanowire. (b) The lithiated nanowire with obvious elongation. (c-d) Close-
up images showing tip region of the nanowire before (c) and after lithiation (d). There was
no central crack as seen in the <112>-Si nanowire in Figure 4. (e-f) EDPs showing the phase
transformation from the initial single crystalline Ge (¢c-Ge) to amorphous Li-Ge (a-Li,Ge) alloy
after lithiation.
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(@ (b) design. It is also suggested that “isotropic”
materials, such as Ge and amorphous
,,,,, ==(111)] Si,**#1 may be a better choice for stable
. “(110) electrodes. In the following section, we show
< R — that Ge nanowire anodes possess another
& (100) remarkable property of nanopore formation
__g """"""""""""""" during delithiation, which enhances the
o mechanical stability of the electrode during
> 36
ez cycling.
(ii) Ge
0 0.5 1 1.5

1
xin Li!Si

Xin LiYGe

Figure 7. Comparison of voltage profiles for different crystallographic planes of Si and Ge.
(a) The onset voltage for lithiation of Si (110) plane is higher than that of (111) and (100)
planes, consistent with the experimentally observed preferential lithiation along Si <110>.
(b) In contrast to Si, Ge (111), (110), and (100) planes show similar onset lithiation voltages,
consistent with the experimental observation of isotropic lithiation in ¢-Ge. The initial
stages with the voltage over 0.6 V or the Li-to-Si ratio x < 0.2 are not related to the alloying
process but the surface states. Reproduced with permission.[% Copyright 2011, American

2.3. Nanopore Formation in Ge Nanowires
during Delithiation

It has been shown that Ge nanowires
undergo nearly isotropic lithiation without
fracture. From an electrochemical cycling
viewpoint, it is equally important to know
whether or not they form cracks during

Chemical Society.

halos, with intensity distribution similar to that from a crystal-
lized Li;sGe, pattern.B182] The anisotropic swelling and central
cracking seen in the <112>-Si nanowires (Figure 4) were not
observed during lithiation of the Ge nanowires.

The amorphous products of lithiated Si and Ge are both
isotropic in nature based on the EDPs. Several questions
then arise: What is the origin of the lithiation anisotropy
in Si? Why does not such anisotropy appear in Ge? Since
Li diffusivity tensor in the diamond cubic lattice of Si and
Ge is known to be isotropic in the dilute limit, the lithiation
anisotropy must be related to different properties of the crys-
tallographic planes of unlithiated Si crystals that adjoin the
amorphous product. In other words, the orientation depend-
ence of interfacial mobility (or equivalently reaction rate) at
the sharp boundary of two phases (i.e., pristine crystal and
amorphous phase of lithiated product) is expected to govern
the lithiation anisotropy in Si, rather than long-range trans-
port.®3 Chan et al. studied the lithiation onset voltage of
(100), (110) and (111) Si and Ge single crystals with in situ
Raman spectroscopy and density function theory (DFT) cal-
culations. Figure 7 shows that the calculated onset lithiation
potential of Si (110) plane is higher than
that of the (111) and (100) planes (except for
the initial surface reactions corresponding
to regions with the voltage over 0.6 V or the
Li-to-Si ratio, x, less than ~ 0.2), but there
is no obvious lithiation potential difference
between the different planes in Ge.[* This
is consistent with the experimental observa-
tions showing that Si has high anisotropy
with the fastest lithiation on (110) planes,
in contrast to Ge that undergoes nearly iso-
tropic lithiation.3%3¢l

(a)

delithiation. Figure 8 shows that instead of
cracking, the lithiated Ge nanowires exhib-
ited porous structures after Li was extracted
in either a liquid cell (Figure 8a) or a solid cell (Figure 8b)
during the in situ TEM experiments. Such porous Ge structure
was also found in an ex situ cell after cycling (Figure 8c),®”]
indicating again the high consistency between the in situ and
ex situ studies, although the experimental conditions between
the two techniques differ considerably. The formation of such
spongy structure involves aggregation of vacancies produced
by Li extraction, similar to the formation of porous metals by
selective dealloying. More importantly, the three dimensional
(3D) network of the amorphous Ge ligands is quite stable
during cycling, as evidenced by the similar pore distribution
and morphology after each delithiation process (so-called
“pore memory effect”).[30]

Both the in situ and ex situ electrochemical tests indicate
that Ge is a good anode material and has the following merits:
(1) high capacity, with volumetric capacity comparable to Si and
much higher gravimetric capacity than graphite;®® (2) high rate
capability, up to 1000C for a 250-nm thick Ge film,"? as com-
pared to only 30C demonstrated in a 50-nm thick a-Si film;®4
(3) high mechanical stability, without fracture or cracking
during both lithiation and delithiation.3%

ex situ cell

728  wileyonlinelibrary.com

The anisotropic lithiation and swelling of
¢-Si must be taken into consideration in the
electrode design, by either taking advantage
of or suppressing it via electrode geometry

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 8. Nanopore formation in Ge observed in both in situ and ex situ cycling experiments.
(a,b) Porous Ge nanowires after delithiation in a liquid cell using the ionic liquid electrolyte
(a), or in a solid cell using Li,O solid electrolyte (b). (c) Porous Ge obtained after cycling in a
conventional half cell. Reproduced with permission.*¢¢% Copyright 2011, American Chemical
Society and Wiley.
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Figure 9. Size dependent fracture and surface cracking in Si nanoparticles during lithiation.
(a) In situ experimental observation showing a crack nucleates from the surface of the a-Li,Si
shell and propagates inwards during lithiation of a large Si nanoparticle with diameter of
1800 nm. (b) Lithiation of a small Si nanoparticle without cracking. The diameter increased
from 80 nm to 130 nm. (c) Simulation showing that the surface cracking occurs due to the
large tensile hoop stress induced by lithiation-induced volumetric expansion. Reproduced with

permission.?¥l Copyright 2012, American Chemical Society.

2.4. Size-Dependent Fracture of Si Nanoparticles
during Lithiation

Nanoengineering is one of the most promising strategies to
mitigate the fracture of high-capacity anodes.” It has been
reported that Si nanoparticles and nanowires show better
cyclability than their bulk counterparts.”#4 One of the fun-
damental questions is: under what critical size fracture can be
prevented during lithiation. We studied the lithiation of indi-
vidual Si nanoparticles with different sizes in the range of a
few tens of nanometers to several micrometers, and revealed
a strong size dependence of fracture during the first lithiation
process.[>34 For large Si nanoparticles with diameters above
~150 nm, cracks always nucleated from the surface (Figure 9a),
and the nanoparticle fractured into pieces upon further
lithiation.l"®] On the contrary, small Si nanoparticles did not
crack, but exhibited a huge volume expansion upon completion
of lithiation, resembling an inflated balloon (Figure 9b).'>34
This in situ result clearly demonstrates that nanostructures
are indeed better in terms of averting the adverse mechanical
consequence accompanying the electrochemical reactions. If
the small Si nanoparticles are dispersed in a flexible elasto-
meric or porous matrix, the huge volume changes may be well
accommodated.

An unexpected observation from the in situ lithiation
experiments is that cracking in large Si nanoparticles always

Adv. Energy Mater. 2012, 2, 722-741
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initiates from the surface of a lithiated shell
of a-Li,Si, not from the center of ¢-Si core
(Figure 9a and 9c). This surface-cracking
mode is different from the prediction by
previous models on the first nucleation of a
central crack.B>%”] To understand the surface
cracking and the size-dependent fracture
in Si nanoparticles, the following physical
effects must be taken into account: (1) two-
phase lithiation mechanism;**# and (2)
the curvature of the two-phase boundary.
These two effects combine to cause the
reversal of hoop stress from initial compres-
sion to tension in the surface layer of par-
ticles. Both in situ and ex situ experiments
have revealed the sharp a-Li Si/c-Si interface
(ACI) of ~1 nm thickness developed during
the lithiation of Si.l530313488] Drogressive
migration of the ACI leaves a thickening
a-Li,Si shell in its wake. In such a two-phase
lithiation mode, the Li concentration gra-
dient is large across the narrow ACI, i.e,,
from x ~ 0 on the ¢-Si side to x ~ 3.75 in the
a-Li,Si shell. Consider a representative mate-
rial element A in the surface of a Si nanopar-
ticle, the direct lithiation of element A, while
being swept by the lithiation front, results in
the initial hoop compression due to the con-
straint of surrounding materials. However,
continuous lithiation and associated volume
expansion at the moving reaction front push
out the lithiated shell. Analogous to the
development of tensile hoop stress in the
inflating balloon, the stress state in element A will be reversed
from compression to tension. As a result, surface cracks may
nucleate from the outmost a-Li,Si shell with the largest tensile
hoop stress and propagate inwards as more lithiated alloys are
being pushed out.

Such hoop stress reversal is not predicted by a single-
phase model in which the compression in the lithiated shell
is maintained by continuous Li insertion. The inner ¢-Si core
is thought to experience tensile stress build-up and eventu-
ally cracks. Such central-cracking scenario is observed in
neither Si nanowires nor nanoparticles experiments due to
the two-phase, rather than the single-phase structure present
in the experiments.!'>303188] We have always observed crack
nucleation from the lithiated surface (Figure 9a), but never
from the ¢-Si core during lithiation. It should be emphasized
that the hoop stress development and surface cracking are
related to the spherical curvature; as for a planar ACI on a
Si foil, cracking of the ¢-Si are observed to nucleate from the
ACI and propagate into ¢-Si due to the tensile stress. Also,
while the hoop tension tends to initiate surface cracks, the
small-sized nanoparticles nevertheless avert fracture. This
is because the stored elastic strain energy from the elec-
trochemical reactions is not enough to drive crack propa-
gation, as dictated by the interplay between the two length
scales, i.e., particle diameter and crack size, that control the
fracture.1534
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3. Carbonaceous Nanomaterials

3.1. Lithium Embrittlement of Carbon Nanotubes:
Chemical or Geometrical Origin?

Due to their excellent physical properties such as superior elec-
trical conductivity and high mechanical strength, carbon nano-
tubes (CNTs) are being extensively studied as a promising anode
material for LIBs.#% It has been reported that the reversible
capacities of single-walled carbon nanotubes (SWCNTs) and
MWCNTs are 450-600 mAh/g%%?l and up to 1000 mAh/g,P!
respectively, which are much larger than graphite. It is expected
that the CNT-based electrode should have a much longer cycle
lifetime than other anode materials, as it can benefit from the
mechanical flexibility and robustness of the CNTs. However, it
is found that the MWCNTs become very brittle upon lithium
insertion, which is attributed to the lithiation-induced embrit-
tlement effect.l*®!

Figure 10a shows the TEM image of a pristine arc-discharged
MWCNT with diameter about 20 nm, showing the straight
tube structure and clean surface. A layer of Li,O was formed
on the surface of the MWCNT during lithiation (Figure 10b),
and the thickness of the Li,O layer increased with further lithia-
tion (Figure 10c-d). After delithiation, the thickness of this sur-
face Li,O layer did not show obvious shrinkage (Figure 10e).
This stable Li,O layer is likely related to the formation of the

50 nm
=== brittle fracture

(e)

677 s

€.

in situ solid cell; in situ mechanical test

Figure 10. Brittle fracture upon compression of an arc-discharged multi-
walled carbon nanotube (MWCNT) after a lithiation-delithiation cycle.
(a-d) Time-lapse TEM images showing the structure evolution of an arc-
discharged MWCNT upon lithiation. (a) A pristine MWCNT with diam-
eter about 20 nm, showing the straight tube structure and clean surface.
(b) Upon lithiation, a uniform Li,O layer was coated on the surface. (c,d)
The thickness of the surface Li,O layer increased as lithiation continued.
(e) Brittle fracture upon compression of the MWCNT after delithiation,
showing a sharp fracture surface. The thickness of the surface Li,O layer
did not change much during cycling, which is consistent with the reported
large irreversible capacity due to the solid electrolyte interface (SEI) for-
mation in the conventional electrochemical cells.
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SEI layer in the conventional electrochemical cells, and is con-
sistent with the reported large irreversible capacity due to the
SEI formation in CNT-based LIBs.*%>% Brittle fracture of the
MWCNT with a sharp edge was observed (Figure 10e), which is
strikingly different from the ‘sword-in-sheatl’ failure mode of
pristine MWCNTs.[100:101]

Consistent with the in situ TEM observations, the brittle
fracture of MWCNTs was also found in conventional elec-
trochemical cells after multiple cycles.3#19271931 Ag shown in
Figure 11a, the surface of the MWCNT was coated with an SEI
layer after cycling in a conventional electrochemical cell using an
EC/DMC electrolyte. The MWCNTs broke with sharp fracture
edges under compression (Figure 11a), same as that observed
in the in situ TEM test (Figure 10e), suggesting the lithiation-
induced embrittlement of MWCNTs. Besides our in situ and ex
situ experiments, Masarapu et al. reported that MWCNTs were
broken into smaller pieces after 2000 cycles (Figure 11b),11%
and similar brittle fracture of CNTs was also observed after 200
deep lithiation-delithiation cycles by Pol et al. (Figure 11c).l1%3!
These ex situ reports agree well with our results from in situ
TEM electrochemical study, indicating the methodology of in
situ TEM electrochemistry is suitable for studying the funda-
mental science relevant to real LIBs.

AD initio tensile simulation of double-walled carbon nano-
tube (DWCNT) has been performed.’® We constructed the
simulation model with (5,5) and (10,10) armchair-type CNTs
for the inner and the outer tube, respectively. A 23.6 A x
23.6 A x 4.93 A simulation cell including 120 carbon atoms
were used with the axis along z direction. 9 Li atoms were ran-
domly inserted one by one between the two walls to obtain the
lithiated DWCNT. The tensile strain was applied to the model
by elongating the simulation cell along z direction. After the
each increment of the strain, the structural optimization was
performed while fixing the cell size. Similar procedures were
employed to evaluate the effect of Li insertion on the mechan-
ical properties of the different materials shown in this review.
Figure 12a shows the stress-strain curve of the DWCNT with
and without Li between the walls. The fracture strain of the
lithiated DWCNT was reduced to 19% from 29% of that in the
pristine tube. The lithiation reduced the fracture strain by 34%.
Such weakening is attributed first to the insertion of intertu-
bular Li atoms causing the development of hoop tension in
the circumferentially closed tube walls. This is manifested by
the measured 6% inter-tube distance increase in the absence
of applied mechanical loading, that corresponds to ~50 GPa
residual tensile hoop stress.*® Furthermore, during subsequent
axial loading, due to the Poisson contraction effect, the inter-
tubular Li atoms produce additional “point force” to further
embrittle the CNT5.13® Because of the topological constraint of
the tube wall to form a closed circle, lithiated or not, axial ten-
sion causes the radial contraction of the CNT. As a consequence
of the residual hoop tension, estimated to approach ~50 GPa
after lithiation before axial tension, plus the Poisson contrac-
tion effect after external axial tension is applied, the intertu-
bular Li is pushed against the walls. This “point force” effect
gradually emerged and localized the deformation as the axial
tension increased as shown in Figure 12b.'%10] Firstly, the
Li atoms were pushed into the inner wall due to the compres-
sion from the outer wall, leading to the large elongation of the
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Figure 11. Brittle fracture of MWCNTs after multiple cycles in conventional ex situ electrochem-
ical cells. (a) Brittle fracture of a MWCNT after 100 cycles in a Swagelok cell. Left: morphology of
a MWCNT after 100 cycles; Right: brittle fracture of the MWCNT resulting in a flat edge under in
situ compression. (b) TEM images showing broken MWCNTs with flat edges after 2000 charge-
discharge cycles. (c) SEM images showing the brittle fracture of the MWCNT electrode after
200 deep discharge cycles. Bottom: The MWCNTs were broken into smaller fragments, which
was significantly smaller than the average length of the parent nanotubes (Top). Reproduced
with permission.B38102193 Copyright 2011, American Chemical Society; Copyright 2009, Wiley;
Copyright 2011, the Royal Society of Chemistry.
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lithium embrittlement behavior is dissimilar,
the embrittlement of MWCNTs may have a
nonlocal geometrical or mechanical origin,
related to the nonlocal generation of the hoop
stress and “point force”. Such experimental
checks have indeed been performed using
our in situ platform, to be detailed next.

3.2. Graphene as a Robust Anode Material

Few-layered graphene nanoribbons (GNRs)
were studied with the lithiation and mechan-
ical tests similar to those for MWCNTs.3%
Compared to the tubular structure of
MWCNTs, the GNRs consisted of about 5 ~ 10
layers of planar graphitic sheets. During lithi-
ation, the spacing of these sheets (the basal
planes) increased from 3.4 A to about 3.6 A,
corresponding to an expansion of about 6%
and consistent with the <10% volumetric
change of intercalated graphite.l*3! Similar to
the MWCNTS, thick Li,O layers were wrap-
ping the GNRs. However, the GNRs showed
high robustness in the following mechanical
manipulation (Figure 13). Unlike the embrit-
tled MWCNTs, lithiated GNRs survived in the
repeated compression/release cycles without
fracture, and they even recovered the original
shape, indicating insignificant residual defor-
mation (Figure 13a-c).

Figure 13d shows the tensile stress-
strain curves for the pristine graphene, CyLi
graphene, and C¢Li graphite in the zigzag

C-C bonds adjacent to the Li atoms. This corresponds to the
first stress drop after the stress reaching its maximum at the
strain of 19%. Then the outer tube was fractured from the point
where the wall was pushed against the intertubular Li atoms at
the strain of 25% corresponding to the second stress drop.

The simulation results imply that the hoop stress and “point
force” from the Li atoms caused the local
bond breaking that further triggered the

brittle fracture of CNT as observed in the (@

and the armchair directions. The ideal strength of the pristine
graphene was 112 GPa at 19% strain and 121 GPa at 24% strain
for the zigzag and the armchair direction, respectively. When
Li is added, they were reduced to 98 GPa at 18% strain (zigzag)
and 109 GPa at 20% strain (armchair). The decrease of the frac-
ture strain upon lithiation is 5% ~ 14% in the graphene, which

inner tube + Li

experiments.1*®l The generation of this “point
force”, however, can have a nonlocal geomet-
rical origin due to the circumferentially closed
tube walls of the MWCNTSs that gives rise to
(a) residual hoop tension after lithiation, as
well as (b) additional Poisson contraction
in response to external axial tension. Since
the carbon-carbon bonding chemistry and
carbon interaction with lithium should be 20
local and largely the same between MWCNTs .

Tensile stress (GPa)

pristine

lithiated

and graphene nanoribbons (GNRs), a com- o
parison with GNRs would allow us to further

02 03 0.4
Tensile strain

pin down the origin of lithium embrittle-
ment: if the lithium embrittlement behavior
is similar between MWCNTs and GNRs, then
it can have a local, chemical origin. But if the

Adv. Energy Mater. 2012, 2, 722-741
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Figure 12. Simulations showing embrittlement of a double-walled CNT after lithiation.
(@) Simulated stress-strain curves of an axially strained CNT before (red trace) and after
lithiation (blue trace). The lithiated CNT shows brittle fracture under tensile stress. (b) Atomic
structures at different strain level showing the fracture of the outer tube, consistent with the
experimental observations.
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4. Oxide Nanowires
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Some oxide nanowires (ZnO) also show
significant lithium embrittlement, % while

others (Sn0,) do not.¥l In contrast to car-
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bonaceous materials in Section 3 where a sig-
nificant “geometrical embrittlement” effect
was identified, here we have found a signifi-
cant “chemical embrittlement” effect.

©,
% LARGE in-plane
hoop stress ~ 50 GPa!
4.1. Leapfrog Cracking and Nanoamorphization

of ZnO Nanowires

While the lithiation proceeded in a contin-

Tensile strain

Figure 13. Mechanical robustness of graphene after lithiation. (a) Pristine graphene in contact
with the Li,O. (b,c) The lithiated graphene was compressed (b) and released (c), showing
great flexibility and no fracture. (d) Simulated stress-strain curves showing similar mechanical
property of graphene and graphite under tensile stress along both the zigzag and armchair
directions, suggesting superb mechanical stability of graphene even after being lithiated.
(e) lllustration of geometrical embrittlement effect in MWCNTs, but not in multi-layered GNRs.

Reproduced with permission.? Copyright 2012, Elsevier.

is insignificant compared to the DWCNT (Figure 12a). Further-
more, the result of the lithiated bulk graphite (infinite stack of
graphene layers) showed almost the same strength and the frac-
ture strain as the lithiated graphene. This indicates the inter-
layer interaction is negligible in the graphite and the number
of the graphite layers has no effect to the strength reduction
upon lithiation. Thus, there does not seem to be a significant
“chemical embrittlement” effect, in the sense that the C-C
bond network common in both graphene and MWCNT does
not seem to be directly weakened chemically by the insertion
of lithium. On the other hand, the MWCNTs showed signifi-
cant lithiation-induced embrittlement. As discussed earlier,*®l
such embrittlement is attributed to the residual hoop stress of
~50 GPa caused by the intertubular Li atoms in the circumfer-
entially closed tube walls, in conjunction with the additional
Poisson contraction upon external loading, that sums to the
“point force”, and which is expected to become insignificant in
the “flat” graphene and the graphite.'%197] And indeed, lithia-
tion-induced embrittlement was not observed either in graphite
or in graphene. This indicates the structurally constraining
effect of CNT5, that is, the nonlocal geometrical requirement of
maintaining a circumferentially-closed circle, plays a dominant
role in the embrittlement, as opposed to the chemical effect
such as charge transfer due to the lithiation. This is termed
“geometrical embrittlement” 1?8l

These results show great promise of graphene as a robust
battery material (due to the lack of circumferential constraint)
with high electronic conductivity, mechanical stability, and huge
specific surface area. Indeed, depending on the synthesis and
test method, graphene has shown high capacities in the range
of 540 ~ 1264 mAh/g.l'% The comparative in situ lithiation
studies on MWCNTs and GNRs also indicate that the property
is closely related to the structure (geometric constraints), which
in turn partially explains the relatively large variation in meas-
ured capacity of graphitic materials in the literature.[1%8:10%
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uous manner in most of the nanowires we
examined,'*313637] the reaction front did not
move continuously in ZnO nanowires.*’!
Instead, it leaped forward by initiating
discrete cracks before the reaction front
(Figure 14a), followed by rapid Li* surface
diffusion and inward amorphization. The
cracks divided the single-crystalline ZnO
nanowire into multiple segments, which
were then lithiated individually. When two growing amorphous
zones came into contact, they formed a new interface. This is
a glass-glass interface (GGI), as the two glassy domains were
developed separately with discontinuous atomic structures
when they met and adhered. Thus, the lithiated ZnO nanowire
can be referred to as “nanoamorphous” or “nanoglass”, since it
contains multiple discontinuous glassy domains.'¥!

The GGIs left jagged reliefs on the nanowire surface. They
also remained at the same locations during multiple charge/
discharge cycles afterwards, which we call the “GGI memory
effect”. Thus the damages trapped in the GGIs during the first
lithiation can be permanent and affect the battery lifetime. In
fact, ZnO is known to have poor cyclability. On the other hand,
lithiation of SnO, features continuous front propagation, a
single amorphous domain with smooth surface, and involves
no crack formation during lithiation but plenty of gliding dis-
locations™#2], indicating good plasticity. It therefore should
not be too surprising that macroscopically, SnO, shows better
cyclability than ZnO electrodes.'112l One may conjecture that
certain microscopic mechanism greatly affects the difference in
durability of these two oxide electrode materials.

4.2. Lithium Embrittlement: Chemical Effects

The cracking of ZnO nanowires cannot be explained simply by
the volume expansion during lithiation, because there was no
cracking in the pristine crystalline materials during lithiation
of other nanowires with even larger volume expansions such
as Sn0, and Si.'33! Although Si nanowires show nearly 300%
volume expansion after lithiation, no sign of the crack forma-
tion was observed in the crystalline segment located in front
of the reaction front. The chemical nature of Li-Zn interaction
must play a role. Similar to hydrogen embrittlement, previous
studies have shown the presence of Li can weaken the materials,

Adv. Energy Mater. 2011, 2, 722-741
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Figure 14. Comparison of the microstructural evolution and mechanical stability of ZnO, SnO,, and Si nanowires upon lithiation. (a) Discrete cracks
formed before the reaction front of a ZnO nanowire followed by axial lithiation of the isolated ZnO crystals between the cracks. (b) Simulated stress-
strain curves showing significantly reduced strength of ZnO upon Li insertion. (c) High density dislocation region (“dislocation cloud”) formed at
the reaction front of a SnO, nanowire as the structural precursor of amorphization. (d) Simulated stress-strain curves showing less influence of
Li insertion on the strength of SnO, than ZnO. (e) Two-phase manner of Si lithiation by migration of an atomically sharp interface between the
unreacted crystalline Si and lithiated a-Li,Si. (f) Simulated stress-strain curves showing little change in mechanical property of Si upon Li insertion.
Reproduced with permission.l*314% Copyright 2011, the American Chemical Society; Copyright 2010, the American Association for the Advancement
of Science.
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known as lithium embrittlement.26113-116 To elucidate the
effect of Li on strength and ductility, we conducted ab initio ten-
sile decohesion simulations for ZnO, SnO,, and Si nanowires.
The theoretical results and the corresponding experimentally
observed reaction mechanisms are presented in Figure 14. The
simulations were conducted at the low Li concentration, corre-
sponding to the early stage of lithiation.

The lithiation of the ZnO nanowire proceeds by the discrete
crack formation as shown in Figure 14a. Figure 14b shows the
tensile stress-strain curve for ZnO at different Li concentra-
tions. The ideal strength of the pure ZnO was 29 GPa. When Li
was added, it decreased to 17 and 7 GPa for 1Li/(ZnO)g and 2Li/
(ZnO)g, respectively. In contrast, in SnO, glissile dislocations
were seen to be generated and propagated along the nanowire
axis at the reaction front, transforming the initial crystalline
structure to an amorphous matrix (Figure 14c). The calcula-
tions for SnO, shown in Figure 14d revealed that the effect of
Li on the tensile decohesion is much smaller compared to the
ZnO at the same Li concentration. These results indicate that
the lithium embrittlement appears to be more severe in ZnO
than in SnO,. We attribute this difference to the aliovalency of
Sn cations; both Sn(IV) and Sn(II) are the frequently observed
electronic valence state of Sn, while Zn is dominated by Zn(II).
Thus, Sn can gradually adapt to the electronic-structure change
when Li atoms are inserted and start to reduce Sn(IV) in SnO,,
while ZnO has no such option but to break the Zn-O bond.

Neither cracks nor dislocations were observed in the c¢-Si
segment during the lithiation of Si nanowires (Figure 14e). In
the simulation of Si, the strength reduction is 24% and 37% at
1Li/Sig and 2Li/Sig, respectively. Such direct lithium embrittle-
ment in Si is more significant than SnO,, but less severe than
ZnO. In 2Li/Sig configuration, a slight stress drop took place at
9% strain. At this point, the Si-Si bond in the vicinity of Li was
stretched more compared to other Si-Si bonds. This is due to
the weakening effect of Li insertion caused by local electronic
structure modification. However, this drop did not lead to a
complete fracture of the Si. Although the local Si-Si bond near
the Li was weakened, other Si-Si bonds remain largely intact,
serving to maintain the structure integrity. Therefore, the model
material was able to accommodate further tensile deformation
at this Li concentration.

Although the possibility of lithium embrittlement was
speculated in LIBs from the observation of the lithium battery
leakage,?! there has been no extensive research in this direc-
tion. Our findings shed light on the importance of nanocracking
and lithium embrittlement in LIB electrode since they are inte-
gral to both lithiation and battery decrepitation mechanisms.
Our work showed two mechanisms of Li embrittlement, namely
local, chemical versus nonlocal, mechanical effects. The inserted
Li atoms alter the electronic structure of the matrix and weaken
the interatomic bonds to reduce the strength (chemical effect).
The magnitude of the effect differs due to the aliovalency and
the bonding nature of the host material. Thus, the occurrence of
the lithium embrittlement is highly material dependent. How-
ever, lithium embrittlement may not be universally explained by
the chemical effect. As shown in the previous section, lithium
embrittlement occurred in MWCNTSs, but not in GNRs. Clearly,
the topological constraint of the nanotubes, that is, the geo-
metrical requirement of maintaining a circumferentially-closed

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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circle, lithiated or not, played an important role in the Li embrit-
tlement susceptibility as well, due to nonlocal generation of
“point force”, residual plus induced. These results suggest that
both chemical and structural effects should be carefully ana-
lyzed to understand the lithiation-induced embrittlement of the
LIB electrode materials, which is crucial for predicting electrode
degradations.

5. Al Nanowires and Al,O; Coatings

5.1. Pulverization of Al Nanowires

The insertion/extraction of a large amount of lithium in the
active materials can induce buildup of large mechanical stresses
that can further cause pulverization leading to the loss of elec-
trical contact and capacity fading after a few cycles.*3117-123]
We have used the in situ TEM electrochemistry to study the
pulverization processes by taking the Al nanowire as a model
system.l”) Figure 15a shows a pristine Al nanowire with uni-
form contrast and a uniform diameter of about 40 nm. After
lithiation, the nanowire swelled and elongated (Figure 15b).
Voids nucleated and formed at the first delithiation stage, as
marked by red arrow in Figure 15c. The nanowire was pulver-
ized to isolated Al nanoparticles after 4 cycles of lithiation and
delithiation (Figure 15d). Figure 15e shows an enlarged image
of the voids between the nanoparticles. From the in situ TEM
observations, it is clear that the formation and growth of the
voids only occurred at the delithiation stage because of the deal-
loying of lithium from the LiAl alloy, eventually giving rise to
pulverization of the metallic nanowire electrode.

Conventional electrochemical cycling experiments on the Al
nanowires were also carried out using commercial liquid elec-
trolyte with LiPF dissolved in an EC/DMC mixture. The voltage
profile and specific capacity of galvanostatic cycling at 1C rate
are shown in Figure 15f and g, respectively.’”) The capacity
loss began immediately during the first delithiation and only
occurred at each delithiation step. It is also worth noting that
the capacity of lithiation is about the same as that of the pre-
vious delithiation. This is consistent with the in situ TEM obser-
vations that the pulverization only occurs during delithiation
and leads to loss of connectivity and conductivity of the elec-
trode materials, which eventually causes capacity fading.

5.2. Coatings

In the past decade, various kinds of metal oxides,[!24126 such as
ALO,, 1277132 C0,0,,133 710, 134135 Ti0,, 136137 MgO,[138-140]
ZnO,"] and Sn0,,!'* have been studied as coatings on active
materials for improving the battery performance. Among these
metal oxides, Al,0; has been extensively explored. It has been
shown that a thin Al,O; coating layer on active materials,
such as LiCoO, and LiMn,0,,** can enhance the cycling
performance. Recently, atomic layer deposition (ALD), as a
gas-phase method of thin-film growth with conformal coating
and atomic thickness control, has been employed as a coating
method for LIBs. Ultrathin ALD coated Al,O; layer has been
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Figure 15. Pulverization of Al nanowire during electrochemical cycling. (a) Pristine Al nanowire with uniform diameter and contrast. (b) Morphology
after the first lithiation process, showing the volume expansion in both radial and axial directions. (c) Voids formation after the first delithiation
process. The red arrow marks one of the voids. (d,e) Pulverized Al nanowire consisting of isolated Al nanoparticles after 4 lithiation-delithiation cycles.
(e) Enlarged image clearly showing the voids between the particles. (f) Voltage profile of the Al nanowire assembles cycled at 1C rate in the ex situ
electrochemical test. (g) Capacity retention of the Al nanowires as a function of cycle number. Capacity loss occurs during delithiation, while lithiation
capacity is about the same to the previous delithiation capacity. Reproduced with permission.?”l Copyright 2011, the American Chemical Society.

reported to improve the durability and rate capability of the
LiCoO, cathode,'-%] and the cyclability of amorphous Si
anode.l'*l However, the underlying mechanisms as well as the
morphological and compositional evolution of these coatings
during cycling were not clear.

In situ TEM electrochemical study opened opportunities for
understanding the morphology and composition changes of the
ultrathin surface coating at the atomic scale. The Al nanowire
with a naturally oxidized surface layer of Al,O; (about 4-5 nm)
was used as a model system (Figure 16).3”) Combining the TEM
images and the elemental mapping results, the morphology
and composition changes can be tracked for both the coating
layers and the active materials. As shown in the inset images
in Figures 16a and b, the surface Al,0; layer first underwent
lithiation. Then the inner Al core was lithiated following lithia-
tion of the Al,O; surface layer (Figure 16c). The Al nanowire
was pulverized to generate isolated Al nanoparticles after one

Adv. Energy Mater. 2012, 2, 722-741
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lithiation-delithiation cycle. Surprisingly, an intact tube, which
was converted from the surface Al,O; layer, confined the pul-
verized Al nanoparticles, maintaining the integrity of the elec-
trode (Figure 16d). The zero-loss image shows the pulverized
nanoparticles enclosed by a tube formed on the nanowire sur-
face after 3 cycles. The electron energy loss spectroscopy (EELS)
map of Al element matches well with the enclosed nanoparti-
cles in the zero-loss image, indicating the nanoparticles in the
tube were Al nanoparticles. Based on the EELS maps of the Li,
Al and O elements, it can be concluded that the surface Al,O4
layer has evolved into a Li-Al-O glass layer (Figure 16e). This Li-
Al-O glass tube survived the 100% volume expansion occurred
during the lithiation of the inner Al nanowire, showing the
exceptional mechanical robustness. In addition, the Li ion con-
ductivity of the Li-Al-O glass is up to the order of 10° S/cm at
room temperature,['*’] indicating that the formed Li-Al-O glass
tube served as a good solid electrolyte for Li ion transport.
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Figure 16. Evolution of an Al,Os surface layer to the Li-Al-O glass layer. (a—d)
In situ electrochemical test of an Al nanowire with a native Al,O; surface
layer. (a) Pristine Al,O3/Al nanowire. The inset high-magnification image
shows the amorphous Al,0; coating on the Al nanowire. (b) Initial stage of
lithiation showing that the Al,O5 surface layer was lithiated first. The inset
shows a high-magnification image of the lithiated Al,O; layer that was
converted to a Li-Al-O glass tube with increased thickness. (c) The Al core
was lithiated after lithiation of the Al,O5 surface layer. (d) Morphology of
the nanowire after one lithiation-delithiation cycle. The inner Al wire was
pulverized, but the outer lithiated layer formed a continuous tube enclosing
the pulverized Al wire, keeping the integrity of the electrode. (e) Zero loss
image and electron energy loss spectroscopy (EELS) maps of Li, Al and O
elements of an Al nanowire after 3 cycles, indicating a structure of discrete
Al nanoparticles wrapped by a continuous Li-Al-O tube converted from the
native Al,Os layer. (f) Voltage profile as a function of capacity in the initial
cycle of Al nanowire assembles in the ex situ cell. The large sloping voltage
during lithiation is attributed to the irreversible lithiation of Al,O;, and the
following plateau at ~ 0.2 V corresponds to lithiation of Al. The delithiation
process shows large capacity loss, probably due to the pulverization. Repro-
duced with permission.?”) Copyright 2011, the American Chemical Society.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterialsViews.com

It is noted that even after the Al nanowire was pulverized to
separated particles after delithiation, lithiation/delithiation could
still continue to occur to some extent.?”) We suggest that this is
because the electrical connectivity was not completely lost after
pulverization. Some isolated particles indeed became “dead” after
fracture, which is also proven by the ex situ cycling data showing
decreased capacity after each delithiation (Figure 15fg).”!

The ex situ cycling data agree well with the in situ TEM obser-
vations and reinforce the conclusions drawn above. Figure 16f
shows the voltage profile as a function of charge capacity for the
initial cycling of Al nanowire assemble sample in the conven-
tional electrochemical cell. The initial sloping high voltage is
attributed to the irreversible lithiation of Al,0; shown in
Figure 16b, while the relatively stable voltage near 0.2 V
corresponds to lithiation of Al metal as shown in Figure 16c.
Delithiation occurs at approximately 0.5 V and shows an enor-
mous loss of capacity in the first cycle, indicating the pulveriza-
tion of Al nanowires during delithiation (Figure 16d).

The formation of mechanically robust Li-Al-O glass
tube due to lithiation of Al,O; provides important insights into
the recent findings that an ALD-grown thin layer of Al,O; on
active electrode materials can increase the cycle lifetime of the
corresponding electrodes dramatically. Figure 17 shows the
results of improved performance of electrodes coated with thin
films in the ex situ experiments. Figure 17a shows the TEM
image of LiCoO, particles coated by 6 ALD cycles of Al,03, and
the cycling performance was greatly improved with respect to
the uncoated bulk- and nano-LiCoO, samples (Figure 17b). The
uncoated bulk-LiCoO, electrode showed rapid capacity fading
in a few cycles, and the bare nanoLiCoO, electrode showed the
delayed decay of capacity. The Al,0s-coated nano-LiCoO, elec-
trode showed stable capacity retention in 200 cycles.*3] Besides
the application of an Al,O; coating on cathode materials, it was
also reported that the Al,O; coating on anode materials, such
as Si," can improve the cyclability of the LIBs. Figures 17c
and d compare the surface morphology of Si and Al,0; coated
Si thin film electrodes after 11 cycles. The Al,O; coated Si
(Figure 17c) shows much less cracks than the uncoated sample
(Figure 17d), indicating the Al,O; coating suppresses the
mechanical degradation of the Si anode. The depth profile of
the different Al compound ratio is shown in Figure 17e, indi-
cating the presence of LiAlO, on the top surface layer, which
can provide a facile Li-ion transport path.'*®¥ This result is
consistent with our in situ observations.’]

From the above in situ and ex situ results, it can be con-
cluded that the performance improvement of LIBs using the
Al,O; coating on active materials is attributed to the formation
of the Li-Al-O glass layer, which has two major effects: (1) The
Li-Al-O glass layer acts as an artificial SEI layer, which can pro-
vide good Li-ion conductivity; (2) The robust Li-Al-O glass layer
can mitigate loss of mechanical contact of the active materials,
so as to prevent them from breaking off from the electrodes.

6. In Situ Chemical Lithiation

As described above, in situ electrochemical experiments of
various materials have yielded many insightful results that are
consistent with corresponding ex situ tests using conventional
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Figure 17. Improved cyclability of nanolLiCoO, cathode coated with an ultrathin Al,O5 layer
(a,b) and the functions of ultrathin Al,O; layer on amorphous Si anode (c—e). (a) High resolu-
tion TEM image showing the LiCoO, surface was coated with Al,O; by 6 atomic layer deposition
(ALD) cycles. (b) Comparison of the cycling performance of three electrodes. The uncoated
bulk- and nanoLiCoO, electrodes showed rapid or delayed capacity fading, respectively, while
the Al,O3-coated nano-LiCoO, electrode showed stable capacity retention in 200 cycles. (c,d)
SEM images showing the surface morphology of Al,053 coated Si (c) and bare Si (d) thin film
electrodes after 11 cycles. (e) The depth profile of the different Al compound ratio, indicating
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Li-loaded TEM grid. Due to the insulation of
Li,O, the nanomaterial remains unlithiated
before observation. The electron beam acts
as a shutter to control the onset of lithiation,
and the mechanism can be described as fol-
lowing: (1) generation of Li under electron
beam: 2Li,0 — 4Li + O,T; (2) in situ chem-
ical lithiation: x Li + M — LiM. As a dem-
onstration, SnO, nanowires can be readily
lithiated with the similar microstructural
evolution as that observed in the in situ elec-
trochemical lithiation experiment,[¥l such as
amorphization, volume expansion, and high
density of mobile dislocations at the reaction
front (Figure 18b-d).

The driving force of the chemical lithia-
tion is the negative Gibbs free energy of
the reaction, underlying the high reactivity
of elemental Li. Compared to the well-
controlled electrochemical lithiation, it cer-
tainly has some limitations, such as lacking
the capability of delithiation and manipula-
tion. The reaction products, kinetics, and
thermodynamics in a chemical lithiation
process could be very different from those
in the electrochemical process. Therefore
one should be cautious in extrapolating
the chemical lithiation data to explaining
the electrochemical lithiation. However,
chemical lithiation offers opportunities
of fast screening of materials of interest
without a special TEM holder, such as Nano-

the presence of LiAlO, on the top surface. Reproduced with permission.l%3148 Copyright 2011,

the American Chemical Society and Wiley.

electrochemical cells. A general observation is that the electro-
chemical reactions and mechanical responses, particularly the
phase transformations and deformation modes, are highly spe-
cific to the material itself, and are less sensitive to the experi-
mental procedures. This suggests that a controlled chemical
reaction between Li and M (denoting the material of interest)
will likely generate useful information of the lithiation mecha-
nism. On the other hand, in situ TEM electrochemistry usually
requires special instrumentation to complete positioning and
biasing, which may not be accessible in a conventional TEM.
Here we describe an in situ chemical lithiation method that can
be used for fast screening of the lithiation-induced phase trans-
formation and deformation.

Li,0, as well as many other Li-containing compounds, decom-
poses into elemental Li and volatile gas under electron beam
irradiation of high energy and high dosage rate (~100 A/cm?
in our experiments).?*14915% The electron beam induced
decomposition of Li,O can be utilized for in situ chemical
lithiation. As shown in Figure 18a, Li metal can be scratched
with a conventional 3-mm TEM grid made of Cu, Ni, or Mo,
and there will be a native Li,O layer grown on Li metal in
the dry air with minimum moisture. Nanomaterials such as
nanoparticles or nanowires can be dispersed onto the Li,O/

Adv. Energy Mater. 2012, 2, 722-741
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factory TEM-scanning tunneling micro-
scopy  (STM)  holder[131530313536,38:40-42]
It can be easily conducted in the conven-
tional TEM configuration, or in a scan-
ning electron microscope (SEM) to allow 3D observations.
Particularly, it facilitates the study of nanoparticle lithia-
tion, because the mass of the active material is small. As
we have observed in the preliminary experiments, the
chemical lithiation processes became slower and finally
stopped during long-lasting experiments, which was likely
limited by Li transport along the long wires. We also found
that when the electron beam is moved away from the Li,O,
the chemical lithiation stops due to the lack of continuous Li
supply. It should be mentioned that in our solid cell nano bat-
tery setup, Li,O was used as a solid electrolyte.'>3% During
cycling of the solid cell, the Li,O remained stable with no elec-
tron-beam-induced decomposition due to the very low dose
(0.001 ~ 1 A/cm?) employed in those experiments.

7. Conclusion

This review demonstrated that the in situ nanobattery experi-
ment inside TEM is a powerful paradigm for investigating the
atomic and microstructural mechanisms of electrochemical
energy conversion and material degradation in LIBs. With this
approach, assisted by theory and modeling, we examined the
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Figure 18. In situ chemical lithiation of SnO, nanowires using conventional TEM holder. (a) Schematic illustration of the experimental approach. Li
metal is scratched onto the conventional 3-mm Cu grid, and nanomaterials of interest are dispersed onto the Li metal coated with native Li,O. The
Li,O layer can be decomposed by the incident electron beam to in situ produce elemental Li, which then lithiate the adjacent nanomaterial by diffusion.
In this method, no external bias or manipulation is needed, and the lithiation is easily controlled by the electron beam irradiation to generate Li. (b-d)
Lithiation of a SnO, nanowire as a demonstration of the in situ chemical lithiation method. The nanowire showed the same microstructural changes
as seen in the in situ electrochemical lithiation experiment conducted with a Nanofactory TEM-scanning tunneling microscopy (STM) holder.

electrochemical and mechanical responses of various anode
materials, including Si, Ge, Al, SnO,, ZnO, carbon nanotubes
and graphene as well as important electrode coating materials
such as Al,O;. While each electrode material shows certain
unique behavior, we demonstrated that the size, geometry, and
the coating layer are critical factors that govern the electro-
chemical reactions and mechanical degradation. Our studies
advanced the fundamental understanding of the coupled
mechano-electrochemical effects governed by these factors.
The results are useful to the development of basic guidelines
for the rational design of high-performance LIBs. The consist-
ency of our in situ results with those obtained from ex situ
experiments conducted in conventional electrochemical cells
shows that the electrochemical-mechanical responses observed
in situ are intrinsic to the electrode material. The high infor-
mation throughput gained from the in situ studies in the form
of video streams in addition to the quantitative and analytical
information is extremely valuable. Such approach also opens
up new opportunities for the study of cathode materials and
more quantitative electrochemistry like galvanostatic cyclic
voltammetry. In the former, subtle structural changes in the
cathode materials could be revealed by high-resolution TEM in
real time with its analytical capabilities; in the latter, a closer
linkage between structural evolution and electrochemistry
could be established. It is envisioned that the young but rap-
idly evolving field of in situ TEM electrochemistry will con-
tinue to turn up exciting new science regarding LIBs and will
also extend its applications to broader branches of chemistry
and materials science.
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