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ABSTRACT Recent real-time analyses have provided invaluable

information on the volume expansion of silicon (Si) nanomaterials
during their electrochemical reactions with lithium ions and have /
thus served as useful bases for robust design of high capacity Si
anodes in lithium ion batteries (LIBs). In an effort to deepen the
understanding on the critical first lithiation of Si, especially in
realistic liquid environments, herein, we have engaged in situ
graphene liquid cell transmission electron microscopy (GLC-TEM).
In this technique, chemical lithiation is stimulated by electron-beam

irradiation, while the lithiation process is being monitored by TEM in

Electron beam

Graphene

o
r Preferential insertion 3 nm
\along Si <110> directions ||33

L)

L
Isotropic diffugion of Liin Si |isEs

0%, ‘}0
® :’
. i

«—> 3o Li
? <110> 3"/

.'g S /',LI‘SI

real time. The real-time analyses informing of the changes in the dimensions and diffraction intensity indicate that the very first lithiation of Si

nanoparticle shows anisotropic volume expansion favoring the (110) directions due to the smaller Li diffusion energy barrier at the Si—electrolyte

interface along such directions. Once passing this initial volume expansion stage, however, Li diffusion rate becomes isotropic in the inner region of

the Si nanoparticle. The current study suggests that the in situ GLC-TEM technique can be a useful tool in understanding battery reactions of various

active materials, particularly those whose initial lithiation plays a pivotal role in overall electrochemical performance and structural stability of the

active materials.
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silicon nanoparticle

trated profoundly into our everyday

lives. They are powering portable elec-
tronic devices and electrified vehicles (EVs).
Nevertheless, LIBs are encountering the
next-level demand on further increase of
the energy density, as advanced portable
electronics require higher energy consump-
tion, and the driving distance of EVs avail-
able upon each refuel is still below the
customer's expectation. ™ In an attempt
to meet such ever-growing demand with
regard to the energy density, the battery
community has invested significant efforts
to the research of silicon (Si) anodes be-
cause the unparalleled specific capacity of Si
near 4000 mA h g~ can play a key role in
bringing the high energy density LIBs to a

Lithium ion batteries (LIBs) have pene-
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reality.> 7 Despite this attractive feature
associated with the specific capacity, Si
suffers from insufficient cycle life originat-
ing from its extraordinarily large volume
change reaching ~300% between the
charged and discharged states.”® During
repeated cycles, the volume change trig-
gers fatal capacity fading mechanisms, in-
cluding pulverization of the active material,
film delamination, contact loss between Si
and carbon conducting agents, and un-
stable solid-electrolyte interphase (SEI)
formation.’~'? Hence, fundamental under-
standing of the volume expansion of Si
during lithiation, especially in the first cycle,
is essential in robust electrode design.

To this end, a vast number of experi-
mental’~?® and theoretical®” 32 investigations
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Figure 1. GLC-TEM. (a) Schematic illustration of GLC-TEM analyses. Si NPs are immersed in the liquid electrolyte, while the
volume expansion of each Si NP is monitored in real-time. (b) SEM image of the GLC showing two graphene sheets containing
the Si NPs and electrolyte. The whole assembly is on a holey amorphous carbon TEM grid. The scale bar is 1 um. (c) Scanning TEM
image and EDS elemental mapping of O (orange), C (red), Si (green), P (blue), and F (yellow) in the GLC. The scale bar is 100 nm.

have been recently carried out, and as a result, the
knowledge on the volume expansion of Si has been
substantially deepened. In particular, the in situ (or
semi-in situ) transmission electron microscopy (TEM)
technique has contributed markedly along this direc-
tion, as the technique allows for tracking morphologi-
cal and structural changes of a single identical object
throughout electrochemical processes in atomic resolu-
tion. For example, with the use of the in situ TEM
technique, crack propagation in microsized particles,'6°
preferential volume expansion along [110] direction,'”
and ledge-mediated migration of sharp phase boundary
at the amorphous/crystalline interface®® were elucidated
based on dynamic atomic rearrangements. Although
these results represent significant progresses in under-
standing electrochemical reactions of Si, most of the
analyses were based on the use of low volatile ionic
liquid electrolytes to accommodate the in situ cells in
high vacuum TEM environments, leaving certain gaps
before realistic cell conditions.?°=2>%>%63373% O the
other hand, in the Si morphology viewpoint, while a
variety of nanostructures have proven to be effective for
stable cycling,”®'>'%3¢38 nanoparticle (NP) has been
exclusively counted as a feasible active material for
practical manufacturing so far because other morpholo-
gical Si relies on complicated synthetic procedures that
often bring cost rise together. The investigation of Si NPs,
however, imposes an obstacle in the in situ TEM analysis,
as the electric connection to a single NP is nontrivial to
install in TEM cells. Also, NPs may not tend to stay at the
same spots all the time during repeated large volume
changes, granting another difficulty. Nevertheless, the
in situ characterization of Si NPs in a single particle level
would be highly desirable since the previous observa-
tions, such as the preferential volume expansion along
the certain crystal orientation, imply that the volume
expansion of NPs during lithiation could be based on a
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distinct structural behavior not observable with the
nanowire geometry and could therefore bring novel
insights unique in the particle morphology.

To investigate the lithiation dynamics of more prac-
tically viable Si NPs, the present study employed in situ
graphene liquid cell transmission electron microscopy
(GLC-TEM) technique3*™*' The GLC-TEM technique
has offered exceptional opportunities in unveiling
atomic-level phenomena of nanocrystal growth®®
and biomolecular motion*®*' in liquid environments,
as liquid containing reactants can remain trapped
between two graphene sheets even inside a high
vacuum TEM chamber. In the current case, electron-
beam (e-beam) can facilitate chemical lithiation of Si
NPs entrapped in the GLC. Thus, the lithiation of Si NPs
can be achieved in the actual liquid electrolyte con-
ditions while the NPs are visualized in real time by
TEM. Also, single-layer graphene sheets should not
participate in reaction with Li ions because the
graphene grown by chemical vapor deposition
(CVD) process should be free of functional groups
that allow for Li ion binding. This unique character-
ization capability revealed novel phenomena during
lithiation of Si NPs, such as preferential lithiation
onset along certain crystal orientations followed by
isotropic Li diffusion in the inner regions of Si NPs,
which has been unseen from the previous in situ
analyses.

RESULTS AND DISCUSSION

Figure 1a schematically represents GLC-TEM in
which Si NPs are immersed in the liquid electrolyte.
For preparation of this cell, similarly to the previous
reports,>>*? liquid electrolyte (1 M of lithium hexafluor-
ophosphate (LiPFg) in solvent mixture consisting of
ethylene carbonates (EC), dimethyl carbonates (DMC),
and diethyl carbonates (DEC) ina 1:1:1 volumetric ratio)
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Figure 2. Chemical lithiation of Si NPs in the GLC by electron-beam irradiation. (a) Bright-field TEM images showing
morphological change of the same Si NP in the GLC before and after the e-beam irradiation for 600 s. The scale bar is 50 nm. (b)
EELS obtained from the pristine (yellow line) and electron-beam irradiated Si NPs (red line), respectively. Inset shows a Si
L-edge signal (green line) acquired by extracting background (black line) from the spectrum of the irradiated Si NP (red line).

containing Si NPs was first dropped on a CVD grown
graphene sheet. The second graphene sheet was
transferred onto the first one followed by suction of
the liquid electrolyte. After the suction process, the
graphene sheets became sealed via van der Waals
interaction through the spots where the electrolyte
was removed. But a small amount of the liquid electro-
lyte still remained trapped between the two graphene
sheets. The number of particles in each graphene
pocket was varied depending on graphene size, but
it was usually in the range of 5—30. A graphene liquid
cell sample fabricated on a TEM grid with millimeter
size has tens of graphene pockets. Among them, at
least several graphene pockets contain appropriate
amounts of particles and electrolyte for TEM observa-
tion. Focused e-beam was irradiated onto the Si NPs
and electrolyte in the GLC to initiate the chemical
lithiation. Figure 1b displays a scanning electron micro-
scopy (SEM) image of the fabricated GLC composed of
two graphene sheets encapsulating Si NPs and the
liquid electrolyte. Blurred white contrast indicates
graphene sheets with the liquid electrolyte entrapped.
Figure 1c shows elemental mapping of oxygen (O),
carbon (C), Si, phosphorus (P), and fluorine (F) using
energy-dispersive X-ray spectroscopy (EDS). The con-
tents of O, C, P, and F were detected over the entire
measurement area of GLC including Si NPs, verifying
complete immersion of Si NPs in the liquid electrolyte.
The EDS mapping showed especially higher concen-
trations of O, C, P, and F over the Si NPs, which is
presumably due to SEI formation.** By contrast, the C
concentration was distributed more homogeneously
over the entire area because of the covering graphene
sheets. In our analyses, Si NPs were not being moved so
the imaging was steadily processed.

Figure 2a shows bright-field TEM images of an
identical Si NP (diameter = 80 nm) immersed in elec-
trolyte before and after e-beam irradiation for 600 s.
After this irradiation, the smooth surface of the
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Si NP became rougher with a relatively unclear surface
boundary (white dotted line). This morphology change
is the first evidence of the chemical lithiation of Si
facilitated by the e-beam irradiation. In a control test
where the same dose of e-beam was used for Si NPs not
encapsulated in the liquid electrolyte or in the salt-free
electrolyte, morphology change was not observed at
all (Supporting Information Figure S1). Figure 2b dis-
plays electron energy-loss spectra (EELS) of the Si NPs
before and after the e-beam irradiation. Compared to
the spectrum of the pristine Si (yellow colored), the
sharp Li K-edge near 60 eV was newly detected due
to Li insertion into Si NP as well as its surrounding
electrolyte after the e-beam irradiation. More direct
evidence for the Li insertion into Si NP is the blurred Si
L-edge in the range of 99—140 eV. Figure 2b inset
clearly shows the blurred Si L-edge after the baseline
subtraction and reflects the diluted Si signal in the
amorphous Li,Si phase.'” From the further TEM anal-
ysis (Supporting Information Figure S2), it was found
that the LiPFg salt can be decomposed and crystallized
into LiF and PFs in the electrolyte. ?****> The decom-
position can progress further to produce Li atoms by
e-beam irradiation.*® As evidenced in the previous
studies,"* "¢ it is anticipated that the Li atoms distrib-
ute homogeneously on the NP surfaces utilizing their
very fast surface diffusion on the Si, and the lithiation of
Si takes place spontaneously due to the well-known
high reactivity between both elements.®* Although the
e-beam-induced chemical lithiation kinetics may not
be identical to that of the electrochemical lithiation,
the current chemical lithiation fairly simulates structur-
al evolution during electrochemical lithiation and is
thus useful in understanding the volume expansion of
Si NPs.'63°

More quantitative analyses were performed for mul-
tiple Si NPs, especially focusing on the volume expan-
sion in different crystal orientations (Figure 3). For
the representative three Si NP cases (Figure 3a—c
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Figure 3. Morphological and dimensional changes of Si NPs analyzed by GLC-TEM during the course of lithiation. (a—c) Time-
series bright-field TEM images of the Si NPs with initial diameters of 34, 83, and 103 nm, respectively. The white arrows
indicate the Si(110) directions. The SA-EDPs in (a—c) indicate crystalline nature of the pristine Si NPs and their crystallographic
orientations along (110) zone axes. The scale bars in (a—c) are 20 nm.

and Supporting Information Movies S1—S3) where
their original diameters are 34, 83, and 103 nm, we
monitored morphological and dimensional changes
along the (110), {(111), and {100) directions. The se-
lected-area electron diffraction patterns (SA-EDPs) (the
left ones in Figure 3a—c) indicate that all of the three Si
NPs are single-crystalline with (110) zone axes. The
most noticeable feature during initial lithiation of all
the three NPs is that the lithiation progresses predo-
minantly along the (110) directions leading to the
anisotropic volume expansion along the same crystal
orientations, as indicated by the white arrows in
Figure 3a—c. In separate analyses (Supporting Informa-
tion Figure S3) where the Si zone axes were aligned
along the (111) directions, the predominant lithiation
along the (110) directions resulted in an isotropically
expanded image of the given Si NP. This anisotropic
volume expansion is commensurate with the previous
observations.'>'" 719

For more quantitative understanding, the dimen-
sional changes of each Si NP were plotted for the (110),
{111),and {100} directions at different irradiation times
(Figure 4a—c). The dimensional changes in all of the
NP cases unanimously confirmed the preferred initial
lithiation in the (110) directions after certain incuba-
tion times for sufficient Li supply, as all of them
exhibited the earlier onset points for the (110) curves.
The onset point corresponds to the very first moment
where the volume begins to expand, and those points

YUK ET AL.

for all of the three orientations are denoted as arrows in
Figure 4a—c for clarity. The preferred lithiation in the
(110) directions at the very early lithiation stage can be
explained by the lower energy barriers (~0.50 eV) for
subsurface diffusion of Li at the Si-electrolyte interfaces
along such orientations.?®? Interestingly, once pas-
sing the onset points, the dimensions in all of the
orientations increased in similar rates (similar slopes),
which implies isotropic diffusion without any preferred
orientations, and these phenomena were observed for
all of the NP cases (Figure 4d). Also, the lithiation speed
can be extracted from the dimensional change of Si NP
because the volume expansion by the formation
of the amorphous Li,Si phase reflects the diffusion
rate of the phase boundary at the bare Si-amorphous
Li,Si interface. The average rate of the dimensional
increase was 0.5 nm/s, which is indeed smaller than
previously reported value of 2.3 nm/s in intrinsic Si
nanowires,*” perhaps due to the absence of electrical
bias. Combining these results, we conclude that the
very first lithiation at the Si-electrolyte interface has the
strong orientation dependence favoring the (110)
directions, but once the lithiation passes this initial
stage, Li diffusion occurs isotropically, regardless of the
NP size.

The isotropic Li diffusion in crystalline Si is also
aligned well with the classical view.?®*® In the classical
view, Li diffusivity was explained based on the distance
between adjacent interstitial sites and the diffusion
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Figure 4. Dimensional and areal dynamics of Si NPs during the course of lithiation. (a—c) The dimensional changes of the Si
NPs along various crystallographic directions as a function of the irradiation time. The purple, red, and blue arrows indicate
the onset points of the dimensional increases along the (110), (111), and (100) directions, respectively. (d) The rates of the
dimensional increases along the different crystallographic directions. (e) The ratios of the lithiated NP dimensions in the
different crystallographic directions when measured at the end of the characterizations shown in (a—c). (f) The amorphized
areas as a function of the irradiation time. All the results in this figure were attained from the three Si NPs in Figure 3a—c.

barrier. In the bulk crystalline Si, it has been known that
the diffusion barrier is ~0.65 eV regardless of the
crystal orientation.*® Although the adjacent tetrahe-
dral distances are different depending on the crystal
orientation, the difference is not to a level making a
drastic change in the diffusivity. To the best of our
knowledge, this isotropic diffusion after the onset
of lithiation has never been observed in real time,
which is attributed to the limited sample geometry in
the previous in situ TEM studies. That is, the previous
studies dealt mostly with Si nanowires so that only the
radial dimensional changes were mainly characterized,
and dimensional changes in other directions were dif-
ficult to follow. The distinct initial lithiation also re-
sulted in different dimensional changes along the
different crystal orientations. For the three Si NPs, the
dimensional increments were 31%, 19%, and 21%
along the (110) directions, whereas the values dropped
to 18%, 3%, and 15%, and 15%, 6%, and 10% along
the (111) and (100) directions, respectively. Figure 4e
shows the deformation anisotropy measured by the
ratio of the lithiated NP dimension in different crystal-
lographic directions. The average ratio of expanded
dimension is 1.12 between (110) and {111) or (100)
directions, which is smaller than fully lithiated Si
nanowires,”"” and 1.01 between (111) and (100)
directions, which is due to similar lithiation onset
points. Figure 4f shows the increments of cross-
sectional amorphized area in the NP with time. The
amorphized area increases with dimension increments
and the total increases with respect to the original
values were 33%, 23%, and 15%, respectively, for
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the three Si NPs, which are also smaller than those
expected for full lithiation."” These lesser degrees of
lithiation might be from insufficient Li resource avail-
able around the Si NPs. Nonetheless, the rate-limiting
initial lithiation discussed herein should be valid, as
such phenomenon is independent of the degree of
lithiation. This incomplete lithiation also explains why
the larger Si NPs showed smaller volume expansion
ratios in Figures 4f.

The orientation-dependent initial lithiation was also
supported by electron diffraction analyses (Figure 5).
SA-EDPs were obtained for a single-crystalline Si NP
(diameter = 60 nm) as the lithiation progressed. These
analyses are useful in monitoring the orientation-
dependent lithiation because the diffraction intensities
corresponding to all the relevant crystal orientations
can be quantified throughout the entire lithiation.
Figure 5a shows the SA-EDPs of an identical Si NP
with the (110) zone axis at various lithiation durations
(Movie S4). Three main diffraction spots assigned to the
(220), (111), and (200) crystal orientations were de-
tected, and the intensities of these spots gradually
decreased as the e-beam irradiation continues, once
again an outcome of the amorphization of Si. This
diffraction fading was quantitatively plotted for the
(220) and (111) orientations in Figure 5b. The (200)
spots were omitted because those spots could also
originate from double diffraction of the {111} planes
in the diamond cubic structure. Consistent with the
dimensional change results in Figure 4a—c, the inten-
sity of the (220) spot began to decrease earlier than
that of the (111) spot. The onset for the diffraction
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Figure 5. Lithiation-induced anisotropic amorphization of a single-crystalline Si NP. (a) Time-series SA-EDPs of the single Si
NP with (110) zone axis. (b) The intensity changes of the diffraction spots as a function of the irradiation time: the {220} planes

(purple square) and the {111} planes (blue sphere).

fading was approximately 260 and 440 s for the (220)
and (111) orientations, respectively, reconfirming the
preferential initial lithiation along the (110) directions.
Figure 5b also consistently exhibits that after the onset
points, the diffraction intensities of both orientations
decayed at almost the same rates, which appears to be
reflective of the isotropic Li diffusion in the inner region
of Si. In addition, it should be noted that in our analyses
based on TEM images and SA-EDPs, the incubation
time before the lithiation onset could be varied de-
pending on the e-beam dose and other miscellaneous
experimental conditions. However, the anisotropic
onset trend among the crystalline orientations and
the amorphization rate were attained for all the parti-
cles whose crystallographic orientations are aligned
with e-beam direction and are independent of such
experimental conditions because those phenomena

METHODS

Sample Preparation. We have fabricated the GLCs encapsulating
Si NPs (Sigma-Aldrich, powder form, diameter = 20—200 nm)
and standard electrolyte, 1 M lithium hexafluorophosphate
(LiPFg) dissolved in carbonate solvent mixture in which ethylene
carbonates (EC), dimethyl carbonates (DMC), and diethyl carbo-
nates (DEC) were occupied in a 1:1:1 volumetric ratio, following
a previous report.>® All of the GLC fabrication processes were
conducted in an Ar-filled glovebox where the moisture and
oxygen concentrations were kept below 1 ppm to prevent the
electrolyte degradation. The prepared sample on a TEM grid
was located inside a TEM holder, and the holder was quickly
loaded into the TEM chamber with unavoidable minimal ex-
posure to air for a few seconds.

Real-Time TEM Imaging. Conventional TEM (JEM-3010, 300 kV,
JEOL) with a fast responding charge-coupled device (CCD)
camera (5C200, Gatan) was employed for the real-time observa-
tion of lithiation process of Si NPs. The electron-beam dosage
for real-time imaging was set to 500—4000 pA cm ™2 under the
observing magnification range at an accelerating voltage of
300 kV in order to initiate the electron-beam-induced chemical
reaction.

EELS and EDS Measurements. EELS spectra were obtained using
an Enfina spectrometer (Gatan) equipped in ARM-200F micro-
scope (JEOL) at a 200 kV accelerating voltage condition. EDS
elemental mapping was performed using Titan G2 microscope
(FEI) at a 300 kV accelerating voltage condition. The both EELS
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are relevant to the lithiation process after the onset
points.

CONCLUSION

In summary, we demonstrate that in situ GLC-TEM
can be applied for observation of real-time lithiation in
Si NPs. Through these analyses, it was observed that
the initial lithiation occurs preferentially along the
(110) directions, but once the reaction front passes
this initial barrier, the Li diffusion progresses isotropically,
indicating that the rate-limiting diffusion barrier, which is
different based on the orientations, is at Si—electrolyte
interfaces rather than within the Si crystal or at interfaces
between lithiated and unlithiated regions. The under-
standing attained from the current study can serve as a
solid basis in designing high capacity Si anodes based on
scalable NP active materials.

and EDS measurements were conducted in the diffraction
mode.
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