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Silicon anode; Stress is a long standing challenge for the applications of silicon (Si) anodes in lithium (Li) ion
Stress; batteries. Nanostructured Si are important materials to address mechanical stress issues in
Raman spectroscopy; batteries although their stress was only calculated and no experimental data are available.

Lithium ion batteries;

. Using in situ Raman microscopy to monitor the shift of the first-order Raman peak of Si, we
High pressure

were able to measure for the first time the lithiation-induced stress in Si nanoparticles. The
shift of Raman peak of Si under hydrostatic stress was calibrated via an in situ high pressure
Raman experiment. We observed a tensile-to-compressive transition of the stress in Si core of
nanoparticles during lithiation. At the beginning of lithiation, the reduction of the surface
native oxide on the Si particle results in a tensile stress of approximately 0.2 GPa in Si. During
the formation of amorphous Li,Si in the outer layer of the nanoparticles, an increasing
compressive stress up to 0.3 GPa is built up in the Si core. This stress evolution explains the
cracks that developed in the amorphous Li,Si layer during lithiation of the Si nanoparticles,
and is also consistent with modeling results. These results improve our understanding of
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lithiation-induced stress in nanostructured Si anodes, and provide valuable information for their
computational study and rational engineering.
© 2016 Elsevier Ltd. All rights reserved.

Introduction induced stress in Si nanoparticles is expected to be differ-

Lithium ion batteries (LIBs) are an important energy storage
system due to their high capacity, long lifetime, environmental
friendliness, etc. However, the capacities of current electrode
materials are too low to meet the need of high energy density
storage for portable electronics and electric vehicles applica-
tions. Therefore high capacity electrode materials are critical
for next generation batteries. In terms of anode materials, Si
has the highest theoretical specific capacity of 3579 mAh/g
(formation of Li;5Si4), near ten times higher than the currently
used graphite (370 mAh/g) [1]. To achieve this high capacity,
each Si atom hosts more than three Li ions during lithiation,
forming amorphous Li,Si (a-Li,Si, x=3.44-0.2) or crystalline
LissSis [1,2]. Alloying and de-alloying with large amount of Li
ions result in dramatic volumetric changes in the Si anodes,
and consequently lead to enormous internal stress during
battery operation [3].

Stress in electrode materials affects the performance of
LIBs in many ways [4]. It can cause fracture and pulverization
of electrode materials, which lead to their loss in contact to
each other or to the current collectors [5-7]. Fracture of the
electrode materials also exposes fresh surfaces to the elec-
trolyte, which consumes extra Li ions to form new solid
electrolyte interphase (SEI) layers during battery cycling [8].
These two factors are the main reasons that account for the
decay in capacity of LIBs. The stress status determines the
failure mode of the electrode materials. For instance, a
tensile stress in the core of a Si particle leads to fracture
starting from the core; while a tensile stress in the outer layer
of the particle causes cracks on its surface. In addition, stress
would also change thermodynamics and kinetics of the
electrochemical reaction in LIBs, and alter the effective
potential window for electrochemical cycling [9-11].

To mitigate stress and fracture associated with battery
operation, different nanostructured Si anodes have been
intensively studied, e.g. nanoparticles, porous nanoparti-
cles, nanowires, double-walled hollow tubes, core-shell,
yolk-shell, pomegranate structures [12-23]. Compared with
bulk Si anodes that usually fail within a few cycles,
nanostructured Si anodes can maintain their integrity after
hundreds of cycles [12,19,24]. This significant improvement
in performance is attributed to the release of stress in the
nanoscale. Although the stress in bulk Si anodes has been
experimentally determined, the stress in nanostructured Si
anodes has never been measured, which is crucial for
understanding of their behavior and further optimization
of their performance.

By measuring stress induced substrate curvature, Chon
et al. determined the stress in a-Li,Si layer of a 425-450 pm
thick Si wafer (diameter 50.8 mm) [3]. They found an
almost constant compressive stress of approximately
0.5GPa in the a-Li,Si during lithiation. The lithiation-

ent, as they show highly improved battery performance
compared with their bulk counterpart. Theoretical studies
suggest that the hoop stress in the a-Li,Si layer of Si
nanoparticles changes from compression to tension during
lithiation, and a similar stress transition is reported in Ge
nanopillars [25,26]. However, no experimental results have
been available.

In this study, the lithiation-induced stress in Si nanopar-
ticle anodes was investigated using in situ Raman micro-
scopy. A tensile stress of 0.2 GPa was observed in Si at the
beginning of lithiation, followed by a transition to a
compressive stress up to 0.3 GPa upon further lithiation.
These results not only reveal the stress evolution in Si
nanoparticles during lithiation, but also can validate theo-
retical models for nanostructured Si anodes.

Experimental
Electrochemical cell fabrication

Si nanoparticles (MTI Corporation, ~100 nm) were mixed
with carbon black (Super P, TIMCAL, Switzerland) and
sodium carboxymethyl cellulose (Sigma-Aldrich, Mw
~90,000) with a mass ratio of 45:45:10 and stirred in
deionized water overnight. A piece of stainless steel mesh
(400 mesh, TWP Inc.) was dip-coated with this slurry and
baked in a vacuum oven at 90 °C for >3 h to obtain a Si
nanoparticles electrode. The mass of the Si nanoparticles in
an electrode (ca. 0.1 mg) was determined using a micro-
balance (Sartorius SE2, 0.1 pg resolution).

Figure 1a and b shows the schematic and photograph of
the electrochemical cell respectively. The cells were
assembled using a Si nanoparticles electrode, Li metal as
the counter electrode, and a Celgard separator soaked in
electrolyte, similar to previous reports [27,28]. The elec-
trolyte was 1.0 M LiPFq in 1:1 (w/w) ethylene carbonate/
diethyl carbonate (BASF). The cells were assembled inside
an Ar-filled glovebox and sealed in 0.11 mm thick transpar-
ent polyester pouches (Kapak Corporation). For efficient
sealing of the battery cells, pretaped Ni current collectors
(MTI Corporation) were used. In situ battery cycling was
performed using a MTI eight-channel battery analyzer
(0.002-1 mA). The voltage cutoff was set to 2.0V and OV
versus Li/Li*, and the cycling rate was C/10 in terms of the
theoretical capacity of Si (4200 mAh/g). A cycling rate of C/
10 means charge/discharge in 10 h.

High pressure sample preparation

For in situ high pressure Raman experiment, a crystalline Si
sample was loaded into a symmetric diamond anvil cell
(DAC). The sample chamber was a 120 pm diameter hole
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Figure 1 A schematic diagram (a) and a photograph (b) of the

“transparent” half cell for in situ micro-Raman measurement.
(c) Voltage as a function of time (bottom axis) and specific
capacity (top axis) during galvanostatic lithiation of the Si
nanoparticles at a rate of C/10.

drilled in a T301 stainless steel gasket. A tiny ruby ball was
also loaded in the sample chamber as a pressure calibrant.
Pressure was measured by monitoring the shift in the R1
fluorescence line of ruby [29]. Helium was loaded as the
hydrostatic pressure transmitting medium using the gas
loading system in the Extreme Environments Laboratory
(EEL) at Stanford University.

In situ Raman measurements

We used the same Raman system for both the in situ
electrochemical cell and high pressure experiment. In situ
Raman measurements were carried out using a Renishaw in
Via micro-Raman system with a 514.5 nm laser excitation
line. A low laser power of 2.5 mW was used to minimize any
thermal effects. A collection time of 30 s was used for each
spectrum, for each acquisition 10 spectra were accumulated
in order to reduce noise and avoid CCD saturation. The
intervals between acquisitions were set to 5 min. To deter-
mine the peak position of the first-order Raman peak of Si,
the peak was fit using a Voigt function after linear back-
ground subtraction.

Results and discussion

Figure 1c shows the voltage profile (electrochemical data)
of the cell during galvanostatic lithiation. The voltage

profile shows an almost flat voltage plateau around 0.1V
after 4 h of discharge, implying Si starts to be electroche-
mically lithiated via a two-phase mechanism [30,31]. X-ray
photoelectron spectroscopy results indicate the formation
of the Li-Si alloy starts at the surface of Si nanoparticles at
the very beginning of the plateau [32]. Before the plateau,
i.e. during the first 4 h of discharge, side reactions including
reduction of SiO, and formation of SEI occur [32,33]. The
lithiation capacity goes beyond the theoretical capacity
(3579 mAh/g); the extra capacity could be attributed to
these side reactions due to the high specific surface area of
Si nanoparticles.

Figure 2 shows a series of Raman spectra of Si nanopar-
ticles in the working battery during lithiation. The first
Raman spectrum was collected before the discharge began,
in which the first-order Raman peak of crystalline Si near
520 cm~ " is intense. The other Raman peaks originate from
either the electrolyte or the polyester pouch. The intensity
of Si Raman peak stays very high in the first 4 h, followed by
a sharp decrease during further lithiation. This change in
peak intensity is consistent with the electrochemical reac-
tion of Si anodes. As mentioned above, Si nanoparticles
remain unreacted at the beginning, which explains the
stable Raman signal of Si nanoparticles during this period.
Once the lithiation of Si begins at ~4h (as shown in
Figure 1c), the outer layer of Si nanoparticles is transformed
to a-Li,Si (x=3.4+0.2 ), which has a much higher conduc-
tivity than Si [2]. The high conductivity of a-Li,Si results in a
small optical skin depth (penetration depth of the laser),
leading to the decrease of Si Raman peak intensity. Mean-
while, the intensities of the Raman peaks of the electrolyte
and pouch remain nearly constant, indicating that the
change in Si Raman peak is associated with the electro-
chemical reaction.

For each Raman spectrum, a Voigt function is fit to the
first-order Raman peak of Si after linear background sub-
traction. Figure 3 shows the peak position (X.), full-width at
half-maximum (FWHM) of the peak and adjusted R? value of
the fit as functions of the lithiation duration. The Raman
peak shifts to lower wavenumber in the first 2 h, then to
higher wavenumber upon further reaction (after 4 h). The
FWHM of the Raman peak increases along with the lithia-
tion, which could be attributed to the stress induced lattice

Intensity (a.u.)

Raman shift (cm™)

Figure 2 Selected Raman spectra of the half cell during
lithiation. A laser power of 2.5 mW and a collection time of
30s were used for each spectrum, for each acquisition 10
spectra were accumulated.
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distortion [34]. The adjusted R? value indicates that the fit
quality decreases after 4 h of discharge due to the lattice
distortion as well as the decreased peak intensity.

The frequency of the first-order Raman peak of crystal-
line Si is sensitive to stress. In general, compressive stress
will cause an increase of the Raman frequency, while tensile
stress results in a decrease [34]. This makes in situ micro-
Raman spectroscopy a promising approach to measure the
stress in Si nanoparticles, which is otherwise difficult to
determine using other methods. In order to establish the
quantitative relation between the shift of the Raman peak
and the stress, we measured Raman spectra of a crystalline
Si sample at different hydrostatic stress (pressures) up to
around 10 GPa in a DAC (see Figure S1a). Figure S1b shows
the frequency of the first-order Raman peak of the Si sample
as a function of compressive stress (pressure). By fitting the
experimental data, the relationship between peak shift and
stress is obtained as follows:

Aw/cm™" = —4.46/GPa Q)

where Aw is the shift of Raman peak from its position at
ambient pressure, and ¢ is the stress (negative for com-
pressive stress, and positive for tensile stress). Thus the
stress in the Si nanoparticles could be estimated according
to this relation.

Figure 4a shows the calculated stress in the Si nanoparti-
cles as a function of lithiation duration along with the voltage
profile of the battery, and Figure 4b schematically shows the
stress evolution. Initially, a tensile stress up to ~0.2 GPa is
gradually built up in Si nanoparticles, which then saturates
upon further reaction. Although the pressurized hollow
sphere model exhibits compressive stress in the crystalline
Si core of the spherical particle upon lithiation [11], we can
expect tensile stress at the surface of the Si core at the very
beginning of lithiation, where the thin surface of the particle
behaves similarly to a flat Si wafer [3]. The electrochemical
potential at this stage is still above the lithiation potential of
crystalline Si. Yet the thin silicon oxide on the surface has
started lithiating, introducing tensile stress on the Si just
beneath it (see Figure 4b). This results in the shift of Si
Raman peak towards lower wavenumbers. The surface sensi-
tivity of Raman makes it possible to monitor this subtle
change of stress. Si usually has a native oxide layer on the
surface, which contributes to the irreversible capacity loss in
the first cycle of Si anodes [35,36] The tensile stress due to
the lithiation of native oxide layer may be more significant in
nano-structured Si anodes since their smaller radius gives
larger strain for the constant displacement of the lithiated
native oxide layer. Although the reaction between SiO, and Li
has been investigated using different techniques [36], this is
the first time that the stress induced by this reaction has
been observed and quantified.

As soon as the Si nanoparticles start lithiating, the tensile
stress gradually decreases. This indicates that an increasing
compressive stress is introduced to Si (the core of the
particles) when a-Li,Si is formed on the surface, which
counteracts part of the tensile stress. Upon further lithia-
tion, the overall stress transforms from tension to compres-
sion, and its magnitude reaches ~0.3 GPa at ~6.5h of
lithiation. This result suggests the Si core is subjected to a
compressive stress of 0.3 GPa at this point (see Figure 4b).
The stress data during further lithiation is not available, as
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Figure 3 Position (a) and FWHM (b) of the first-order Raman
peak of Si nanoparticles as a function of lithiation duration. The
peaks are fit to a Voigt function. (c) Adjusted R? for the fit as a
function of lithiation duration. A value closer to 1 indicates a
better fit.

the outer layer of the particles (a-Li,Si layer) becomes too
thick, blocking most of the laser beam.

The stress evolution in Si nanoparticles has been investigated
extensively by modeling [10,11,25,37]. The modeling studies
rely on the knowledge of the structure evolution of Si during
lithiation, which is not clear until recent in-situ TEM studies
reveal its two-phase mechanism, so-called pressurized tube/
hollow sphere model [30]. Herein we focus on the recent
theoretical studies based on this two-phase mechanism. These
studies show that during lithiation of spherical crystalline Si
particles, significant tensile hoop stress can develop at the
surface, while hydrostatic compression is present in the crystal-
line Si core [10,11,25]. And this compressive stress increases in
magnitude as the core size decreases [10]. Our experiments
also show an increasing compressive stress developed in the Si
core of the nanoparticles during lithiation, which is consistent
with the modeling results. The compression in Si core would
induce a tensile stress in the a-Li,Si shell, which likely generates
cracks. This explains the experimental observation that cracks
emerge at the surface of Si nanoparticles during lithiation
[10,25]. In addition, we observed the stress in the Si core
transformed from tension (at the very beginning of the lithia-
tion) to compression upon further lithiation. This agrees with
the modeling results of stress evolution in Si nanoparticles and
Ge nanopillars during lithiation which suggest a compressive to
tensile stress transition in the Li,Si /LiGe layer [25,26]

The stress evolution in a Si wafer electrode has been
experimentally investigated by monitoring the curvature of
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Figure 4 (a) The calculated stress in Si nanoparticles based on
the measured Raman peak position as shown in Fig. 3. The
corresponding voltage of the half cell is plotted as well. (b) A
schematic diagram of the stress evolution in a Si nanoparticle
during lithiation. The Si core experiences no stress before lithiation
(left), tensile stress when oxide layer starts lithiating (middle) and
compressive stress after Si starts lithiating (right). The thickness of
the oxide layer is exaggerated for a better view.

the wafer using a multibeam optical sensor [3]. The stress in the
a-Li,Si layer was determined to be a compressive stress of
~0.5 GPa during lithiation, and a tensile stress up to ~2 GPa
during de-lithiation [3]. The Li-Si reaction front is flat in the Si
wafer, whereas it is curved in nanoparticles [11]. This funda-
mental difference may explain the different stress states
observed in Si wafers compared to our work on Si nanoparticles.
The fracture behavior in nanoparticles anodes also differs from
that in the wafer. For Si nanoparticles and nanopillars, cracks
are observed in a-Li,Si during lithiation, in contrast to Si wafers
where cracks are formed during delithiation [3,25,38]. This
difference is well explained by their different stress states. In
addition, the stress induced by the reduction of oxide layer is
observed in Si nanoparticles, but not in the Si wafer. This result
suggests that, compared with bulk Si, the effect of oxide surface
layer is more significant in nanostructured Si anodes and it
should be taken into account in theoretical studies as well.

Conclusions

In this study, we investigated the stress evolution in Si
nanoparticles in-situ during lithiation using Raman spectroscopy.
We found the stress in Si core of the nanoparticles transformed
from tensile (0.2 GPa) to compressive (0.3 GPa) during lithia-
tion. This experimentally observed tension-compression transi-
tion is consistent with modeling results. The stress evolution in
Si nanoparticles during lithiation is quite different from that in
Si wafers, indicating that the geometry and domain size of Si
anodes play important roles in their stress evolution and

fracture behavior. These results provide the first quantitative
experimental data of stress in nanostructured Si anodes during
lithiation, and therefore offer valuable information for their
computational study and rational engineering.
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