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Unraveling the Atomic Scale Lithiation of Crystalline Silicon
Since the commercialization of the first rechargeable Li-ion battery (LIB) in 1991 [1], LIBs
have become key components in everyday life. However, the energy storage capacity of
current LIBs is still too low to meet the increasing demand of key markets, such as the need
for long-distance transportation via electric vehicles. Consequently, researchers are trying
to build new generations of LIBs using a variety of different materials. The most promising
anode material is silicon (Si), which is earth abundant and has a high specific capacity of
4200 mAh/g (corresponding to Li4.4Si), which is more than 10 times that of commercially
used graphite (372 mAh/g) [2]. Despite large research efforts, there still exist challenges to
overcome for large-scale use of Si as an anode material. Particularly critical is the volume
expansion of ca. 300% upon lithiation, which causes cracking and pulverization of the Si
anode, resulting in the loss of mechanical/electrical contact and subsequent capacity fading
[3,4].
To overcome these limitations, an atomistic level
understanding of the Si
(de)lithiation process is
imperative.
Recent
experiments have highlighted that interfacial
reactions
and
phase
transformations play a
significant role in the
lithiation process [5,6].
Some fundamental questions, however, have not
been much explored so
far. These include the
following: How does Li+
react with Si, break up
the Si lattice, and form a
LixSi alloy? Is the lithiation process diffusion or
reaction-rate
limited?
Does the lithiation front
propagate into the Si
lattice layer-by-layer or
in a nonuniform fashion?
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charge/discharge rates. A
better understanding of
the structural aspects of the lithiation in Si can provide fresh insights to mitigate the large
volume change and loss of cyclability.

For this purpose, the research
team utilized in situ x-ray reflectivity (XRR) to investigate the
structural aspects of the lithiation in a single crystalline native
oxide terminated Si (100) wafer.
This well-defined model system
is well suited to spatially track
the reaction front and phase
boundary between Si and LixSi
and to obtain a better understanding of the LixSi layer and
the solid electrolyte interphase
(SEI) that form during lithiation.
Figure 2: Electrochemistry of the Si wafer electrode cycled
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carried out under realistic electrochemical conditions with a
time resolution of minutes. This yields important insights into Si lithiation process. The Si
wafer electrode was cycled at 25 μA/cm2 and for total charge passed of ∼102 μAh/cm2. For
a 120 nm film or 2.8 × 10−5 g/cm3 loading Si particles, this corresponds to about C/4.
Electrochemistry and reflectivity data (SSRL, BL2-1) were simultaneously measured during
the first lithiation, corresponding to the first discharge cycle.
By modeling the XRR data (shown in Fig. 1, together with the model fits and fit-derived
electron density profiles (EDPs)), the researchers obtained nanometer-resolution information on inorganic-SEI, LixSi, and dense-Si layer thickness, electron density, and roughness and how these properties evolve with lithiation. The SEI layer measured is the
inorganic part of SEI, which is essential in increasing Li+ conductivity and reducing
mechanical degradation. These results show that this layer exists and is well defined, at
least during the initial SEI formation. Further, the team unraveled a three-step lithiation
model (shown in Fig. 2, together with the measured electrochemistry). It begins with the
onset of the formation of the SEI between 0.8 and 0.6 V (red curves in Fig. 1), is followed
by the lithiation of the native oxide, accompanied by the initial diffusion of Li into Si (blue
curves), and ends with the lithiation of the bulk silicon to a phase close to Li15Si4 (grey
curves). During the last step, a few-nanometer thick layer dense-Si at the reaction front is
observed, indicating a Li0.17Si pre-alloy. The dense-Si layer is located at the c-Si and LixSi
junction and is the reaction front of Li+ intercalation into Si. The observation of dense-Si
layer indicates that only 7−8 Si atomic layers participate in lithiation process at the same
time. Therefore, lithiation of crystalline Si is proposed to be a reaction limited layer-by-layer
process.
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