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Abstract: This work aims to review and understand the behavior of the electrochemical lithiation
onset of amorphous silicon (a-Si) films as electrochemically active material for new generation
lithium-ion batteries. The article includes (i) a review on the lithiation onset of silicon films and (ii) a
mechanochemical model with numerical results on the depth-resolved mechanical stress during the
lithiation onset of silicon films. Recent experimental studies have revealed that the electrochemical
lithiation onset of a-Si films involves the formation of a Li-poor phase (Lig 3Si alloy) and the propa-
gation of a reaction front in the films. The literature review performed reveals peculiarities in the
lithiation onset of a-Si films, such as (i) the build-up of the highest mechanical stress (up to 1.2 GPa)
during lithiation, (ii) a linear increase in the mechanical stress with lithiation which mimics the char-
acteristics of linear elastic deformation, (iii) only a minute volume increase during Li incorporation,
which is lower than expected from the number of Li ions entering the silicon electrode, (iv) the largest
heat generation appearing during cycling with only a minor degree of parasitic heat contribution,
and (v) an unexpected enhanced brittleness. The literature review points to the important role of
mechanical stresses in the formation of the Li-poor phase and the propagation of the reaction front.
Consequently, a mechanochemical model consisting of two stages for the lithiation onset of a-Si film
is developed. The numerical results calculated from the mechanochemical model are in good accord
with the corresponding experimental data for the variations in the volumetric change with state of
charge and for the moving speed of the reaction front for the lithiation of an a-Si film of 230 nm
thickness under a total C-rate of C/18. An increase in the total C-rate increases the moving speed of
the reaction front, and a Li-rich phase is likely formed prior to the end of the growth of the Li-poor
phase at a high total C-rate. The stress-induced phase formation of the Li-poor phase likely occurs
during the lithiation onset of silicon electrodes in lithium-ion battery.

Keywords: lithiation onset; silicon electrode; diffusion; stress; phase formation; reaction front

1. Introduction

The necessity of incorporating silicon in lithium-ion batteries (LIBs) to achieve high-
capacity charge storage has been discussed in many publications, e.g., in references [1-17],
but the lithiation process of silicon is scarcely discussed in the literature, as stated in a recent
letter (reference [1]). Briefly, silicon, which is well known to be technologically well estab-
lished, benign, and naturally abundant, possesses the highest gravimetric (3579 mAhg 1)
and volumetric (8334 mAhcm~3) capacities, next to Li metal, for storing Li ions. Conse-
quently, there are great efforts to implement silicon as an anode material in next-generation
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LIBs, although the endeavours remain unsatisfactory. The desire to store large amounts of
charge (Li ions) by using large amounts of silicon represents concomitantly its disadvantage
due to the rapid development of electrode damage (pulverization of active material) within
the first cycle. Thus, it is of interest to understand the lithiation process of silicon even in
the first cycle.

This work aims to review and understand the behavior of the lithiation onset of amor-
phous silicon (a-5i) films. Literature data are addressed, with a focus on some peculiarities
in the properties of silicon electrodes during the lithiation onset which have not been
reviewed until yet. Recent experimental studies have revealed that the lithiation onset
of silicon films involves the formation of a Li-poor phase (Lig35i alloy) and the propa-
gation of a reaction front in the films (Figure le-g), instead of the formation of a layer
between the solid electrode and the liquid electrolyte (solid electrolyte interphase, SEI,
layer) (Figure 1a,b) widely reported in the literature, as discussed in reference [1]. These
results challenge the conventional consensus that the lithiation onset of silicon films is due
to the formation of solid electrolyte interphase and to the reduction of native surface oxide
(Figure 1a,b). Figure 1 summarizes the two different points of view concerning the lithiation
onset of a-Si films with explanations given in the figure caption. To address this issue, we
propose a mechanochemical model consisting of two stages for the lithiation onset of a-Si
film. The numerical results are in good accord with the corresponding experimental data
for the variations in the radial stress and volumetric change with state of charge and for the
moving speed of the reaction front for the lithiation of an a-Si film. The analysis suggests
the presence of the stress-induced phase formation of a Li-poor phase for the lithiation
onset of a-5i and likely resolves the debate associated with the lithiation onset, which plays
an important role in the structural integrity of Si-based anodes and the applications of
Si-based LIB, as outlined in the following.
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Figure 1. Schematic of two possible lithiation mechanisms (with and without a Li-poor silicide phase)

of an a-Si film in the first lithiation process, summarizing the introduction section of this work. Shown
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are cross sections of the Si film (blue) during the lithiation of the first cycle. The copper current
collector is marked with brown. (a-d) Schematic of the lithiation process of the a-Si film according
to the conventional consensus without the formation of the Li-poor phase. (a) Virgin silicon film
electrode, i.e., before lithiation. The native surface oxide is approximatively 2 nm thick. The copper
current collector is very thick (well above 1 um). The thickness of the a-Si film can be 1 um or less.
(b) Lithiation onset corresponding up to 10% state of charge (SOC) where firstly a solid electrolyte
interphase (SEI) layer (marked with marbled gray) grows on un-lithiated silicon. The thickness of
the SEI layer is considered to be some tens of nanometers (e.g., ~30 nm in reference [1]). (c) Further
lithiation produces only a Li-rich lithium silicide (LixSi with 2 < x < 3.75) underneath the SEI layer.
(d) At full lithiation, the Li-rich layer reaches the current collector. (e-h) Schematic of the lithiation
process in the presence of a Li-poor phase (yellow) as discussed in the present work. (e) The lithiation
onset may produce an SEI layer (e.g., the reduction of the native surface oxide layer (panel (a)), but
of lower extent than in panel (b). (e-g) A Li-poor region (Lip35i) builds up during the lithiation
onset which corresponds to the Li* uptake marked with roman number I in Figure 2. The lithiation
process I continues until all silicon is converted into a Li-poor phase (panel (g)) at approximatively
10% SOC. The main part of the Li*-uptake I in Figure 2 is not consumed for the SEI formation but
for the lithiation of amorphous silicon [1]. (h) The rest of the Li-poor phase remains sandwiched
between the current collector and a Li-rich phase. The SEI layer becomes thicker at the end of the

lithiation process.
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Figure 2. Variation in Si electrode potential with lithiation time during the first lithiation process
of an a-Si thin film of 230 nm thickness at a constant current density of 11 pA/cm?. Unpublished
experimental data collected by the authors of the present work.

The authors of this work chose to work on this topic because they consider that
it contributes to an understanding of the lithiation process of silicon, which plays an
important role in determining the performance and reliability of Si-based LIBs during
operation. The appearance of the Li-poor phase (Figure 1) may be proper and important
for the LIB operation. It is more likely to accept that the formation of the Li-poor phase
avoids structural disruption. Pure silicon is in proximity to the Li-poor Li,Si phase (x ~ 0.3)
(Figure le,f) and not directly to a Li-rich LisSi phase (x > 2) (Figure 1c), and may be
preferable for the LIB operation.

Moreover, the appearance of the Li-poor phase has an influence not only on the bonding
between different phases inside the silicon at different lithiated stages (Figure 1c,e,f) but also
on the bonding of the active material (silicon) to the current collector (Figure 1), which is
mainly copper for negative electrodes. The latter, i.e., the bonding of the active material
to the current collector, is of importance for the electrode’s integrity during LIB opera-
tion. On this issue, let us mention that experiments have shown that the Li-poor (x ~ 0.3)
zone remains close to the copper current collector if the electrode is, electrochemically
as possible, fully lithiated (Figure 1h), and also after several electrochemical cycles [1].
From that point of view, let us examine the literature on the bonding of the active material
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to the current collector. Before lithiation, the bonding of silicon to the current collector
(copper) (Figure 1a) is experimentally and theoretically well known to be reasonably strong.
The lithiation process inevitably increases the Li content in silicon in the vicinity of the
current collector (Figure 1d,g,h). The ab initio molecular dynamics calculations at finite
temperatures within the framework of density functional theory as implemented in the
VASP code [18] predict that the bonding strength of the Li,Si active material to the current
collector decreases with the Li content in silicon. The reason for the weakened bonding
at the a-Si/Cu interface represents a change in interfacial bonding upon lithiation [18].
According to the calculated interfacial work of separation versus Li content in the sili-
con electrode [18], the bonding strength of the Li poor silicide phase (x ~ 0.3) to copper
(Figure 1g,h) is only about 2% lower than that for pure silicon bonded to copper (situa-
tion depicted in Figure 1la,e,f), but decreases for higher Li contents (situation depicted
in Figure 1d), e.g., being seven times lower (i.e., 15%) for LixSi with x = 1. More drastic
is the situation for the critical shear strength during sliding at the Si/Cu interface [18].
On the one hand, the interfacial work of separation (LixSi/Cu) is reduced by only ~15%
upon full lithiation (x ~ 3.75) (situation depicted in Figure 1d) compared to a Li poor phase
(x ~ 0.3) (situation depicted in Figure 1g,h); on the other hand, the critical shear strength
is reduced by an order of magnitude for the situation presented in Figure 1d compared
to that in Figure 1g,h. Similarly, the net charge on copper [18] increases by one order of
magnitude upon full lithiation (situation depicted in Figure 1d) compared to a Li-poor
phase (situation depicted in Figure 1g,h). The calculated derivative of the interface energy
along the sliding direction [18] shows a peaked profile (i.e., a great fluctuation) vs sliding
distance for the Li-poor phase (for the situation depicted in Figure 1g,h), whereas the
Li-rich phase possesses a smooth profile (for the situation depicted in Figure 1d). This
allows for the “frictionless” sliding of the Li-rich phase at the Li,Si/copper interface but
not for the Li-poor-phase at the Li,Si/copper interface, which likely suggests a separation
of the Li-rich phase (Figure 1d) from the copper current collector similar to the behavior of
tin-based LIBs [19], but not the Li-poor phase (Figure 1g,h). The inhibition of “frictionless”
sliding is crucial to prevent LIB failure by the loss of electrical contact between the active
material and the current collector. As mentioned, experiments have shown that a Li-poor
(x ~ 0.3) layer remains close to the copper current collector also at full lithiation (Figure 1h).
Consequently, it is more favorable to form the Li-poor phase first, and to maintain the
Li-poor phase at the interface to the current collector (Figure 1g,h) during LIB cycling. In
that context, this work is focused on the analysis of this initial lithiation process, i.e., on the
apparition of the Li-poor phase, which is, as mentioned, scarcely discussed in the literature,
and has, consequently, remained below public awareness.

The article is organized as follows. Section 2 presents a literature survey on the
lithiation onset of a-silicon. Section 2.1 describes the lithiation onset of a-silicon. Section 2.2
presents literature data on some peculiarities in the properties of silicon electrodes during
the lithiation onset which have not been reviewed until yet. Section 2.3 elaborates some
explanatory reasons for the phase front mechanism in the lithiation onset. Section 3 presents
numerical investigations (modeling). Section 3.1 introduces a mechanochemical model
aiming to numerically investigate the lithiation onset of a-silicon. Section 3.2 presents the
numerical results on the depth-resolved mechanical stress during the lithiation onset of
a-silicon. The last section summarizes the findings of this work.

2. Literature Survey
2.1. Description of the Lithiation Onset of Amorphous Silicon

The lithiation onset of a-Si thin films (i.e., up to 10% SOC, and a gravimetric capacity
of ~350 mA /g) is characterized by a predominant Li* uptake, which takes place at a nearly
constant potential of about 0.5 V in respect to lithium reference electrode [1], i.e., the flat
plateau marked with roman number I in the potential profile of Figure 2. For information
on the experimental procedure, see Appendix A.1. The flat plateau I corresponds to a
predominant Li* uptake peak marked also with roman number I in the voltammograms
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(cyclic voltammetry, CV), and differential charge (dQ/dV plot) and capacity (dC/dV plot)
curves presented in a recent letter [1]. The dC/dV curves are obtained by simply dividing
the ordinate (dQ) of the dQ/dV plot by the electrode active mass, which is taken to be
constant during cycling. Hence, the shape of dQ/dV curves is identical to that of dC/dV
curves, and both are similar to voltammograms (for more details see references [1] and [2]).
Most works in the literature usually attribute the lithiation onset to the formation of the SEI
layer and to the reduction of native surface oxide [1].

The plateau I in Figure 2 was also observed for different liquid electrolytes (see
reference [3]). It also appears when artificial solid-state SEI layers, i.e., a 60 nm thick
oxide (LizPOy) layer, are sputter-deposited on the top of a-5i thin layers [3]. The potential
profiles presented by Wu et al. in reference [3] reveal, in addition to the flat plateau around
0.5V, an additional flat plateau around 1 V. The latter is attributed to the formation of the
SEI through the decomposition of carbonate-like solvents and lithium salts. The plateau
around 1 V is rendered absent by capping the a-Si film electrode with an artificial SEI
layer [3], but the plateau around 0.5 V remains present with a minor potential shift to
approximatively 0.4 V. The origin of the plateau around 0.5 V (Figure 2) is not discussed in
the work of Wu et al. [3]. In the communication of high-performance all-solid-state cells
fabricated with silicon electrodes by Phan et al. [4], voltammograms are presented for the
lithiation of sputter-deposited a-Si films of 400 nm in thickness, which were cycled with
liquid electrolytes and, separately, with solid-state electrolytes. In both cases, i.e., for liquid
and solid-state electrolytes, the lithiation onset is characterized by two predominant Li*
uptakes, a smaller one around 0.5 V and a sharper one around 0.3 V, the latter denoted
with the roman number I in reference [4]. The latter is attributed to the reduction in silicon
oxide existing at the interface between silicon and the solid-state electrolyte. The Li* uptake
positioned at 0.5 V is attributed to an irreversible reaction process independent of the nature
of the substrate and electrolyte [4], pointing to an origin different from the formation of
SEI layer.

Concerning the SEI formation, many reports find that it does not occur exclusively at
the lithiation onset of silicon, but over the whole potential range, predominantly at lower
potentials [5-17], where the carbonate-based electrolytes are unstable [20]. Investigations
on the lithiation process of a-5i oxide films [21] and particles [22,23] have also found a
predominant Li* uptake peak at the lithiation onset similar to that for the lithiation of a-Si
films (corresponding to the plateau I in Figure 2). For SixO electrodes, the lithiation onset is
ascribed to the Li bonding on defects inside the SiyO electrodes [21-23], such as reactive
oxygen available for Li bonding. Recent experimental results indicate that the Li* uptake in
region I may also appear due to an intrinsic property of silicon lithiation [1], and it cannot
be attributed to the SEI formation but to an in-depth lithiation of silicon [1,24]. Details
on the lithiation onset of a-Si thin films are given in reference [1]. Briefly, the migration
of Li in the silicon film experiences a two-phase lithiation process where a lithiated zone
with a “constant” Li-concentration of x ~ 0.3 (Li-poor phase) is sharply delimited from
non-lithiated silicon (see Figure 1e—g, and references [1,24]). The reaction front is planar
and parallel to the film surface and propagates through the entire silicon film during the
lithiation, as schematically shown in Figure 1 of this work.

The analysis of operando neutron reflectometry reveals that clean and well-ordered
crystalline (100) oriented silicon wafers are initially also lithiated with the presence of a
Li-poor region via a reaction front delimiting the Li-poor region from pure silicon [25].
This result indicates the appearance of the Li-poor silicide (Lig 35i) as an intrinsic property
during the lithiation onset of pure and “defect-free” silicon. However, Hiiger et al. [1]
demonstrate that the modification of Li*-uptake [, i.e., the appearance of the Li-poor phase,
can be tailored by a change in the SEI layer and/or a change in the mechanical stress during
the silicon lithiation. Cycling experiments with multiple pure silicon layers of each layer
capped by a thin carbon layer are presented in the supplementary material of reference [1].
Two different Si/C multilayer (ML) electrodes were cycled with constant current. The
liquid electrolyte was in direct contact with a silicon layer and a carbon layer for the first
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ML ([Si(14 nm)/C(16 nm)] x 10 ML) and the second ML [C(16 nm)/Si(14 nm)] x 10 ML,
respectively. For both MLs, Li* uptake I is not present [1], indicating that the appearance
of Li* uptake I can be tailored. The experiments reveal that the absence of Li* uptake I
is not dependent on the individual surface layer of the ML material (carbon or silicon)
which is in direct contact with the electrolyte, but potentially on another factor. A possible
difference of the mechanical stress inside the ML-film electrode in respect to that in single
silicon-film electrodes may be responsible for the lack of the Li* uptake I in the MLs [1].
Consequently, the aim of this work represents, besides the literature survey, the calculation
of the lithiation-induced depth-resolved mechanical stress on the phase boundary between
a growing Lij 3Si phase which consumes a clean and “defect-free” silicon film. Before doing
so in Section 3, elaborations on the changes in the physical properties of silicon during the
lithiation onset and on the reasons for the appearance of the phase front delimiting Lij 351
from a-silicon are presented.

2.2. Changes in Physical Properties of Silicon during the Lithiation Onset

Reviewing the experiments performed during the lithiation onset of silicon, one finds
that the predominant Li* uptake I (which builds up the Li 3Si phase) is connected with
the appearance of peculiarities which are absent at other states of charge. They are (i) the
build-up of the highest mechanical stress (up to 1.2 GPa) during silicon lithiation, (ii) a
linear increase in the mechanical stress with lithiation which mimics the characteristics
of linear elastic deformation, (iii) only a minute volume increase during Li incorporation
which is lower than expected from the number of Li ions entering the silicon electrode,
(iv) the largest heat generation appearing during cycling with only a minor degree of
parasitic heat contribution, and (v) an unexpected enhanced brittleness.

Figure 3 presents the potential profile measured during the first lithiation process of
an a-Si film of 230 nm thick (Figure 3a) in direct comparison with sketches of corresponding
mechanical stress (Figure 3b) and volume change of silicon (film thickness) (Figure 3c)
during the first lithiation process of a-Si thin films. Note that although Figure 3a represents
experimental data collected by the authors of the present work, Figure 3b represents only
an outline (sketch) of a typical mechanical stress curve during the lithiation of an a-Si film
published in the literature, e.g., in reference [26] and reference [27]. Additionally, Figure 3¢
of this work represents only an outline of the volume change during lithiation as measured
operando with neutron reflectometry (reference [28]) and microscopy (reference [29]).

The in situ measured mechanical stresses during lithiation of a-Si films with thick-
nesses of 50 nm [26,30], 100 nm [30,31], 150 nm [30], 200 nm [31], 250 nm [27,30,32],
300 nm [33] and 325 nm [34] reported in the literature all exhibit similar behavior during
lithiation and de-lithiation. Note also that the electrochemical Li* uptake and release is
similar for different film thicknesses, suggesting the negligible effect of film thickness on
the lithiation processes [1]. The substrate (current collector) confines the in-plane expansion
and contraction of the active film during lithiation and delithiation, respectively. Conse-
quently, lithiation-induced compressive stress appears and linearly increases up to ~1.2 GPa
at ~10% SOC (x ~ 0.3 in LiSi) during lithiation (Figure 3b). The rapidly linear increase
likely suggests a lack of plasticity during the initial lithiation process, corresponding to the
predominant Li* uptake I in Figures 2 and 3a. Furthermore, the increase in the film volume
(i-e., film thickness) during Li* uptake I is much less than that predicted from the inserted
amount of Li (Figure 3c). Beyond 10% SOC, the volume expansion of the silicon film caused
by the lithiation is in consistence with the trend predicted theoretically with the increase in
the inserted Li amount (Figure 3c), which involves plastic deformation (Figure 3b).

An unexpected result was also obtained in the measurement of heat flow during
lithiation process I. Housel et al. [35] performed isothermal microcalorimetry to detect the
heat flow generated during the lithiation and delithiation of a silicon electrode produced
from crystalline silicon powder. The highest entropic heat flow (~50 mW /g) appeared for up
to 10% SOC of the first cycle, which corresponds to lithiation process I in Figures 2 and 3a.
Beyond 10% SOC, the entropic heat flow decreased markedly [35]. The contribution of
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parasitic heat, which indicates SEI growth, was obtained from a comparison between
the total heat flow and the sum of polarization heat flow and entropic heat flow [35].
Unexpectedly, during the first lithiation, the lowest dissipated heat flow associated with
parasitic reactions appeared between 1% and 10% SOC, and, hence, in the region of lithiation
process 1.
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Figure 3. (a) Potential profile during the initial lithiation of an a-Si thin film of 230 nm in direct
comparison with outlines (sketches) of (b) a typical mechanical stress curve during the lithiation of
an a-Si film, and of (c) the typical volume increase curve during the lithiation of an a-Si film. All
the values are plotted versus state of charge (SOC). 100% SOC corresponds to Liz 75Si (x = 3.75).
V) represents the silicon film volume before lithiation. The dashed line represents the end of the
predominant Li* uptake marked with roman number I in Figures 2 and 3a.
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For a-Si films, nanoindentation measurements [34] reveal the dependence of the
fracture behavior on the Li concentration of lithiated silicon. During initial lithiation, the
fracture toughness decreases first from unlithiated a-silicon to a minimum value for a
lithiated SOC corresponding to Lig 31Si (~10% SOC). For a higher Li content, the fracture
toughness becomes higher than that of pure silicon [34], which is as expected. Lithiated
silicon has been found to exhibit tensile deformation in contrary to the brittle behaviour of
pure silicon [34]. The increase in fracture toughness indicates a brittle-to-ductile transition in
lithiated silicon with the increase in Li concentration, which is as expected. This behaviour
is in line with an increase in ductility with the insertion of Li due to the introduction of a
more metallic character of atomic bonding with increased Li concentration. The atomistic
mechanism for the brittle-to-ductile transition in amorphous Li\Si is thought to be the
decrease in strong covalent Si bonds (Si-Si) and the concomitant increase in delocalized
(metallic) Li bonds (Li-Si) [34,36], giving rise to an alteration in the dominant atomic-level
processes of deformation and fracture with increasing Li concentration. Thus, the ductility
should increase with the increase in Li incorporation into silicon, but this is not the case
for Li concentrations of up to x ~ 0.31 [34]. The Li insertion firstly decreases the fracture
toughness up to x ~ 0.31, indicating lithiation-induced embrittlement [34]. There is an
unexpected embrittlement increase for Li insertion up to x ~ 0.31, which corresponds
to Li* uptake process I. This means an increase in atomic bonds and in the cohesive
strength during lithiation process I. This is in line with the measurement of only a minute
volume change in contrast to that expected from the amount of Li inserted for SOC up
to 10% (Figure 3c). The smaller volume increase may result in a higher atomic density
in amorphous Lig 35i in respect to pure a-silicon, which is indicative of stronger cohesive
strength in Lip 351 than in pure silicon.

2.3. Reasons for the Appearance of the Phase Front Delimiting Liy 3Si from a-Silicon

The following elaboration gives some explanations as to (i) why the lithiation onset
of silicon involves a phase front which delimits the Li-poor phase from unreacted silicon,
and (ii) why the Li-poor phase possesses the particular Li concentration corresponding to
x ~ 0.3 in Li,Si.

The appearance of the Li-poor silicide (Lip35i) as an intrinsic property during the
lithiation onset of pure and “defect-free” silicon is unexpected, since no stable Li,Si silicide
phases appear for x < 1 at ambient pressure in the Li-Si phase diagram [37-42]. The first
principle calculation predicts that mechanical pressure above 8 GPa [41] is necessary for
the Li-poor silicide with x ~ 0.3 (LiSi3) to become stable. Such a high mechanical pressure
has not been measured during the lithiation of a-Si thin films [26,27,30-34]. The mechanical
pressure needed to produce the energy barriers around the x ~ 0.3 phase in order to change
its instability into metastability is probably lower for an amorphous network. Nanometric
zones of crystalline LiSi3 with dimensions below 2 nm and without a long-range order
may also appear, mimicking an amorphous network, and may need a lower mechanical
pressure for the occurrence of the LiSi3 phase compared to bulk crystalline LiSi3. It should
be noted that the first principle calculation was performed at 0 K and that the energy barrier
(mechanical pressure) for the presence of the stable Li-poor silicide is probably less than
8 GPa at a higher temperature (room temperature).

The analysis of the experimental data in reference [1] shows that the Li-poor phase,
which builds up during the Li* uptake I, is not formed from an invariant reaction because
it does not always occur at the same potential [1]. This might hint at a metastable reaction
that is irreversible upon the first cycle [1]. A metastable state points to the existence of
energy barriers between the metastable state and the global minimum of energy. Even
if the metastable state appears and is stable at room temperature, temperatures higher
than room temperature often cause the transition of the metastable phase into a phase of a
lower energy minimum, or it is not even developed at that temperature. Consequently, it is
obvious that the amorphous and metastable Li-poor phase formed at room temperature
during the Li* uptake I is not found in the Li-Si phase diagram [37-42].
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The presence of a reaction front associated with the Li-poor phase at the lithiation
onset of silicon (Figure le-g) is likely attributed to the coupling between lithiation-induced
stress (chemical stress) and lithium diffusion. The lithium diffusion is controlled simply
by the gradient of Li concentration if no stress gradient is present. Under the action of
stress, the driving force for the lithium diffusion is the gradient of chemical potential, which
consists of the contributions of the gradient of Li concentration and the stress gradient [43].
The compositional change in a silicon electrode (the formation of an intermetallic com-
pound) corresponding to Li* uptake I under a stress is calculated to be more than the Li
concentration in the silicon electrode at an SOC of 10% (x ~ 0.3 in LixSi), i.e., it amounts
to Ax ~ —0.5 as obtained from the curve for stress-induced composition changes in silicon
films presented in reference [26]. This suggests that the stress gradient produced in Li*
uptake I hinders Li migration into silicon. That is to say, the chemical stress introduced by
the lithium diffusion has the tendency to reject a significant amount of lithium (Ax ~ —0.5)
from the silicon electrode as it would be maximal at Li* uptake I (x ~ 0.3). This process
should continue for lithiation up to x ~ 0.5. Therefore, there are two opposite processes
involving the lithiation onset of a silicon electrode—one is the electrochemical lithiation
under the gradient of Li concentration, which drives lithium through the Li-poor phase and
into the un-lithiated silicon to produce a LixSi phase, and the other is a stress-limited pro-
cess with the chemical stress trying to hold the silicon electrode free of lithium during the
lithiation. The interaction between these two processes may lead to a two-phase lithiation
mechanism with the formation of a sharp interface (reaction front) delimiting non-lithiated
silicon from lithiated silicon with x < 0.5 as depicted in Figure le-g.

From experimental results obtained in Li isotope exchange experiments and secondary
ion mass spectrometry (SIMS) depth profiling [44-46], one can estimate the Li flux (Li
permeability) at room temperature through sputter-deposited a-Si thin films (e.g., Table 2
in reference [45]). The Li flux (Li permeability) in a-Si thin layers of ~100 nm is estimated
to be ~1073 m?s~!, which is 17 orders of magnitude lower than ~10~2! m?s~! in the
amorphous Lig 35i phase, using the kinetical data given in references [44—46] to determine
Li permeability. This means that the high Li flux through the Li-poor phase toward un-
lithiated silicon does not permeate inside the un-lithiated silicon, but actually stops at
the interface between the Li-poor phase and the un-lithiated silicon. At that interface,
silicon is converted into the Li-poor phase, as schematically shown in Figure le-g. Further
discussion on Li diffusivity and Li solubility at room temperature in un-lithiated a-silicon
and in the Lijp 35i phase is given in the next section. However, the question still remains
open as to why the Li poor phase possesses the particular Li content of x ~ 0.3.

First principle calculations found that the formation energy of Li,Si phases becomes
negative only for x > 0.3 [47,48]. This means that the formation of a LisSi phase is ener-
getically favorable only for x > 0.3. Thus, firstly, the total energy calculation predicts that
pure silicon does not allow Li with a concentration of x < 0.3 to be incorporated into silicon
above its extremely low Li solubility limit [45]. Consequently, the lithiation of silicon starts
by the formation of Lij 35i. Secondly, as mentioned above, stresses due to lithiation have
the tendency to repel Li atoms from silicon for x < 0.5. Finally, the Li permeation (Li flux)
in the Lig35Si phase is, as stated above, 17 orders of magnitude higher than that in pure
silicon. Thus, there are three factors—(i) extremely low Li permeability in pure silicon
and relative high Li permeability in Lig 35i phase, (ii) Li repulsion from pure silicon due to
mechanical stress, and (iii) energy gain by the formation of LixSi only for x > 0.3—which
likely contribute to why initially a two-phase lithiation mechanism appears which sharply
delimits pure silicon from a LixSi phase of x ~ 0.3 (Figure le-g). In order to investigate the
peculiar lithiation onset of a-Si films, we present and apply in this work a mechanochemical
model to analyze the stress evolution during the lithiation onset of an a-Si film for a planar
phase-front mechanism (Figure 4) by modelling the interaction between diffusion and stress
in the lithiation onset of Si-based electrodes.
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Figure 4. Schematic of Li diffusion in an a-Si thin film electrode at (a) stage 0, and (b) stage I with the
formation of Li-poor phase Lij 35i (¢ phase) and a phase boundary (reaction front), ¢. In a cylindrical
coordinate (R, ®, Z), lithium diffuses into the thin film from the surface of Z = Z; and the thin film is
fixed on the substrate at Z = 0. The pristine un-lithiated silicon is denoted as § phase.

3. Numerical Investigation

A mechanochemical model is introduced in this work and used to analyze the stress
evolution during the lithiation onset of an a-5i film. Numerical simulation was performed
by taking into consideration the experimental results of (i) the phase-front lithiation mecha-
nism of a Li-poor phase consuming unreacted silicon, and (ii) a Li-poor phase with a Li
concentration corresponding to x ~ 0.3 in LiySi. The appearance of the planar phase-front
lithiation mechanism, and the Li concentration of the Li-poor phase, are not a result of the
simulation, but instead represent the ingredients of the simulation.

There are studies on the stress analysis of the lithiation of silicon, e.g., references [34,49,50],
but none of them have focused on the subject presented in this work, i.e., the phase front
mechanism appearing in the lithiation plateau I in Figure 2. Currently, most modeling
analyses have been based on the concept of diffusion-induced stress (with and without the
contribution of stress-limited diffusion) and the concentration dependence of mechanical
properties in the framework of elasticity [51-53], elastoplasticity [54,55] or viscoplastic-
ity [56-58]. To address the lithiation of electrode materials with the possible presence of
the reaction front, phase-field models have also been developed to study stress evolution
in electrode materials during electrochemical cycling [59,60]. It should be noted that there
are few works addressing the formation of new compounds in the analysis [61-63], even
though Yang [64] had formulated the formulas with the contributions of chemical reactions
to the mass transport and the stress evolution.

3.1. Mechanochemical Model

The analysis in this work focuses on the stress evolution and the motion of the reaction
front for the growth of the Li-poor phase in an a-Si film, which is based on the theory of
linear elasticity and the coupling between diffusion and stress [43]. A moving boundary
condition is used to describe the propagation of the reaction front. The temporal evolution
of the stresses is illustrated, and a comparison between the numerical results and those
reported in the literature is performed.

According to the lithiation experiment (i.e., Figure 2), we consider a silicon disk of
200 nm in thickness and 2000 nm in radius instead of ~1 cm used in experiments by Hiiger
et al. [1,65] Note that the results obtained with the radius of 2000 nm are the same as
those with the radius of ~1 cm for the region far away from the disk edge (see Figure A1l
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in Appendix A.2 for more detail). A cylindrical coordinate system, (R, ©®, Z), shown in
Figure 4, is used, and the constitutive equations of the disk are [66]

o= L[Tr(s) —QCI+

1
1 +v)(1—2v) (e = 30CT) @

1+v 3

where o, € and I are the stress, strain and unit tensors, respectively, (2 is the partial molar
volume, C is the Li-concentration, and E and v are Young’s modulus and Poisson’s ratio
of silicon, respectively. The normal strain components and stress components are ¢; and
o; (i=R, ©, Z), respectively. Note that the contribution of surface elasticity [67] is not
considered in this model since the analysis is focused on the planar surface and interface.

With axisymmetric characteristics, the strain components are calculated from nonzero
radial and axial displacements, (1, w), as

RTOR™ R 0z """ 2\9z "oR )
The equilibrium equations without body force are
R | ITzR 4 OR—0® _
J 0’Z+ aaZTRZ+ T§R _ 00 } (3)
92 TR TR T
The boundary conditions are
OR|g=ry =0, 0zlz=7, = 0, Wzl|z=z, =0, t|z— = 0and ulg_ = 0. 4)

For the diffusion of lithium into the Si thin film involving the formation of a Lip3S5i
phase, we divide the diffusion process into two stages, as shown in Figure 5: stage 0 is the
diffusion of lithium in a single-phase system before the lithium concentration reaches the
critical value for the formation of a new phase, and stage I is the diffusion of lithium in a
bi-phase system with the new phase.

c, ¢
Si /
(f phase) T
cﬁgq ¢ eq T Li03Si
: i (a phase
’/ Si (¢ phase)
(f phase)
z z=¢ 'z

o

Stage 0, for Cp, <Cy Stage [, for C, > C;
Figure 5. Schematic of the Li concentration distribution at two different stages during the lithiation
of the Si thin film.

At the onset of the lithiation, there is only B phase (Si). Increasing the lithiation time
leads to the diffusion of lithium into the Si thin film and to the increase in Li concentration.
When the Li concentration at the surface of the Si thin film reaches the equilibrium concen-
tration, c*¢;, for the formation of a phase (Lig 35i), the a phase is formed and stage I starts.
In stage I, there are two phases of « and 8, which are separated by an interface, ¢ (Figure 5b).
The Li concentrations in each phase at the interface are c*; and c.;, respectively. The
interface moves towards the surface of the rigid substrate (current collector, at Z = 0) and
causes the change in lithium concentration from clgeq to ¢
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For the diffusion of Li, the diffusional flux, J, is calculated as
J = —MCaxc grady and y = pp + RT Inc — 0;,Q), ®)

with M (=D/RgT) as the mobility, ¢ (=C/Cmax) as the normalized concentration, Cmax
as the maximum stoichiometric concentration of Li, y as the chemical potential of Li, D
as the diffusion coefficient, Ry as the gas constant, T as the absolute temperature, and
oy (=lor + 0@ + 07]/3) as hydrostatic stress. The diffusion equation is

s x @ 9
o _ o (pe %LZ_I?;T%>>:0, Z € (¢, Z]
ach 9 ocB Qch 9oy _

c DF if—Rng—aZh))—o, Ze[0,¢)

(6)

ot 0Z

where the superscripts of « and  represent the corresponding parameters in the « and j
phases, respectively. Note that we consider the dependence of Li concentration only on
variable Z for the disk thickness much less than the disk radius.

At stage 0, lithium diffuses into the thin film from the surface of Z = Z, as shown in
Figure 2a. The initially un-lithiated film gives

AR, Z) ’t:O —0. @)

The galvanostatic operation of the film [66] follows

ok QcP ooy,
-0¢(55 - ) =n ®)
0Z  RT 0Z 7-7,
and the impermeable condition of the substrate yields
9P Qcf ooy, —0. ©)
0Z RgTdZ )|,

At stage I, the phase formation occurs after the maximum normalized concentration
reaches the critical value. A phase interface of ¢ is formed, delimiting the Si thin film
into Lip35i alloy (a phase) and Si-solution (8 phase), as shown in Figures 4b and 5b. A
continuous influx of Li causes the motion of ¢ from Z = Z; to Z = 0. The Li concentrations
on the either side of the interface are

C“|Z:§+ = C?q/ C'B|Z:§— = qu' (10)

The moving speed of the interface is determined by the following equation

dé ac* Q™ 9o ok QcP 9o
o _ A e (08 Q" 0oy g (0ch Qe day
(ceg = ceq) gy =D (az RyT az) b (az RyT az)‘ ()

The boundary condition at the surface of the thin film is

e (30t 30,
dZ R,T 0Z

= o (12)
Z=2,

The boundary condition at the bottom of the thin film is the same as Equation (9).

The numerical method was used to solve the coupled equations given above via the
partial differential equation (PDE) module of COMSOL Multiphysics. There are 1000 nodes
along the Z direction and 5000 nodes along the R direction for the finite element model.
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Consider the presence of the Lip3Si phase as the phase formation introduced by Li
diffusion. The normalized equilibrium concentration for the Lip 35i phase is determined as
the ratio of the Li fraction in the compound to the maximum Li fraction in Si as

w _ CLigssi 0.3
= 035 2 0.08. (13)
CLi375Si 3.75

The equilibrium concentration of lithium for the un-lithiated phase should be equal to
the Li solubility limit of the a-Si film. Li solubility in silicon is very low (see reference [45]).
Consequently, it was possible to measure Li solubility only at temperatures where the
solubility attains higher values than at room temperature. The Li solubility of ~100 nm
a-5Si thin film sputter-deposited within the same laboratory, and using the same ion beam
coater as in the present work, was experimentally determined from SIMS depth profiling
for samples annealed at temperatures in between 513 K and 773 K [45]. At the lowest
temperature, i.e., at 513 K, Li solubility amounts to about one Li atom per 10° silicon atoms,
(directly notified as 10~°). The experimentally determined temperature dependence of Li
solubility follows an Arrhenius law [45]. The extrapolation of the Li solubility to room
temperature gives a Li solubility of ~10~? (Li atoms per Si atoms, [46]). Hence, experimental
results reveal that the equilibrium concentration for the un-lithiated phase should be equal
to ~10~Y, and in that manner the equilibrium concentration for the un-lithiated phase can
be assumed to be zero.

The Li diffusivity of a-silicon is actually unknown. The newest experiments to electro-
chemically measure Li diffusivity at room temperature by GITT (Galvanostatic Intermittent
Titration Technique) [68] reveal the Li chemical diffusivity as well as the Li tracer diffusivity
at the onset of the lithiation process to be almost independent of Li concentration in Li,Si
for x < 0.35. This is consistent with the fact that a phase (i.e., the Li-poor phase) with a
constant Li concentration of x ~ 0.3 grows into the a-Si film electrode (references [1,24,68]).
The Li tracer diffusivity was measured by GITT to be around 10~20 m2.s~ 1 [68]. Tracer
diffusivities at temperatures in between 573 K and 773 K were measured by SIMS in a
Lig 255i alloy produced by co-sputtering of lithium-metal and silicon-wafer sputter-targets
(reference [46]). The Li diffusivity obtained by extrapolation to room temperature is of
about 1072 m2s~! for the composition of Lig 5Si, in accord with the Li tracer diffusivities
obtained by GITT [68]. Consequently, the Li diffusion coefficient in the o phase (i.e., Lip 35i)
was taken in the present model to be 1.5 x 1072 m?:s~!. Non-electrochemical-based ex-
periments performed at elevated temperatures up to 773 K (reference [45]) indicate that the
Li tracer diffusion coefficient in ~100 nm a-Si thin films extrapolated to room temperature
attains an inexplicable 10 orders of magnitude lower diffusivity, ~1073° m2-s~1 if the Li
diffusivity was estimated from Li permeability values, or ~ 10~2° m?-s~1 if the Li diffusivity
was determined by the lag-time method (reference [45]). This is in accordance with the
value of about 10’ m?:s~! extrapolated to room temperature from tracer diffusivities
(determined from SIMS experiments) at higher temperatures measured by Strauf3 et al. [46]
for the alloy of Lig ¢2Si which represents almost pure silicon. The estimated Li diffusivity
of only ~1073% m?.s~! at room temperature in un-lithiated silicon is inexplicably low, and
in the opinion of the authors it may be unrealistically low. It may be possible that the
correlation between diffusivity and temperature changes at low temperatures down to
room temperature, due to a possible change in Li diffusion and solubility mechanism at
low temperatures. Consequently, we consider in the present model a higher Li diffusion
coefficient in the B phase, i.e., that of the a phase (1.5 x 1072 m2.s~1). The effects of the
difference of Li diffusivities between the « phase (Lip3Si) and B phase (a-Si) on the spatial
evolution of the interface position are analyzed in Figure A2 of Appendix A.2.

Consider that the silicon thin film is lithiated under a total C-rate of C/14. The
corresponding Li influx at the surface is

Volume-C —rate  Z/14

B B =397 %107 mol:m™ 257", 14
Surface area-3600 3600 o0’ <10 7molm s (14)

Jo
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The film thickness, Z;, is 200 x 10~° m. Finally, Table 1 lists the parameters used in
the numerical calculation.

Table 1. Material properties and parameters used in the numerical calculation.

Symbol Parameter Numerical Value
D* Diffusion coefficient in o phase 1.5 x 10720 m2.s7!
DA Diffusion coefficient in 3 phase 1.5 x 10720 m2.s~!
Zy Initial thickness of the silicon thin film 200 x 102 m
Ceq Normalized equilibrium value of « phase 0.08
ch Normalized equilibrium value of 3 phase 0
E Elastic modulus 92 GPa [69]
v Poisson’s ratio 0.28 [70]
Q Partial molar volume 8.18 x 10~® m3-mol~1 [71]
Cmax Maximum concentration 3.67 x 107° mol'-m—3 [33]
R Gas constant 8.314 J-mol~1.K~1
T Absolut temperature 300 K

3.2. Numerical Results and Discussion

Figure 6 shows temporal evolution of the normalized concentration and radial stress at
the center of the free surface. The Li concentration at the surface of the Si thin film increases
with the increase in diffusion time (Figure 6a), revealing more lithium in the Si film with
increasing the diffusion time. It takes only ~35 s for the Li concentration at the surface of
the Si film to reach the equilibrium concentration of &, = 0.08. This result suggests that
stage 0 ends at ~35 s with the onset of stage I. However, the radial stress near the surface
is compressive, and the magnitude of the radial stress increases sharply during this short
time from 0 to about 7.4 GPa (corresponding to a hydrostatic stress of —4.7 GPa and a
shear stress of 3.7 GPa) (Figure 6b), slightly less than the theoretically predicted 8 GPa for
the stabilization of Li-poor silicide with x ~ 0.3 [41]. The latter, i.e., the 8 GPa threshold
to initiate the formation of the Li-poor phase, may be, as previously mentioned, lower in
amorphous silicon and at a finite (room) temperature. This result indirectly confirms the
stress-induced phase formation of Lij 35i at the end of stage 0. Note that the large radial
stress is only present around the top surface of the Si film, and most of the Si film remains
in a nearly stress-free state, as revealed by the spatial distributions of the radial stress and
the Li concentration in Figure 6¢,d, respectively.

Figure 7 depicts spatial variations in normalized concentration and radial stress along
the axisymmetric axis under different total C-rates at the end of stage 0. A large amount
of Li accumulates near the top surface of the thin film (Figure 7a). The larger the C-rate,
the sharper the drop in Li-concentration and the narrower the diffusion zone, as expected.
According to Figure 7b, the larger the C-rate, the narrower the compressive-stress zone
at the surface. Note that the un-lithiated Si experiences tensile stress, whose magnitude
increases with the decrease in the C-rate at the end of stage 0. Moreover, the magnitude of
the radial stress at the surface of the a-5i film (Z/Z( = 1) is about 7.4 GPa at the end of stage
0, independent of the total C-rate used for the lithiation.
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Figure 6. Temporal evolutions of (a) the normalized concentration and (b) the radial stress at the
center of the top surface of the Si thin film at stage 0; spatial distribution of (c) the radial stress and
(d) the normalized concentration along the film thickness at the end of stage 0.
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Figure 7. Spatial variations of (a) normalized Li concentration, and (b) radial stress along the thickness
direction at the axisymmetric axis under different total C-rates at the end of stage 0.
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It should be pointed out that such a high stress can cause the separation of the Si
film from the substrate, wrinkling, surface cracks or phase formation to relieve the stress.
Note that the local stress near the free surface can hardly be measured with the commonly
used techniques, such as MOS (multibeam optical sensor), since the MOS system records
the curvature of the film, while the local stress in such a narrow region rarely affects the
curvature. An ocular inspection of silicon film electrodes lithiated at different states up
to the end of stage I, and disassembled from the electrochemical cell inside a glovebox
filled with protective argon gas overpressure, revealed a smooth surface without wrinkling
and cracks. The smoothness of the lithiated Si-film electrode surface remains intact after
being washed with propylene carbonate, isopropanol and even acetonitrile. This ocular
observation was affirmed by light microscopy performed in the high-vacuum of a secondary
ion mass spectroscopy (SIMS) device. Interestingly, the electrode surface remains smooth
after the electrode has been stored over a long time (months) inside vacuum or protective
argon gas. This experimental observation suggests that phase formation up to the end
of lithiation process I does not cause structural damage and is likely responsible for the
stress relief.

Figure 8 displays spatial variations in the normalized concentration and radial stress
along the thickness at the axisymmetric axis for different positions of the interface at stage I
for a total C-rate of 1/14 C, in which the strain energy generated in stage 0 is used for the
formation of the Lip3Si phase. It is evident that there are two distinct regions in the Si thin
film—one with a Li-poor phase and the other with un-lithiated Si. The Li concentration
in the Li-poor phase increases as the interface approaches the substrate (Figure 8a), as
expected from the diffusion theory. More lithium atoms are needed to form the Lig 35i
phase, which requires Li diffusion through the formed Lig 3Si layer. It should be noted
that the spatial distribution of Li concentration in the Li-poor layer is different from the
constant normalized Li concentration of 0.08 experimentally observed by Hiiger et al. [1,65],
suggesting that there are other factors likely controlling the migration of Li in the Li-poor
layer. On the other hand, the constant normalized Li-concentration of 0.08 over the whole
film depth was reported from SIMS depth profiling measurements [1,24,65]. However,
the sputtering process affiliated with the SIMS measurements may mask a possible low
gradient in Li concentration with a decrease in Li concentration from the electrode surface
toward the Lij35i/Si phase front. Note that such a decrease in Li concentration may be
expected to be necessary for Li diffusion from the electrode surface toward the Lip 35i/Si
phase front.
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Figure 8. Spatial variations of (a) normalized concentration, and (b) radial stress along the thickness
direction at the axisymmetric axis for different positions of the interface at stage I. (Total C-rate:
1/14 C).



Batteries 2023, 9, 105

17 of 25

According to Figure 8b, the Lij3Si layer experiences compressive stress and the un-
lithiated Si layer experiences tensile stress. The magnitude of the compressive stress is
much larger than that of the tensile stress.

As pointed out above, the strain energy generated in stage 0 is likely relaxed through
the formation of the Lip35i phase, i.e., there are likely no residual stresses at the onset
of stage I. Thus, we can assume that the Si thin film is at a stress-free state at the onset
of stage I and the strain energy associated with the radial stress of —7.4 GPa during the
lithiation is used for the formation of the Lij3Si phase. The following analysis is based
on the stress-free state of the Si thin film at the onset of stage I and the relaxation of
the stresses corresponding to the radial stress of —7.4 GPa due to the formation of the
Lig 35i phase.

Figure 9a presents the variation in radial stress at the center of the top surface of
the Si thin film with SOC for a total C-rate of 1/14 C. For comparison, the experimental
results given by Pharr et al. [33] are included in the figure. Note that the stress measured
experimentally by MOS is an average stress along the thickness direction. With the ultrathin
Si film, we directly compare the numerical results of the stress at the top surface with the
experimental results. The magnitude of the radial stress increases from 0 to ~1.2 GPa
when the SOC is increased from 0 to ~8%. Such a trend is qualitatively in accord with the
experimental results.

(a) '—. T T T T (b) 150 T T T T T T T T
0.00 4 i
] = Experimental results ®m  Experimental results
Numerical results 3 i
@-0.25_ 3 s Numerical results |
a ] ~
>
0501 S
A ] S)
< S 1.00- .____._____—_-—-—-——T" -
5 -0.75 5
8 @
g -1.001 g€
o ] g 0.75 .
-1.251 .
'150 T T T T 050 T T T T T
0 2 4 6 8 0 2 4 6 8
SOC (%) SOC (%)

Figure 9. Variations of (a) radial stress at the center of the top surface, and (b) the volumetric change
of the Si thin film with SOC at stage I. (Total C-rate: C/14).

Figure 9b shows the volumetric change of the Si thin film with SOC. The volumetric
change in the Si thin film is a linearly increasing function of SOC. The experimental results
given by Uxa et al. [24] are also included in the figure. It is evident that the numerical
results are consistent with the experimental results. Note that the linear dependence of the
volumetric change of the Si thin film on SOC is consistent with the constitutive relations of
Equation (1).

Figure 10a shows the temporal evolution of the interface position separating the Li-
poor phase (Lip 35i) from the un-lithiated Si phase under different C-rates. The interface
approaches the substrate with the increase in lithiation time and is a nearly linear function
of the lithiation time. From Figure 10a, we calculate the moving speed of the phase-interface
between the Li-poor phase and the un-lithiated silicon. Figure 10b depicts the variation in
the moving speed of the phase-interface with the total C-rate. It is evident that the moving
speed of the phase-interface (reaction front) is a nonlinearly increasing function of the total
C-rate. To prevent the occurrence of the stage II lithiation before the end of stage I, one can
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Interface position (Z/ Z,)

use a small C-rate to pre-lithiate Si electrodes to form a lithium-poor phase. A description
of the stage Il lithiation (Li-rich phase) is given in references [1,24].
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Figure 10. (a) Temporal variation in the phase-interface position under different total C-rates, and
(b) variation of the moving speed of the reaction front with total C-rate, and a Si film thickness of
230 nm.

The measured potential profile presented in Figure 2 shows that full lithiation with a
constant current of 11 A /cm? takes about 18 h. Hence, the total C-rate amounts to C/18
(0.055 C). Figure 2 shows also that the duration of Li* uptake I amounts to approximatively
2 h. This means that the Lij 35i/Si phase front reaches the current collector, i.e., the Lig 351
phase consumes all unreacted silicon, in about two hours. Consequently, a phase-front
velocity of 0.032 nm/s is obtained by dividing the film thickness of 230 nm with the time
interval of two hours. The obtained experimental result of (0.055 C, 0.032 nm/s) is plotted
as a red dot in Figure 10b. The numerical result is in good accord with the experimental
result, supporting the mechanochemical model used in this work.

The comparison between the numerical results shown in Figures 9 and 10b and the
corresponding experimental results and the agreement of the numerical result of the moving
speed of the reaction front with the experimental result reveal that the mechanochemical
model used in this work can effectively describe the diffusion of Li in the a-Si film with the
formation of only one new phase of Lij 35i during the lithiation onset.

The experimental and numerical results presented and discussed in this work suggest
the stress-induced phase formation of a Li-poor phase for the lithiation onset of a-Si. With
this finding, one may assess some explanations for two important issues: (i) the main
difference between the lithiation onset of a-Si and nanocrystalline silicon, and (ii) their roles
in the lithiation onset of a-Si given that a-Si has a huge internal stress and high defect density
in comparison to c-Si. According to the insights obtained from the experimental results, we
can address these two issues as follows. At first view, there seems to be no major difference
between the lithiation onset of ¢-Si (crystalline silicon) and a-Si concerning the formation of
the Li-poor phase. The higher internal stress and defect density of a-Si compared to those
of c-5i may lead to a higher Li content in the Li-poor zone in the case of a-S5i compared
to that of c-Si. The appearance of the Li-poor phase and its Li content in polycrystalline
silicon may be influenced by the preferential texture (preferential orientation) and by a
change in mechanical stress in polycrystalline silicon, e.g., due to the presence of additives
and binders. Note that silicon is cubic structure, which exhibits isotropic behavior in
diffusion and anisotropic behavior in elastic deformation. The anisotropic behavior in
elastic deformation can lead to a stress state different from that of isotropic deformation for
a-silicon under the same cycling conditions.
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As mentioned in the literature survey presented in Section 2, operando NR investi-
gations [25] also found the appearance of the Li-poor phase in the lithiation process of
bulk c-silicon, i.e., in that of 10 mm thick (100) oriented silicon wafer. The Li content of
the Li-poor phase was estimated by fitting NR simulations on NR experimental data, and
was found to be Lig 15i (x ~ 0.1), which is lower than x = 0.3. Operando NR experiments
performed later by another group [72] also found two distinct lithium silicide zones with
high and low Li concentrations, initially separated by a sharp interface which broadens
with cycling. The Li-poor zone was always in between the Li-rich zone and unlithiated
silicon, i.e., the Li-poor zone was in direct contact with unlithiated silicon [72] (similar to
the situations presented in Figure le-g). From the neutron scattering length densities (SLD)
obtained from their NR data [72], the ratio of Li to Si in the Li-poor zone is evaluated to
be between x ~ 0.05 and x ~ 0.35. Note that, although NR is sensitive to Li incorporation
into silicon, NR is generally unable to exactly distinguish between low Li contents such as
x=0.1 and x = 0.3. In contrast to NR, and especially in contrast to a large range of often
applied measurement techniques including electron spectroscopy and microscopy, SIMS
is able to detect low traces of Li in silicon. Lithium has a high ionization cross-section for
Li*-ions. Hence, the Li* SIMS signal is of an extremely high intensity, as proved in our
laboratory, especially for SIMS operated with O,* primary ion beams. Li SIMS signals
of more than 1 million counts per second can be measured for the Li-poor phase. Hence,
future SIMS investigations on the lithiation process of bulk c-silicon (e.g., Si wafers) are of
great interest. Moreover, the experiments on silicon wafers [25,72] were performed only
on (100) oriented wafers. Mechanical stresses may be dependent on crystal orientations.
Consequently, SIMS experiments and calculations on the lithiation of silicon wafers with
different orientations may be of interest to examine the appearance of the stress-induced
phase formation of the Li-poor phase in single Si crystals.

Polycrystalline films often possess a textured structure. A possible preferential orien-
tation of polycrystalline silicon film, e.g., produced by heating treatments, may impede
the lithiation process, as has been observed for the case of LiNixMnyCo,O; (x +y +z =1,
NMC) active materials of positive electrodes (e.g., ref. [73]), due to reduced Li kinetics and
changed mechanical stress. Polycrystalline (e.g., silicon) electrodes are mostly produced by
crystalline powder embedded in carbon-like additives and binders, which also exercises
mechanical stress and different phenomena (e.g., Schottky contacts) on the Si particles
before and during lithiation and delithiation. In that manner, the material in contact with
silicon may influence the diffusion of lithium and the appearance of the Li-poor phase. For
the case of silicon wafers, there are reports about experiments performed with a thin surface
layer of aluminium oxide to suppress the SEI layer formation [72]. The Li-poor phase also
appeared in that case, further showing that the Li-poor phase is an intrinsic product during
the lithiation of silicon, and that, in that example, it is not dependent on the SEI layer.
On the other hand, this may not always be the case. As mentioned in the second section,
Li* uptake I, which produces the Li-poor phase, is not detectable during the lithiation of
amorphous Si/C ML, as presented in the supplementary material of reference [1]. The
mechanical stress inside Si/C ML may interact with the chemical stress introduced by
the lithiation process, interfering in the buildup of the Li-poor phase. Alternatively, the
Li-poor phase may be built up in the Si/C ML but may possess a lower Li content of e.g.,
x ~ 0.1, which needs a much lower Li*-uptake than that of x ~ 0.3, and in that case does
not recognizably remain in the potential profile of the lithiation process. Its examination
constitutes a prime subject for SIMS investigation due to the mentioned high sensitivity of
SIMS to very low Li contents in silicon. Additionally, different individual layer thicknesses
inside the Si/C ML may produce different mechanical stresses and different Schottky
barrier (space charge) strengths before and during ML lithiation, which may promote or
interfere in the formation of the Li-poor phase and also affects its Li content. Hence, future
SIMS investigations on the lithiation process of multilayers (e.g., Si/C MLs) are also of
interest. The examination of the Si/C MLs may also be of interest for polycrystalline silicon
electrodes produced by c-Si powder embedded in carbon-like additives and binders.



Batteries 2023, 9, 105

20 of 25

Finally, it is of interest to examine whether the stress-induced phase formation of the
Li-poor phase represents a universal phenomenon, i.e., if a stress-induced phase formation
of the Li-poor phase appears also in other well desired LIB electrode materials such as in
(amorphous and crystalline) germanium.

4. Conclusions

In summary, the lithiation onset of a-Si films was reviewed, and a mechanochemical
model for the lithiation onset of a-Si film was developed. The electrochemical lithiation
onset of silicon films involving the formation of a Li-poor phase (Lig35i alloy) and the
propagation of a reaction front in the films delimiting the Lig 3Si alloy from un-lithiated
silicon, as revealed experimentally, constitute the foundation for a deeper examination
of the lithiation onset of a-silicon. For that, (i) a literature review was performed to
describe (i.1) the lithiation onset, (i.2) the changes in material properties at the lithiation
onset and (i.3) the reason for the appearance of the reaction front, after which (ii) numerical
calculations of depth-resolved mechanical stress during the lithiation onset were performed.

The literature survey elaborated the following five peculiar changes in the behavior
of the active electrode material during the lithiation onset of a-silicon: (i) the build-up
of the highest mechanical stress (up to 1.2 GPa) during lithiation, (ii) a linear increase
in the mechanical stress with lithiation which mimics the characteristics of linear elastic
deformation, (iii) only a minute volume increase during Li incorporation which is lower
than that expected from the amount of Li ions entering the silicon electrode, (iv) the
largest heat generation appearing during cycling with only a minor degree of parasitic heat
contribution, and (v) an unexpected enhanced brittleness.

A further literature review was performed to examine (i) why the lithiation onset of
silicon occurs via a phase front which delimits the Li-poor phase from unreacted silicon,
and (ii) why the Li-poor phase possesses the particular Li concentration corresponding
to x ~ 0.3 in Li,Si. The following three factors—(i) extremely low Li permeability in pure
silicon and relative high Li permeability in Lig 3Si, (ii) Li repulsion from pure silicon due to
mechanical stress, and (iii) energy gain by LixSi formation only for x > 0.3—were found to
qualitatively explain why initially a two-phase lithiation mechanism appears which sharply
delimits pure silicon from a Li-poor Li,Si phase with x ~ 0.3.

The literature review shows that the appearance of the Li-poor silicide (Lip35i) as an
intrinsic property during the lithiation onset of pure and “defect-free” silicon is unexpected,
since no stable Li,Si silicide phases appear for x < 1 at ambient pressure in the Li-Si phase
diagram. The first principle calculation predicts that mechanical pressure above 8 GPa is
necessary for the Li-poor silicide with x ~ 0.3 (LiSi3) to become stable at 0 K. This points to
the fact that the peculiar lithiation onset of a-silicon may be quantitatively explained by
the depth-resolved mechanical stress appeared during the lithiation onset. Consequently,
a mechanochemical model was elaborated and the lithiation onset was simulated on the
stress evolution and the motion of the reaction front for the growth of the Li-poor phase in
an a-Si film, based on the theory of linear elasticity and the coupling between diffusion and
stress. A moving boundary condition was used to describe the propagation of the reaction
front. The temporal evolution of the stresses was illustrated, and the comparison between
the numerical results and those reported in the literature was performed.

The mechanochemical model consists of two stages, with stage 0 involving the dif-
fusion of lithium in the Si film without the formation of the Li-poor phase and stage I
involving the formation of the Li-poor phase with the propagation of the reaction front at
the end of stage 0. The magnitude of the compressive radial stress at the end of stage 0 can
reach around 8 GPa, likely corresponding to the formation of the Lip3Si phase under high
stress. No experimental observations of cracking and wrinkling for stress relief points to a
stress relaxation by the phase formation up to the end of lithiation stage I. Increasing the
total C-rate reduces the layer thickness of the high compressive-radial stress around the
surface of the Si film at the end of stage 0.
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For the lithiation of the Si film at stage I, the numerical results for the variations of the
radial stress and volumetric change with SOC and for the moving speed of the reaction
front for the lithiation under 0.055 C (C/18) are in good accord with the corresponding
experimental data. These results support the mechanochemical model developed in this
work, revealing the important role of the interaction of diffusion and stress in the lithiation
onset of Si-based electrodes used in lithium-ion batteries and in the stress-induced phase
formation of the Lij35i phase.
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Appendix A
Appendix A.1 Experimental Procedure

For the lithiation and delithiation processes, a working electrode possessing a-Si film,
a Li-metal reference electrode and a Li-metal counter electrode was used, together with
a liquid carbon-based electrolyte (propylene carbonate) with a 1 M LiClOy salt. A 1-inch
copper disk with a thickness of 1 mm was used as a current collector and a substrate for the
ion-beam deposition of a-Si electrochemical active material of 230 nm thickness. The ion
beam coater IBC 681 (Gatan Inc., Pleasanton, CA, USA) was used for the film deposition,
as described in reference [45]. Grazing incidence X-ray diffraction, performed with a
Bruker D8 DISCOVER diffractometer, found the deposited silicon films to be amorphous.
The electrochemical lithiation and delithiation were performed at room temperature on a
Biologic SP150 potentiostat with the EC-lab software.

Appendix A.2 Additional Figures and Information on the Mechanochemical Simulation

Figure A2a shows temporal variations of the interface position in the thin film electrode
for DP (Li diffusivity in a-Si) in a range of 1.5 x 1072 to 1.5 x 1073 m?/s and D* (Li
diffusivity in Lip3Si) being 1.5 X 10720 m?/s. It is evident that there is no observable
difference for the spatial position of the interface at the same lithiation time. The Li
diffusivity in the a-Si has a negligible effect on the migration rate of the interface. Figure A2b
shows temporal variations of the interface position in the thin film electrode for D* in a
range of 1.5 x 10720 to 1.5 x 1072° m?/s and DP being 1.5 x 1072° m?/s. For the lithiation
time less than 10 s, there is no observable difference for the spatial position of the interface
at the same lithiation time. For the lithiation time larger than 10 s, the larger the diffusivity
of the « phase, the closer the interface to the current collector at the same lithiation. This
result suggests that the larger the diffusivity of the « phase, the larger is the migration
rate of the interface. The Li diffusivity in the Li-poor phase has a dominant effect on the
migration rate of the interface.
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Figure A1. Variations in the radial stress along (a) the film thickness at axisymmetric axis and (b) the
radial direction on the top surface at end of stage 0. Results of the disk with different initial radii
of 500, 2000 and 200,000 nm are depicted. The numerical results show that there are no observable
differences between the corresponding stresses in the region far away from the disk edge. Here,
Z =0 corresponds to the interface between the a-Si and the current collector and Z = Z corresponds
to the interface between the a-silicon electrode and electrolyte.
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Figure A2. Temporal variation in the interface position between pure silicon (3 phase) and the Li-poor
phase (« phase) in the thin film electrode for different values of (a) DB (Li diffusivity in a-Si-f3 phase)
and D* (Li diffusivity in Lig 3Si-« phase) =1.5 x 102 m? /s, and (b) D* and DPF = 1.5 x 10720 m2/s.
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