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In this paper, we investigate the lithiation of pristine amorphous silicon nanoclusters with diameters from
0.8 to 1.4 nm using first-principles molecular dynamics. It is found that this process occurs in two stages. In
the first one, Li atoms accumulate at the surface of the nanocluster. A transfer of electrons from Li to the Si
atoms takes place, which is accompanied by moderate structural changes. At a given Li coverage threshold
that is related to the nanoparticle size, it becomes energetically favorable for any additional Li atoms to
penetrate into the nanoparticle. Our results suggest that the driving force for this transition is the increasing
electrostatic repulsion between positively charged surface Li ions. Beyond the threshold a second lithiation
stage starts where the nanocluster is progressively filled with Li atoms. This leads to significant structural
changes, but no sign of fracture is observed during the first lithiation cycle, suggesting that the amorphous

silicon cluster remains intact at this size.
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I. INTRODUCTION

Lithium-ion batteries have become essential components
in most portable electronic devices. To improve the battery
performance in terms of energy density and cycle life, a
tremendous research effort has been dedicated to the
replacement of graphite by other anode materials [1-5].
Among these, Si-based systems have probably been the
most scrutinized, both experimentally and theoretically,
due to the abundance and low price of Si. Furthermore, Si is
characterized by one of the highest known maximal
theoretical specific capacities, 4200 mAhg=' [3]. How-
ever, the utilization of Si-based anodes in Li-ion batteries is
severely hampered by several effects, especially dramatic
volume changes during lithiation and delithiation [6],
which leads to a fast capacity fade at prolonged cycling.
This unacceptable issue currently hinders a full commer-
cialization of Si-based batteries. To resolve it, different
strategies have been proposed, involving size reduction,
geometry optimization, and material structuring [7-9]. It is
particularly noteworthy that several studies revealed that
decreasing the characteristic size to the nanoscale could
prevent the deterioration of the anode integrity [10—14]. For
instance, Liu and co-workers found that crystalline Si
nanoparticles with diameters below 150 nm do not exhibit
fractures, thus preserving the intrinsic properties of the
material [15]. A similar behavior has been demonstrated for
amorphous-Si (a-Si) nanoparticles with even larger sizes
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reaching 870 nm [16]. These submicronic systems remain
of sufficient size for bulk lithiation concepts to fully apply.
In this size regime it is known that during the first cycle, the
lithiation of crystalline or amorphous bulk Si occurs via a
two-phase process [6,17]. Initially, a sharp interface sep-
arates lithiated and pristine Si and the displacement of this
interface limits the whole process. In crystalline nanowires,
the lithiation is observed to develop anisotropically because
of mobility differences between possible interface orienta-
tions [18-21], leading to significant changes in morphol-
ogy. Conversely, the lithiation of amorphous silicon
nanostructures is isotropic. It is assumed that the reaction
front motion is directly related to Si—Si bond weakening,
which may be triggered by charge transfer from Li
atoms into Si antibonding states, and to stress induced
by the volume expansion of the lithiated phase [22-24].
Nevertheless, it is important to realize that for both
crystalline and amorphous pristine Si, an amorphous phase
results after the first (de)lithiation cycle and this amorphous
phase remains during subsequent lithiation and delithiation
iterations.

In recent works ultrasmall nanoparticles, i.e., with sizes
smaller than 10 nm, have been identified as promising
candidates for the capture of Li [12,13]. Impressive results
have been achieved for the case of graphene-supported
3-nm Si nanoparticles [14]. In addition to a better
mechanical stability, these also allow for improved trans-
port properties due to shorter paths for Li ions and
electrons. It is worth mentioning that for such small
systems the bulk lithiation concepts are hardly applicable.

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevApplied.7.054012
https://doi.org/10.1103/PhysRevApplied.7.054012
https://doi.org/10.1103/PhysRevApplied.7.054012
https://doi.org/10.1103/PhysRevApplied.7.054012

PEDERSEN, BIERI, LUISIER, and PIZZAGALLI

PHYS. REV. APPLIED 7, 054012 (2017)

In fact, there is not enough volume to form a well-defined
lithiated-interface-pristine structure and the surface
becomes a dominant actor at this scale. At present, there
is still an obvious lack of knowledge regarding the
lithiation of such small Si nanoparticles. Okamoto inves-
tigated the dynamical lithiation of a crystalline Si;5 cluster
using first-principles calculations [25]. However, it is not
clear whether a crystalline sample is representative for real
systems at such reduced sizes where disordered structures
are known to be favored. Theoretical investigations of
disordered nanoparticles are typically more complicated
than for crystalline ones since a huge number of possible
configurations exist. Another difficulty is the need to use
accurate first-principles calculations because the com-
monly used empirical interatomic potentials are not able
to reproduce the quantum confinement effects that prevail
at the nanoscale.

In this paper, we report on the study of the lithiation of
ultrasmall a-Si nanoparticles investigated by an extensive
set of ab initio density functional theory (DFT) calcula-
tions. The simulations reveal that lithiation occurs through
two consecutive processes. First, the surface of the nano-
particles is progressively homogeneously covered with Li
atoms until a critical level is reached. Beyond this thresh-
old, it becomes energetically favorable for Li atoms to
penetrate into the nanoparticle, leading to significant
structural modifications. In particular, it will be shown
that despite a strong volume expansion, the nanoparticles
keep their integrity even at high lithiation levels during the
initial lithiation process. This supports the experimental
observations that a-Si nanoclusters (NCs) could be suited
as the active component of high-performance anode
material in Li-ion batteries.

II. COMPUTATIONAL METHODS

A. Atomic interactions

Atomistic calculations are performed in the framework
of DFT as implemented in the Vienna ab initio simulation
package (VAspP) [26,27]. The main priority is to sample
the largest possible collection of configurations. Hence, the
computational efficiency is maximized by applying the
projector-augmented wave method [28] and a local-density
approximation pseudopotential to determine the electronic
density of the treated samples. Furthermore, the plane-wave
basis is restricted to a moderate size using a cutoff of
184.3 eV. The electronic degrees of freedom are assumed
converged when the change in energy falls below 107 eV.
Finally, the k-point sampling contains only the I' point,
which is appropriate for isolated systems such as clusters.
To validate the chosen simulation setup, the total energy of
configurations at the shift in site preference (see next
section) have been redetermined using a higher cutoff
energy (307.1 eV) and the generalized gradient approxi-
mation to the exchange correlation functional with the

Perdew-Burke-Ernzerhof parametrization [29]. These addi-
tional calculations show that only marginal changes occur
in the relative energy difference, when the two approaches
are compared with each other.

B. Structures and dynamics

Three sizes of Si NCs consisting of either 40, 55, or 70 Si
atoms are considered. This corresponds to a diameter
ranging from 0.8 to 1.4 nm. The clusters are embedded
within a cubic supercell of dimensions large enough to
avoid spurious interactions with periodic replicas. A high
priority is given to the determination of configurations with
the lowest possible energy. This is the case since these are
the ones that most likely are observed in an experiment at
ambient temperature as stated by statistical physics. If a
too-rapid quenching is undertaken the system tends to end
up in a local minimum configuration situated close to
the initial high-temperature structure. To alleviate this, a
relatively slow cooling is undertaken, which will give the
system time to surpass energy barriers and thereby settle
down in a more optimal configuration. A representative
low-energy configuration for each of the three pristine Si
NCs is therefore obtained as follows. After an initial
relaxation, thorough molecular-dynamics simulations (time
step of 1 fs) are performed using a Nose-Hover thermostat
applying a down-ramping temperature profile: starting
from a temperature of 1000 K, the system is cooled down
to 300 K using a profile with steps at 750 and 500 K.
During this annealing procedure the atomic configuration is
frequently extracted and relaxed to determine the inherent
structure, which allows one to inspect a large number of
configurations. These local minimization runs are consid-
ered converged when the largest atomic force falls below
10~* eV/A. In most cases a temperature lowering causes a
decrease in energy of the inherent structure. However, if
this is not the case additional steps at the preceding higher
temperature are conducted.

By applying this treatment on the three Si NCs it is clear
that regardless of an initial structure being either ordered or
amorphous, the resulting lowest-energy configuration is
always a disordered nanoparticle with an approximate
spherical shape, as shown in Fig. 1. This finding is in
agreement with previous investigations of Si NCs [30,31]
and the obtained pristine a-Si NCs serve as reference
configurations to determine the effects of lithiation.
Usually, the treatment corresponds to a 5-ps simulation,
but rare cases require up to 32 ps. It should be mentioned
that the accumulated grand total of ab initio molecular-
dynamics iterations exceeds 1.1 x 10 when including the
simulations of the lithiation processes, which corresponds
to a total simulation time of 1.1 ns. This is required to
typically let three candidate structures evolve per lithiation
level, in certain cases up to six.
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FIG. 1. Schematic and spacefill representations (yellow for Si
atoms, pink and blue for surface and subsurface Li atoms,
respectively) of the NCss system before lithiation (left), at the
threshold where the first Li atom (blue arrow) penetrates into the
nanoparticle (center), and for a 300% lithiation (right).

C. Lithiation

To lithiate a Si cluster, neutral Li atoms are added to the
configuration. This is done under the assumptions that the
(a-Si) + Li cluster remains charge neutral and that a
captured positively charged Li ion instantly recombines
with its missing electron, which is provided from an infinite
reservoir. The energy gained by the electrode as Li is
captured is a very important quantity that directly relates to
the voltage profile. For the case of Li, where a single
electron is transferred per ion, the change in voltage equals
the change in energy divided by the charge of an electron.
The average binding energy is determined according to the
following expression:

E,(x) = Ey - (EN;X + xEL) , (1)

where the resulting average relative binding energy E,(x)
is calculated for each of the x newly captured Li atoms; Ey
is the total energy of the NC structure when N Li atoms are
already present, and Ej; is the cohesive energy of a Li atom
in a bee bulk environment. This definition is equivalent to
what has been proposed by Courtney et al. in Ref. [32].
From this expression it is clear that the computational task
consists of rigorously determining the lowest-energy con-
figuration for a given Li level.

III. RESULTS

A. Li site preference

The first series of simulations concerns the site prefer-
ence for Li on Si NCs at varying lithiation levels. This site
preference is determined by refining various systems
starting from an initial configuration either having all Li
atoms on the NC surface at random positions or with a
single Li atom embedded into the core of the cluster.
Elaborate lithiation protocols have been proposed for a-Si
bulk [33] and crystalline-Si (c-Si) surfaces [34]. However,
the computational requirement for the NC sizes studied
here makes is feasible to use the earlier-described annealing
procedure that allows for an unbiased determination of

low-energy configurations. In particular, with our pro-
cedure it can be established whether Li atoms prefer to
stay on the surface or at sites embedded in the cluster at the
thermodynamical equilibrium.

Numerous configurations have been tested for the lowest
lithiation levels. These simulations reveal that the initial Li
atoms always have a strong energetic preference of residing
on the surface, while the NC core remains a Li-free
environment. The surface site that offers the strongest
binding to the lowest-energy pristine NCss a-Si core is
associated with an energy gain of —0.99 eV. As a second Li
atom is introduced, the average energy gain reduces to
—0.83 eV when the reference is the pristine NC (x = 0),
whereas the relative gain for the newly added Li atom is
only —0.67 eV when the reference is the NC already
containing a single Li atom (x = 1).

As further Li atoms are introduced, the surface sites
remain favored, which is a clear trend that continues up
until a critical Li level is reached. In the case of NCy, this
threshold corresponds to the capture of 21 Li atoms that
equals to a concentration ratio of 53%. In fact, the
configurations with the lowest energy remain to have 20
Li atoms on the NC surface, while only a single Li atom
enters an embedded side inside the nanoparticle. For
NCss (NCq), the transition happens for 24 (25) Li atoms
that correspond to a Li concentration ratio of 44% (36%). It
appears that at these thresholds, the NC surface becomes
saturated and additional Li atoms start to penetrate into
subsurface sites. This hypothesis is supported by the
correlation between the increasing Li thresholds and the
NC size. However, no quantitative relation could be found
between these values and the estimated NC surface areas,
likely because of the limited set of sizes investigated here.
Larger systems are expected to give a more consistent
behavior but they are out of the reach of first-principles
calculations.

B. Continuous lithiation

To get a better understanding of the shift in site preference
for increasing lithiation, a second series of molecular-
dynamics simulations is performed to investigate a single
NCss structure. These calculations follow the refinement
technique mentioned above, but with a significantly different
procedure for loading Li onto the cluster: (i) only a single
pristine configuration is evolved and (ii) new Li atoms are
always added on the surface of the most stable configuration
obtained at the preceding lithiation level. This approach
allows for an estimation of the upper limit for the lithiation
threshold at which it is energetically favorable for a Li atom
to enter the nanoparticle core by surpassing a negligible
energy barrier. High lithiation levels are also studied in this
series of calculations, with configurations containing 55,
110, and 165 Li atoms.

Figure 2(a) shows the total and relative change in energy
as Li is captured (Li binding energy), the latter representing
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(a) Li binding energy as a function of the lithiation level for NCss. The red curve shows the total binding energy with respect to

the initial pristine a-Si cluster, which also corresponds to the voltage profile. The blue curve is the relative binding energy, with the
preceding configuration as a reference. (b) Volume expansion as a function of the lithiation level for NCss. The black curve refers to the
volume expansion per Li atom as compared to the preceding configuration. The dashed line segments mark the discontinuity occurring
as the critical Li level is reached. (c) Changes in Si-Si coordination when one Li atom enters a subsurface site for NCss carrying 27 Li
atoms. Red bars correspond to the configuration before the event, and blue bars account for the configuration after. Insets are a spacefill
representation where yellow and pink are Si and Li atoms, respectively, whereas red and blue represents the Li atom that enters a

subsurface site.

the derivative of the former, as a function of the number of
Li atoms for the NCss structure. The energy gain follows a
monotonic decrease at low Li levels, thus confirming that
these simulations describe a continuous lithiation process
without any significant structural changes of the a-Si host.
However, a pronounced discontinuity occurs at 27 Li
atoms. It corresponds to the Li level where a Li atom
migrates from the surface to the NC core. Another
interesting feature is the relatively fast decline in binding
energy just before a subsurface site gets occupied. This
indicates that Li atoms prior to this event are forced into
surface sites of reduced binding up until it becomes
energetically favorable to “crack” the a-Si surface shell.
These findings are in agreement with our proposed hypoth-
esis that the surface first reaches a Li-saturated state before
Li atoms enter into subsurface sites. For the structures at the
highest lithiation levels, not shown in the plot, the relative
binding energy reduces from 0.26 eV/Li at 110 Li atoms
down to 0.03 eV/Li at 165 Li atoms. An upper bound for a
complete lithiation of the considered 55 a-Si cluster can
therefore be deduced: it is equal to 165 Li atoms. Using this
value as the maximum load level, the structures with 10 and
50 Li atoms correspond to 6% and 30% of the full load
level, respectively. From the experimental results in
Ref. [14] [see Fig. 3(c)], it can be seen that at similar load
levels the open-circuit voltage changes from 0.7 to 0.4 V.
Here, the computed reduction in total binding energy goes
from 0.78 to 0.5 eV/Li, which can be directly converted
into volts and appears to be within the expected range.
The shift in site preference takes place at 24 Li in the first
series of calculations. It should be emphasized that the

difference between the two threshold Li levels, Li,, in the
first MD series and Li,; in the second one, does not indicate
uncertainty in the results, since these levels are achieved
under widely different simulation conditions. In the first
series, we actually compare the energy of different cluster
configurations with either all Li atoms on the surface or
with one Li placed inside the NC. The transition then
occurs when a configuration with an embedded Li atom
becomes thermodynamically favored as compared with
structures where all Li atoms are on the surface, regardless
of the energy barrier associated with the process where Li
migrates into the a-Si core. In the second series, a single
cluster is evolved and the loading of Li atoms is done by
placing additional Li atoms on the surface of a low-energy
configuration, thus mimicking a continuous lithiation
process. As a consequence, the transition to a structure
with one embedded Li site only takes place if the energy
barrier for this event is sufficiently low for it to occur
within the limited time scale of first-principles molecular-
dynamics simulations.

To illustrate this point, the minimum energy path for the
transition where one single Li enters into the NC core is
calculated. The initial configuration is a structure with all Li
on the surface, whereas the final one has one subsurface Li.
This analysis is done for two different lithiation levels (20
and 27 Li atoms) and performed using the nudged elastic
band (NEB) method [35]. The end-point configurations are
extracted from the MD simulations and the band consists
of five images generated by the image-dependent pair-
potential method [36]. These NEB calculations are con-
sidered converged when the change in energy between two
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Left panel: Average shortest pair distance as a function of the lithiation level for NCss. Blue represents Li-Li pairs, red Si-Li

pairs, and black Si-Si pairs. The blue-shaded area indicates the variance for the Li-Li pairs. The dashed lines indicate the bond length for
Si (Li) in the diamond (bcc) phase. Crosses connected by thin line segments represent configurations where all Li are on the surface
(£26), whereas triangles and thick segments are configurations where some Li atoms have moved inside the cluster (>=27). The inset
shows the Si-Si coordination for NCss at different lithiation levels (blue bars for 1 single Li atom, green bars for 27 Li atoms, and red
bars for 165 Li atoms). Right panel: Histogram of charge distributions on the Si atoms for NCs;s at increasing lithiation levels, same color
code as for Si-Si coordination. The inset represents the charge distribution on the Li atoms.

iterations becomes less than 10~ eV. When being below
the determined Li shift in site preference (20 Li atoms) the
barrier is determined to be 115 meV, while the 27 Li atoms
structure (above the threshold) exhibits a much-reduced
energy barrier of 5 meV. Furthermore, only for the structure
above the threshold level do the final configuration results
in a significant energy decrease of 0.54 eV. The results
obtained from these additional calculations further support
the here-proposed picture that the NC surface is first
progressively covered with Li atoms, until it reaches a
saturated state for which it becomes energetically favorable
for Li atoms to be incorporated into the core of the NC.

IV. ANALYSIS AND DISCUSSION

A deeper knowledge about the lithiation process can be
gained by analyzing the ongoing structural changes and
charge distribution for the series of simulations that
represent a continuous lithiation process. To estimate the
volume changes of a NC, we represent each of the Si and Li
atoms as spheres with van der Waals radii of 2.10 and
1.85 A, respectively. Following that, a triangular mesh is
constructed to enclose these spheres and the volume of the
resulting polyhedron is determined. Changes in the local
atomic structure are investigated in terms of Si-Si co-
ordination. This analysis is done using a pair cutoff distance
of 2.80 A, which corresponds to the minimum between the
first and second neighbor peaks of the bulk @-Si radial-
distribution function [37]. Finally, changes in charge
distribution are also evaluated by attributing charge to
individual atoms through a Bader analysis of the total
electron density [38].

A. Volume and atomic structure

The volume variations are evaluated in a similar fashion
as the energy in Eq. (1). The resulting volume expansion
per Li atom is plotted in Fig. 2(b), while the total volume
expansions are reported in Table I. When considering the
relative volume variations, it appears that the first Li atom
entering the a-Si core induces a relatively large expansion,
whereas only a moderate increase is caused by the Li atoms
that follow. This suggests that the a-Si core becomes so
severely disrupted when the first Li atom enters that it
“cracks,” which creates a somewhat open space in the core.
The Li atoms that follow can then “fill” this void, resulting
in a much smaller volume increase, as is apparent in
Fig. 2(b). This is supported by the analysis of the Si-Si
coordination in Fig. 2(c), which reveals that the transition
leads to a shift towards higher coordination. From the
extracted distributions it can be concluded that the

TABLE 1. Volume of the lithiated NCss5 in A%, expansion in
percent as compared with the pristine form, and average charge in
e for increasing lithiation levels. The difference in the total
charge of Li and Si subsystems comes from the fact that a finite
part of the electron density is assigned to vacuum in the Bader
analysis due to the large surface-to-volume ratio.

Li [number] Volume [A%] Os;i O
1 1126 (1.2%) —-0.01 0.85
27 1522 (36.8%) -0.36 0.83
55 1918 (72.4%) —0.80 0.81
110 2736 (145.9%) -1.57 0.79
165 3658 (228.7%) -2.25 0.75
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penetrating Li ion squeezes itself into the surface and
compresses the neighbor Si atoms, which explains the
observed increase in fivefold coordinated Si atoms. At the
same time the number of lower-coordinated Si atoms
decreases.

B. Structural changes

The focus is now redirected towards the transformation
of the a-Si NCss upon lithiation. Ongoing local structural
changes in the a-Si structure as a function of the lithiation
level are tracked by determining the Si-Si coordination, as
shown in Fig. 3. From this plot it can be deduced that the
a-Si NC undergoes significant changes during lithiation. In
its pristine state, the a-Si core is characterized by a dense
bonding network with a significant proportion of over-
coordinated atoms. This is a consequence of the strong
confinement occurring in ultrascaled structures. As the
cluster surface is progressively saturated, from 1 to 27 Li
atoms, there is a continuous transition towards lower
coordination and the cluster begins to resemble a piece
of bulk a-Si. In the phase where Li atoms penetrate into the
a-Si core, from 27 Li atoms and upwards, the Si co-
ordination continues to decrease. At 55 Li, the a-Si network
is still partly capable of accommodating the undergoing
changes and only one Si atom has a single Si neighbor,
whereas the highest frequency in the distribution now
corresponds to a coordination of three. However, the Si
network gradually deconstructs at higher Li levels, which is
clear from the increasing occurrence of Si atoms with
coordinations equal to two and one. This is in accordance
with previous investigations [24].

To provide more details, the average shortest distances
between Li-Li, Li-Si, and Si-Si pairs are also reported in
Fig. 3. At low lithiation levels, Li atoms reside on the NC
surface, and the distance between Li is large. Furthermore,
the Si atoms are not perturbed by the Li atoms and their
shortest separation is almost equal to the bulk a-Si nearest-
neighbor distance. At higher lithiation levels, the shortest
pair distances for all combinations of species converge
toward 2.55-2.60 A. These values compare fairly well to
2.62 and 2.65 A, the Si-Li and Li-Li nearest-neighbor
distances in bulk SiyzLi;s, respectively [39]. In the case of
Si-Si, a distance of 2.55-2.60 A indicates an increasing
number of isolated stretched Si-Si dimers. Note that the
variations of the shortest pair distances are smooth, without
any abrupt changes or fluctuations when the first Li atom
enters into the NC. Moreover, the strong reduction in the
variance of the average Li-Li shortest separation provides
strong evidence that a transformation toward a homo-
geneous distribution of the Li atoms takes place in the
system.

It should be noted that no sign of fracture is seen during
the simulated lithiation process. This suggests that the
silicon network is able to handle the resulting large-
volume expansion taking place at the inspected NC sizes.

However, in the current work it is only a single lithiation
cycle, the first one, that is modeled, whereas repeated
(de)lithiation processes should be undertaken and simu-
lations over a larger time scale are required to draw
definitive conclusions.

C. Charge transfer

Finally, we examine the charge transfer and localization
during lithiation. The resulting charge distributions for
three lithiation states are represented as histograms in
Fig. 3, with their average values listed in Table I, and
shown in Fig. 4. When only one single Li atom resides on
the NC surface, one finds a charge transfer of 0.85¢~ from
Li to Si. The fact that Li atoms partly donate their valence
electron to the Si atoms is well known for Li/Si systems
[40]. However, it is noteworthy that this charge is not
carried by nearby surface Si atoms. Instead, it is delocalized
over the full Si network. This behavior is different from
bulk c¢-Si [22], where the charge transfer has a local
character. As lithiation continues, the average charge
transferred from Li to Si atoms shows a continuous
decrease and reaches 0.78¢~ for 165 Li. This is consistent
with an earlier computational work, where the transfer from
Li to bulk a-Si is determined to be 0.7 [41]. Interestingly,
there is no significant change in the charge distribution and
localization when the lithiation threshold is reached and the
first Li atom penetrates into a subsurface site. The delo-
calized charge transfer might explain why the observed
bond weakening seen in ¢-Si does not happen in the a-Si
NCs studied here. In fact, for the NCss carrying 27 Li
atoms, the four most charged Si atoms reside on the surface,
whereas the fifth is within the core and none of these are in
the vicinity of the Li atom that enters into a subsurface site.
At the highest lithiation levels, the negative charge carried
by Si atoms increases, as well as the spread of the
distribution, from —3.1 to —1.0e™. This is in strong contrast
to the Li atoms, which are characterized by a narrow and
homogeneous distribution with range of 0.74 to 0.82¢™. A
peculiar consequence of the observed charge transfer is that

Siliyy Sili; o O Sl

00e"  EJG Charge

FIG. 4. Charge distribution for NCss with either 1, 27, or 165 Li
atoms in spacefill representation. Small spheres represent Li,
whereas large are Si. It is striking that the spread in charge on the
Li atoms (blue shades) is insignificant as compared to the Si
atoms (red shades). This is also apparent in Fig. 3. Furthermore,
the full Si network appears to carry the charge transferred from
the Li atoms rather than forming a local buildup of charge on the
Si atoms that neighbors Li.
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a lithiated system should behave as a dipole with a positive
surface and negatively charged center before the critical Li
level is reached. Furthermore, an incoming positively
charged Li ion will also be repelled by the charged surface
Li atoms that have transferred part of their valence charge
to the core Si atoms.

D. Transition in site preference

Combining the results from the thermodynamic study
and the continuous lithiation processes, one sees that Li
atoms first accumulate on the NC surface until a critical
coverage is reached. In a second distinct phase they start to
penetrate into the NC core. This picture bears similarities
with the experimental observation of a Li front and of a
two-phase lithiation process at larger system sizes [42—44].
In those configurations, it is currently assumed that Si—Si
bond breaking is the rate-limiting event for the displace-
ment of the front, which is promoted by two bond-
weakening mechanisms at the interface: (1) charge transfer
from the Li atoms that fills Si-Si antibonding levels [40]
and (2) tensile strains between lithiated and nonlithiated
phase [6]. In the present study, the latter effect can be
discarded because the NC surface is free to relax for the
relevant Li coverage. Furthermore, the analysis of the
charge distribution reveals that the electrons donated by
Li atoms are not localized on the surface Si atoms, but
rather tend to be homogeneously distributed over the entire
a-Si core. It is therefore questionable whether charge
transfer and the filling of antibonding levels is responsible
for the transition occurring at a critical Li coverage in
a-Si NCs.

We rather propose an alternative mechanism to play the
leading role for the lithiation of a-Si NCs. Because of
charge transfer, Li atoms at the surface become positively
charged ions. As a first approximation they can be treated
as point charges that repel each other and prefer staying as
far apart from each other as possible. At low Li coverage
the point charges are able to more or less distribute
themselves freely on the surface of the a-Si core and
maximize the distance to neighboring Li ions. However, as
the Li concentration grows they are forced closer to each
other, thus increasing the Coulomb repulsion forces. This
trend continues up to the point where the repulsion exceeds
the cost of breaking up the underlying a-Si bond network.
When this critical point is reached it becomes energetically
favorable for a single Li ion to enter a subsurface site to
extend its separation to the neighboring surface Li ions. We
propose that this mechanism governs the lithiation of NCs,
which is significantly different from what happens in bulk.

Further examinations are required to validate this
hypothesis. For that purpose, the influence of the Li ions
that surround the first one that enters a subsurface site is
investigated by recomputing the previously described NEB
runs with slightly different initial and final configurations.
Above the thermodynamical threshold the removal of a

neighbor surface Li atom reduces the energy gained by the
system when the subsurface site becomes occupied. At this
reduced Li level (26 Li) the embedded site is only favored
by 0.13 eV, which should be compared to 0.54 eV for the
oversaturated surface (27 Li). An even more dramatic
change can be achieved if one of the other neighboring
Li atoms is removed instead. In this case the subsurface site
completely loses its stability and the embedded Li atom
falls back to a surface site, leaving a clean a-Si core behind.
A complete picture is obtained by conducting a similar
study for a lithiation level well below the thermodynamical
threshold, e.g., 20 Li. In that case, the difference in
configuration energy and energy barrier for Li insertion
remains more or less unchanged. This picture holds true
irrespective of which neighboring Li surface atom is
removed (19 Li). These findings are fully consistent with
the lithiation mechanism proposed here. In fact, just above
the coverage threshold, the surface Li atoms are so close to
each other that they strongly interact. Consequently, the
removal of one single Li atom drastically affects the energy
landscape and the dynamics of the Li atom penetrating into
the a-Si NC core. Conversely, well below the threshold, the
surface Li atoms are separated enough, for their repulsive
interaction remains weak and the presence of one more or
one less Li atom has no influence.

V. CONCLUSION

From an extensive set of thorough first-principles
molecular-dynamics DFT simulations, we have investi-
gated how the lithiation of a-Si nanoclusters occurs by
determining energy, structural changes, and charge transfer
during this process. The collected data enable us to propose
the following lithiation scenario: initially Li atoms are
found to prefer staying on the surface of the a-Si NC. As
the lithiation continues, a saturated state is reached, at
which the NC surface is fully covered. During this first
phase, there is a charge transfer of approximately 0.8¢™ per
Li atom to the Si network. The captured charge is
delocalized and spread over the whole a-Si NC. Beside
an increasing repulsive electrostatic repulsion between the
charged Li ions, a structural transformation of the Si
network takes place from an over- to a fourfold-coordinated
and bulklike state. As lithiation continues, it becomes
energetically favorable for one Li atom to penetrate into
the a-Si NC core. The main driving force for this transition
is attributed to the increase in electrostatic repulsion as
positively charged Li ions get into a close proximity of each
other. This mechanism is different from bulk where a well-
defined lithiation front forms enabling the surrounding Si
network to screen the Li ions and the weakening of Si—Si
bonds as antibonding states are filled is assumed to play a
key role. Furthermore, the stress present at the interface
between the lithiated and nonlithiated phases that is present
in bulk is assumed to promote the movement of the front.
However, such stresses do not exist at the a-Si NC surface.
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We have also found that the Li threshold scales with the size
of the NC, and more precisely with its surface, but our
restricted set of systems does not permit us to establish a
quantitative relation between size and the threshold level.

Once an initial Li atom penetrates beneath the NC
surface, we demonstrate that for any additional captured
Li further subsurface sites are being occupied with no
additional activation-energy barrier. This second lithiation
phase is accompanied with significant structural changes of
the NC, as exemplified by the Si-Si coordination going
from an average of four at the threshold, to 1-2 at a 300%
lithiation. The distances between the different species
clearly indicate the formation of a lithiated phase, charac-
terized by small fragments of bound Si atoms surrounded
by Li atoms. At the maximum lithiation level inspected
here, the NC keeps its quasispherical shape.

Finally, the obtained results show that the binding energy
steadily decreases from 0.5 to 0.3 eV after the critical
lithiation level is surpassed. Within this range of operation
the absolute volume expansion per Li atom is determined to
be approximately 15 A%, From this general behavior it
seems reasonable to expect that similar characteristics
pertain even at higher lithiation levels. These results
suggest that the a-Si electrode has reached a relatively
steady state and it would be favorable to operate it in this
regime, whereas a complete Li retraction of the anode
electrode should be prevented.
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