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ABSTRACT: Through a combined density functional theory and in oLi
situ scanning electron microscopy study, the effects of presence of

gold (Au) spreading on the lithiation process of silicon nanowire nm S0, aLiAus)
(SiNW) were systematically examined. Different from a pristine ,\l.;ﬂ( b Qv o
SiNW, an Au-coated SINW (Au-SiNW) is lithiated in three distinct AR Wk <:‘I, - o
stages; Li atoms are found to be incorporated preferentially in the Au  ***'/ | & }l e o?, Ry
shell, whereas the thin AuSi interface layer may serve as a facile k\\/ \l & .0 20
diffusion path along the nanowire axial direction, followed by the S 0@ @
prompt lithiation of the Si core in the radial direction. The g). l“ oo Y9

Anomalous Stagewise Lithiation of Au-SINW

In-situ characterization First-principles simulation
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underlying mechanism of the intriguing stagewise lithiation behavior
is explained through our theoretical analysis, which appears well-aligned with the experimental evidence.
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B INTRODUCTION

Since its commercialization in 1991, lithium (Li)-ion batteries
have become the most popular power source for portable
electronics because they have high energy and power density,
no memory degradation effects, and only limited self-
discharge.”” Still, this technology can be improved in many
aspects in order to fulfill the emerging and most demanding
applications like electric vehicles and large-scale renewable
energy storage, which require much higher energy density,
faster charge/discharge rates, and better long-term cyclability.
Among many innovative solutions,”'* a possible approach to
simultaneously increase the energy and power densities of a Li-
ion battery is demonstrated via utilizing nanostructured (Si)
anode, like Si nanowires (SiNWs). Si-based materials have
recently emerged as a promising anode because its abundance,
environmental benignity and most importantly the highest
known Li storage capacity (3579 mAh g™'), nearly ten times
larger than that of graphite (372 mAh §_1), which leads to the
significant increase in energy density.'®'” Moreover, the one-
dimensional nanostructure provides not only the mechanical
strength and flexibility to accommodate the large volume
variation during cycling, but also the facile lithiation/
delithiation path along surfaces; these merits together
contribute to the impressive cycle stability at rapid charge/
discharge rates."® Cho and Picraux have reported SiNW-based
anodes exhibiting 1100 mAh g~' discharge capacity after 1000
cycles at a 0.5C cycling rate, and higher than 900 mAh g™* at
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10C." With further nanostructuring, hollow Si nanotubes by
Cui and Wu could maintain a 1000 mAh g~" discharge capacity
even after 6000 cycles at a 12C rate.”’

One common approach to grow SiNWs is via the vapor—
liquid—solid (VLS) process with gold (Au) catalysts.”** In the
VLS growth, a significant amount of Au was found to spread on
the NW sidewalls.””** The presence of Au may influence the
physical properties of SiNWs and also modify the NW
morphology.”>** In addition, for Li-ion battery anodes, we
thought that metallic Au would be an intriguing choice of
coating material for SiNWs because of the following reasons:
(i) Au is also reactive toward Li with a capacity of 451 mAh g™'
(based on lithiated intermetallic compound of Li;sAu,),> (ii)
Au is mechanically ductile and electrically conductive, hence
being able to maintain both the structural stability and
conductive path, and (iii) it has been shown that Au—Si alloys
are likely to form at the Au/Si interface,”**® which may in turn
introduce intricate interfacial effects that influence the lithiation
behavior.

Recently, a few studies have touched on lithiation of Au-
coated porous Si films* and SiNWs with residual gold seed
particles,”” where the effects of having the Au secondary phase
were briefly mentioned. However, to the best of our knowledge,
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Figure 1. Surface characterization of Au-catalyzed Si NWs before and after HF etching. (3, b) HAADF-STEM images and (c) EDS analysis of the
cross-section of an [111] Si NW before HF etching (i.e., Au-coated SINW). The bright thin outer layer (Q1) as observed in (a, b) is attributed to Au
dispersion, which is confirmed by the EDS spot analyses (Q1-Q4) presented in c. (d, e) and (f) are respectively the corresponding HAADF-STEM
images and EDS analysis for a [111] SINW after HF etching (i.e.,, without the presence of Au).

no atomistic-scale study either experimentally or computation-
ally has been reported regarding the lithiation behavior of
SiNWs that are covered by an appreciable amount of Au
(hereon referred to as Au-SiNWs). Similarly, the idea of
applying surface coatings on SiNWSs with materials ranging
from active (toward Li) C,>" Ge,*> AL*® to inactive Cu’* and
Ni*® metals, and various oxides, TiOZ,36 A1203,37 and SiOZ38
has been experimented before; the coated SiNWs have been
found to often exhibit improved cycling and rate performance.
But again, it is unclear how surface-modified SiINWs may
undergo different structural evolution during lithiation, let
alone underlying lithiation mechanisms and properties at the
atomistic level.

In the paper, we present a combined experimental and
theoretical investigation on lithiation in individual Au-SiNWs to
better understand the impacts of having significant Au-
spreading on the SiNW surface. An Au-SiNW is brought to
direct contact with Li metal inside a scanning microscope, and
its structural evolution during lithiation is characterized in situ.
The lithiation process of an Au-SiNW appears to occur in three
distinct stages, which is intriguingly different from that of an
Au-free SINW. The underlying mechanism for the “stagewise”
lithiation behavior is examined using a first-principles computa-
tional approach to provide a rational explanation for our
experimental observations. On the basis of density functional
theory (DFT) calculations, we present how Li atoms are
incorporated in Au-SiNW as a function of Li content, along
with a detailed analysis of the lithiation energetics and
dynamics, with special attention to the effects of the Au coating.

B RESULTS AND DISCUSSION

Experimentally Observed Stagewise Lithiation of Au-
SiNW. Figure la, b shows the high-angle annular dark field
(HAADF)—scanning transmission electron microscope
(STEM) micrographs of the cross-section (perpendicular to
the nanowire axial) of an as-grown [111] SINW bounded by six
{110} sidewalls. As HAADF imaging is highly sensitive to
atomic-number (Z) contrast, we are able to differentiate SINW

(the dark hexagon) from Au, which is visible as the bright outer
layer of the hexagon. Consistently, results from the energy
dispersive spectroscopy (EDS) analysis (Figure 1c) confirm the
presence of Au at the outer layer [corresponding to QI in
(Figure 1b), whereas only Si peaks are dominating the spectra
toward the center of the NW (Q2, Q3, and Q4). Thus, it is
clear that the surfaces of the as-grown SiNWs are covered by an
appreciable amount of Au, which is typically observed in SINWs
grown by Au-seeded VLS process.””*" In the rest of this article,
the SINW with Au spreading at the surface will be referred to as
“Au-SiNW”. We confirmed that the Au spreading on the surface
can be effectively removed by the surface treatment. For
comparison, Figure 1d, e shows the HAADF-STEM images of
the cross-section of the [111] SiNW after hydrofluoric acid
(HF) etching. The bright sides present in Figure la, b no
longer exist in d and e, and the results of EDS (Figure 1f) also
confirm the absence of Au on the surface. The surface-treated
SiNW will be referred to as “SiNW”.

Next, the Au-SiNW was brought into direct contact with Li
metal inside a scanning electron microscopy (SEM) in the
absence of an applied electric field. Upon lithiation, the
structural evolution is monitored in situ and shown in Figure 2.
At t = 0.00 s, the Au-SINW was straight with a uniform
diameter around 96.2 nm. Once the Au-SINW contacted bulk
Li, the morphological changes are captured in the time-lapse
series of SEM images up to t = 15.57 s, and the transformation
of the lithiated Au-SINW appears to occur in distinct stages
(Stages I, II, and III). In Stage I, from t = 0—7.13 s, Li atoms
near the vicinity of the contacting area underwent diffusion into
the Au-SiNW accompanied by small radial volume expansion as
the effective reaction front (marked by the yellow triangle)
propagated from the nanowire tip toward the other end, along
the “axial direction”. In Stage II, the lithiation front had
propagated through the entire length while the continuing
lithiation process lead to slow and uniform volume expansion in
the “radial direction” around ¢ = 9.17—11.22 s. Finally, in Stage
I11, the entire Au-SiNW appeared to swell uniformly at once in
the “radial direction” and reached the fully lithiated phase
(corresponding to ~417% volume expansion) within approx-
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Stages 1

Figure 2. Temporal microstructure evolution of an [111] Au-SiNW in
direct contact with Li metal, which clearly demonstrates a stagewise
lithiation behavior; the elapsed time during lithiation is indicated in
second (s). In Stage III, volume expansion tends to occur
instantaneously as the effective reaction front (marked by the yellow
triangle) propagated from the nanowire tip toward the other end. The
dotted red line indicates the bulk Li surface in the vicinity of the
contacting area drastically sunk down due to the rapid Li diffusion into
the Au-SINW.

imately one second (t = 13.26—13.57 s). As indicated by the
dotted red line, the bulk Li surface in the vicinity of the
contacting area drastically sunk down because Li atoms rapidly
difftused into the Au-SiNW. These results highlight an
intriguingly different lithiation behavior of Au-SiNW as
compared to conventional SiNWs without residual Au coverage
at the surfaces.”'®** To better understand how the lithiation
behavior is influenced by the presence of Au on the surfaces of
SiNWs, we carried out DFT calculations to investigate the
lithiation mechanism of Au-SiNWs at atomistic level.

Single Li Incorporation in Au-SiNW. According to our
experimental observations as discussed in the previous section,
the as-grown SINW is covered with a thin layer of Au.**** We
could also expect that Au and Si are alloyed to form an AuSi
interface layer, considering previous experimental and theoreti-
cal results; it has been found that the AuSi alloy exhibits a
negative mixing enthalpy and Au deposition on a Si substrate
leads to Au-silicide formation.”® Provided an Au-SiNW consists
of Si core, AuSi interface, and Au shell, to understand its
lithiation behavior it would be necessary to assess the
incorporation and diffusion of Li atoms in these three different
phases.

We first calculated the formation (E;) and migration (E,,)
energies of a single Li atom in Au, AuSi, and Si (summarized in
Table 1).

In face-centered-cubic (fcc)-Au, a Li atom could possibly be
incorporated at an octahedral or tetrahedral site with E; (Liy) =
0.72 eV or E; (Lip) = 1.31 eV, respectively; here, E;is calculated
with respect to bec-Li (E;) and fec-Au host (E,,), ie., Ef =
Eliiau — By — Eap where Ejj,, is the total energy of one Li
interstitial in 64-atom fcc-Au. However, given that the vacancy
formation energy in fcc-Au is relatively low (E(V,,) & 0.41 eV

Table 1. Calculated Formation (E;) and Migration (E,,)
Energies of a Single Li Atom in Au, AuSi, and Si

host species E; (eV) E, (eV)
crystalline Au Lig 0.72
Liy 131
Li,, - 1.04
LV  —073 029
Si Lip 0.31 0.62
amorphous Au -129 + 031 111 + 042
AuSi Li —1.31 + 042 0.66 + 0.33
Si —0.01 £ 0.24 045 £ 0.21

from our DFT-PW9I calculations),” there may exist a
considerable amount of vacancies. In this case, Li atoms can
be incorporated into the substitutional (vacancy) sites with the
predicted E; (Liy,) of —1.04 eV including the vacancy
formation energy, (ie, Ef{Liy,) = Ey_ — E; — By +

Au

E{V,,), where Ej; and Ey,  are the total energies of the 64-

atom fcc-Au with an Li atom at the substitutional site and with
an Au vacancy, respectively). These calculations clearly
evidence that Li insertion in fcc-Au is energetically the most
favorable at a substitutional site, which is consistent with
previous experiments.”’o_42

For Li insertion in crystalline Si (c-Si), the tetrahedral
interstitial site is identified to be energetically the most
favorable with E; (Lir) = 0.31 €V, and the E; value is found
to decrease significantly to —0.01 & 0.24 eV in its amorphous
phase (a-Si) because of the more flexible lattice. Unlike the
covalently bonded Si matrix, there is a significant reduction in
E;in the metallic a-Au (Ef= —1.29 + 0.31 eV) and a-AuSi (E;=
—1.31 + 0.42 eV) matrices, implying that Li can be easily
accommodated in the a-Au and a-AuSi structures with no
significant energy cost.

Next, we evaluated the variations in the Li migration barrier
(E,,) as the host material changes. In ¢-Si, the predicted E,,, for
Li interstitial is 0.62 eV." In fcc-Au, a substitutional Li may
undergo migration by exchanging its position with a
neighboring Au atom or vacancy (if exists). While the former
requires overcoming a very high barrier, the latter is predicted
to occur with a moderate (vacancy-mediated) barrier of E,
(Ligy-Vay) = 0.29 €V; here, the formation energy for the Li
substitutional and Au vacancy pair can be estimated to be E;
(LipyVay) = =073 eV = EpVaw — Eui — [(N — 2)/N]E,,
where Ep; -V,, is the total energy of one Liy,-Vy, pair in 64-

atom fcc-Au (N = 64). However, in the amorphous phases of Si
(a-Si) and Au (a-Au), the predicted E,, values are 0.45 + 0.21
eV and 1.11 + 0.42 eV, respectively; interestingly, the E_ of
0.66 + 0.33 eV for a Li atom in a-AuSi is in between those for
the a-Si and a-Au cases.

Looking at the E; and E_ values in the different phases
considered (c-Au, a-Au, a-AuSi, ¢-Si, a-Si), it is important to
note that despite the relatively larger E in Au and AuSi, the
significantly smaller E; contribute to the smaller relative
activation energy (E, = E; + E,) for lithiation overall. The
relative E, with respect to that of ¢-Si for different phases from
the most to least favorable are AE, = —1.58 eV (a-AuSi) >
—1.11 eV (a-Au) ~ —1.37 eV (c-Au) > —0.44 eV (a-Si) > 0 eV
(¢c-Si); note that the lower AE, corresponds to the lower energy
cost for Li incorporation and diffusion. This analysis may
suggest that, upon lithiation of an Au-coated SiNW, Li atoms
would be preferentially incorporated along the a-AuSi interface
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(Stage I) assuming the a-AuSi interface is sufficiently thick.
Then, as lithiation progresses, Li atoms could advance into the
Au layer (Stage II), rather than the Si layer, as its lattice near
the Au/AuSi interface is somewhat disordered already due to
the interface formation and disturbance from the expanded
(lithiated) AuSi. At the very last, the Si core region would be
lithiated (Stage III). Contrarily, if the a-AuSi interface layer
were rather thin, lithiation of an Au-SiNW would be observed
as a two-stage process: the outer Au (together with thin AuSi)
layer is lithiated first, followed by lithiation of the Si-core. In
either case, our calculations demonstrate that the priority of
Au-/AuSi- vs. Si-lithiation is an intricate interplay between their
corresponding E; and E,, which may in turn explain the
stagewise lithiation behavior observed in an Au-SiNW.

Energetics and Dynamics of Lithiated Au-SiNW. In the
previous section, we discussed the behavior of single Li atom in
Au, AuSi, and Si. Here, we will look at the energetics and
dynamic properties of their lithiated a-Li,M alloys (M = Au,
AuSj, Siand x = 0—3.57). Note that only the amorphous phases
are considered (instead of their crystalline counterparts)
because the Si and Au matrices lithiated beyond the first
charge/discharge cycle are most likely to remain in the
amorphous phase because of the sizable kinetic barrier for
recrystallization.*”** We first calculated the E of a-Li,M alloys
to evaluate their relative stabilities with respect to body
centered cubic (bcc)-Li and a-M host. The E; per host atom is
given by E; = Ey; v — (xEy; + Eyp), where Ej; ; and Ey are the
total energies per M atom of the 4-Li,M and a-M systems and
E}; is the per-atom energy of bcc-Li.

Figure 3 shows the variations in E; as a function of x; for each
alloy composition, the reported average value was obtained

0.0
€ 06
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< . .
§ a-Li(AuSi)
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) -12 F

_1-8 L L 1
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Li content, x

Figure 3. Formation energies (E;) for a-Li,Si, a-Li,(AuSi), and a-Li,Au
alloys calculated on the basis of three different samples for each
composition.

based on three independent 64-atom samples. For both 4-Li,Si
and a-Li,Au alloys, E; continue to decrease with increasing Li
content, and fall to plateaus between x = 3 and 4,
corresponding to the fully lithiated composition. The E; of a-
Li,Au is lower than that of 4-LiSi, indicating Au lithiation is
energetically more favorable than Si lithiation. We also checked
the E for lithiated a-AuSi, which tends to follow the same trend
with increasing x while the values are falling in between that of
a-Li,Si and a-Li,Au. These results indicate that it is energeti-
cally more favorable to lithiate Au (and AuSi) than Si to a ratio
of Li:M = 4; note also that, at the onset of lithiation, Li atoms
are more favorably incorporated into Au (and AuSi) than Si, as
discussed in the previous section. Therefore, we can expect that

lithiation of Au-SiNW would initiate from the outer Au (and
AusSi) shell, and once saturated, further lithiation proceeds into
the Si core. Furthermore, we think that the highly stable a-
Li,Au alloy formation can lead to considerable Li trapped in the
Au shell during the delithiation process; thus the irreversible
capacity loss if the amount of Au on SINW was excessive, which
is consistent with previous experimental observations.

Next, we examined how the room-temperature diffusivity of
Li (Dy;) varies in moderately lithiated a-Li,M alloys (x = 1). For
each case, three samples were averaged to calculate the mean-
square displacements (MSD) of Li atoms at each temperature;
MSD = IR(t) — R,(0)I%, where R,(t) is the position of atom i at
time t. On the basis of the MSD profiles, Dy; values were
obtained using the Einstein relation, D = (MSD)/6t; the
angular bracket denotes ensemble average over the ab initio
molecular dynamics (AIMD) interval. The MD duration of 8 ps
(ps) appears to be sufficient to obtain well-converged results;
disregarding the first 2 ps, linear fits over a time interval of the
following 6 ps yield the Dy; values.*® Using these calculated Dy;
values at different temperatures, an Arrhenius plot of In(Dy;)
versus 1000/ T is constructed based on D = D, exp(—E,,/kT) as
shown in Figure 4; the estimated prefactor Dy, migration barrier
E,,, and room-temperature diffusivity D;; values are summarized
in the inset table.

5
: S, © a-LiSi
q0 B\ 0 a-Li(AuSi)
= TATROG A a-Li
- D, %g - a-LiAu
g -5 BT DLat298K
S 20 )
k=1 Dy (cm?s™) E,(eV) Dy (cm®s™) -]
55 | aLi(Ausi) 7.3 x 10 037 15x10?
: a-LiAu 18x10" 038 4.5x10*
a-LiSi 52x10° 039 19x10?
30 . . .
0 1 2 3

1000/T (K1)

Figure 4. Arrhenius plot based on the predicted Dy; values a-LiSi, a-
Li(AuSi), and a-LiAu alloys at various temperatures ranging from 800
to 1200 K. The estimated room-temperature Dy;, migration barrier E,,
and prefactor D, values are summarized in the inset.

Contrary to Li diffusion at the onset of lithiation (E,, ~ 0.45
eV [a-Si], 0.66 eV [a-Au], and 1.11 eV [a-AuSi]), which is
highly host-material-sensitive, the E, tends to be significantly
reduced and becomes similar in value when the host is
moderately lithiated (E,, ~ 0.39 eV [a-LiSi], 0.38 eV [a-LiAu],
0.37 €V [a-Li(AuSi)]). The D, values are around 1 X 10~ cm?
s~ for all three cases, which is comparable with the prediction
based on the harmonic transition state theory."”*® Manifested
by the comparable E | and D, the room-temperature Dy; in the
three moderately lithiated a-Li,M alloys (x = 1) are of the same
order of magnitude; D; = 5.2, 7.3, and 1.80 X 107% ecm?s7lin
a-LiSi, a-Li(AuSi), and a-LiAu, respectively. For comparison,
we also checked Dj; at 800 K as the Li content is further
increased to x = 3.57, and Dy, again turn out to be very similar
in value; Dy; = 2.8 + 0.5, 3.7 + 0.3, and 4.5 = 1.4 X 10~° cm?
s™' in a-Liy5,Si, a-Liys;(AuSi), and a-Lijs,Au, respectively.
These results exhibit a clear trend: at the early stage of lithiation
(x = 0), Li diffusion is significantly faster in Au and AuSi than
in Si, and upon further lithiation (i.e., x increases to 1.0 and
3.57), Dy, continue to increase in all three a-Li,M alloys and
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Figure S. Proposed stagewise lithiation of an individual Au-SiNW. Stages I & II: axial lithiation of the Au shell with progressive and slow expansion
while the AuSi interface layer may serve as a facile diffusion path. Stage III: radial lithiation of the Si-core with uniform and rapid expansion.

eventually approach comparable values in the highly lithiated
phases. This is not surprising given that the host materials
would be softened, undergo significant disintegration during
lithiation, and ultimately reach final lithiated phases that are Li-
rich alloys with similar properties regardless of the original
material characteristics of M.*"*>°

Proposed Mechanism for Stagewise Lithiation in Au-
Coated SiNW. On the basis of the aforedescribed simulation
results, we propose a mechanism for the intriguing stagewise
lithiation in an individual Au-coated SiNW, as illustrated in
Figure S.

B Stages I & II: Axial lithiation of the Au shell with
progressive and slow expansion: As presented above, Li
atoms are predicted to be incorporated preferentially in
the Au shell, whereas the AuSi interface layer (provided it
is sufficiently thick) may serve as a facile diffusion path at
the early stage of lithiation. As the lithiation front
proceeds in the axial direction through the entire Au
shell, the lithiated region exhibits a gradual radial
expansion until the full lithiation capacity of Au (= a-
Li,Au) is nearly reached.

B Stage III: Radial lithiation of the Si-core with uniform
and rapid expansion: Once the Au shell is close to fully
lithiated in Au-coated SINW, Li atoms may start diffusing
into the Si core, as a-Li Au alloys are far more stable than
a-Li, Si alloys; this is also well-demonstrated by our
simulation results in Figure 6. The radial diffusion of Li
atoms into the Si core leads to the spontaneous
formation of a-Li,Si alloys. Because the diffusion distance
in the radial direction is significantly shorter than in the
axial direction, the corresponding radial expansion
appears to occur much more rapidly and simultaneously
over the entire NW length.

To verify that the transition to Stage III can occur only after
the Au/AuSi shell is highly (or close to fully) lithiated, we
performed additional AIMD simulations to examine how Li
atoms undergo diffusion across an a-Li,(AuSi)/Si(110) inter-
face. Here, we considered x = 0.8 and 3.57 representing the
relatively earlier and later parts of Stage I, where the Au sell
(together with the AuSi interface) is moderately and highly
lithiated, respectively. The a-Li,(AuSi)/Si(110) model systems
were annealed at 1000 K, while the spreading of Li atoms in
each system was analyzed as the simulation time progresses; the
annealing temperature of 1000 K was chosen such that the
thermal energy is sufficient to agitate atomic movements but far
below the melting point of ¢-Si.

16980
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Figure 6. (a) Schematic of the supercell of a-Li,(AuSi)/Si(110)
interface, where x = 0.8 and 3.57. (b, c) are the number density (py)
profiles of Li along the direction normal to the a-Li,(AuSi)/Si(110)
interface before and after 10 ps of annealing for x = 0.8 and 3.57,
respectively.

Figure 6 compares the number density (py) profiles of Li
along the direction normal to the a-Li,(AuSi)/Si(110) interface
before and after 10 ps annealing. At x = 0.8 (b) (i, the Au-
shell is only moderately lithiated), there is no significant Li
spreading into the Si core region even over the relatively long
period of high temperature (= 1000 K) annealing. Contrarily, as
the Li content increases to x = 3.57 (c) in the Au-shell (almost
fully lithiated), a significant amount of Li atoms are found to
diffuse into the Si core region. These results demonstrate that
lithiation of the Si core may take place mainly after the Au-shell
is highly lithiated, which is in line with our proposed stagewise
lithiation behavior for Au-coated SINW as also consistent with
the afore-discussed experimental observations (Figure 2).

B CONCLUSIONS

In this study, we employed a combined effort of in situ SEM
experiments and DFT calculations to investigate the lithiation
behavior of individual Au-SINW, with particular attention to
the effects of the Au coating. Upon direct contact with Li metal,
the Au-SiNW appeared to be lithiated in three distinct stages,
which is intriguingly different from that of a lithiated SINW.
First, we observed a clear lithiation front propagating from the
tip to base of the Au-SiNW along the axial direction; followed
by which was the slow and uniform expansion of the Au-SiINW
in the radial direction, and finally, the entire Au-SiNW suddenly
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swelled uniformly in the radial direction to its fully lithiated
volume (about 400%).

The underlying mechanism for the “stagewise” lithiation
behavior was then examined based on DFT calculations. First,
we found that at the onset of lithiation, the order of Li
incorporation is dependent on the intricate interplay between
the formation (E;) and migration (E,,) energies of a single Li
atom in Au, AuSi and Si, given the reasonable assumption that
Au-SiNW is composed of an Au surface, a thin AuSi interface
and the inner Si core. While E; is the smallest in Au, followed by
AuSi and the largest in Si, the corresponding E, is in the
opposite order. As the result, the overall activation energy (E, =
E; + E,) for lithiation, from the most to least favorable was
predicted to be AuSi > Au > Si. Furthermore, we examined the
energetics and dynamic properties of their lithiated amorphous
a-Li,M alloys (M = Au, AuSi, Si and x = 0—3.57). In terms of
the favorability of the alloy formation, a-Li, Au was predicted to
be the most stable, followed by a-Li,(AuSi) and a-Li,Si, and in
either case, the Li/M ratio (= 4) appears to reach the fully
lithiated composition. We also predicted that as the host
materials (M) undergo significant structural transformation and
softening during lithiation, the Li diffusivities (Dy;) in a-Li,M
become very similar in value (X 107 cm? s™' at room
temperature) regardless of their original material characteristics.
That is at the early stage of lithiation (x ~ 0), Li diffusion is
significantly faster in Au and AuSi than in Si, and upon further
lithiation, Dy; continue to increase in all three a-Li M alloys and
eventually approach comparable values in the highly lithiated
phases.

Based on these results, the mechanism of the stagewise
lithiation behavior could be explained as such. At the onset of
lithiation (Stage I), Li atoms are incorporated preferentially in
the Au shell while the AuSi interface may serve as a facile
diffusion path, demonstrating clear propagation of the lithiation
front along the axial direction. In Stage II, the Au shell (and
AuSi interface) is lithiated at a steady rate accompanied by a
gradual and uniform radial expansion until the full lithiation
capacity of Au (& a-Li,Au) is nearly reached. At some point,
the Au shell reaches its full lithiation capacity, and Li atoms
begin to promptly diffuse into the Si core, leading to the sudden
radial expansion of Au-SiNW in the last stage, Stage III. AIMD
simulations were also performed to examine how Li atoms
undergo diffusion across an lithiated a-Li,(AuSi)/Si interface to
verify the transition from Stages II to III after the Au (AuSi)
shell is highly (or close to fully) lithiated.

The combined experimental and theoretical study clearly
demonstrates and explains the intriguing stagewise lithiation
behavior of Au-SiNW, where the effects of Au coating and Au/
Si interface are prominent. The improved fundamental
understandings may also contribute to the design of Si-based
anodes with tailored lithiation behavior through calculated
surface and interface engineering.

B METHODS

In Situ Direct Contact Lithiation. The direct chemical lithiation
test in the absence of an external electrical field and electrolyte was
performed inside a focused ion beam (FIB) system (Quanta 3D, FEI).

A SiINW was fixed to the tungsten tip of the nanomanipulator
(MM3A, Kleindiek) via Pt deposition. The SINW was fractured inside
the FIB chamber and brought into direct contact with Li metal, which
was sliced by a microblade inside the FIB chamber to ensure the Si and
Li contacting surfaces were both freshly exposed and free of oxidation.
A schematic of the setup is illustrated in Figure 7a.
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Figure 7. (a) Schematic of the experimental setup (with integrated
dual-beam FIB/SEM) for the in situ characterization of Au-SiNW
lithiation. (b) SEM image of [111] Au-SiNWs and (c) corresponding
cross-section TEM image confirming the (111) axial orientation with
six {110} sidewalls.

Fabrication of Single-Crystalline Si Nanowires with Au
Coverage on the Surface. Au—Si droplets were synthesized on Si
(111) substrates by depositing a 2 nm thick Au film (as catalyst) via
thermal evaporation around 5 X 1077 Torr, followed by a S min
annealing step around 1 X 107° Torr. After this step, the vapor—
liquid—solid (VLS) growth of Si NWs was carried out in an UHV-
CVD system as the sample was exposed to a SiH,:H, gaseous mixture
under a pressure of 2 Torr at the Au—Si eutectic temperature (400—
450 °C). It is worth noting that followed by the VLS growth, the Au
catalysts can be removed via a surface treatment process using dilute
hydrofluoric acid (HF) solutions, but this step was deliberately
omitted for the purpose of this study. The morphology of the SINWs
was observed by scanning electron microscopy (SEM, Quanta 3D,
FEI); as shown in Figure 7b, the as-grown SiNWs are approximately
70—110 nm in diameter and 3—4 um in length. The structure of
individual SiNWs was characterized using a transmission electron
microscope (TEM, Titan 80—300, FEI). Figure 7c shows the cross-
section TEM image, confirming the (111) axial orientation of the
SiNW with six {110} sidewalls. Furthermore, individual SiNWs was
also characterized using a scanning transmission electron microscope
(STEM, Titan 80—300, FEI) and high-angle annular dark-field
(HAADF) imaging (also called Z-contrast) along with energy-
dispersive spectroscopy (EDS) analysis to examine the presence/
distribution of the Au catalysts.

Computational Methods. Quantum mechanical calculations
reported herein were performed on the basis of density functional
theory (DFT) within the generalized gradient approximation with the
Perdew—Wang-91 exchange-correlation functional (GGA-PW91)," as
implemented in the Vienna Ab-initio Simulation Package
(VASP).”™>* The projected augmented wave (PAW) method with
a plane-wave basis set was used to describe the interaction between
core and valence electrons. An energy cutoff of 300 eV (350 eV) was
used for geometric optimization of the crystalline (amorphous) model
structures; all atoms were fully relaxed using the conjugate gradient
method until residual forces are smaller than 5 X 107> eV A~ The
model structures of amorphous Li,Si, Li,(AuSi) and Li Au alloys, each
containing total 64 atoms, were created using ab initio molecular
dynamics (AIMD) simulations following the same procedures as
described in ref 55. The initial structure for the a-Li,(AuSi)/Si(110)
interfaces (x = 0.8 and 3.57) were prepared by stacking a 64-atom a-
Li,(AuSi) bulk model on top of a 48-atom ¢-Si supercell in the [110]
direction. The a-Li,(AuSi)/Si(110) systems were fully relaxed and
then annealed at 500 K for 1 ps to allow sufficient atomic
rearrangement, followed by geometry optimization. The Monkorst-
Pack scheme®® was used for Brillouin zone sampling with sufficient k-
points for the corresponding model structure as summarized in Table
2.
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Table 2. Monkhorst—Pack k-Point Meshes Used for the
Brillouin Zone Sampling of the Model Structures
Considered in This Work

model structure k-mesh
¢-Si (a=5457 A) 4X4X4
cAu (a = 4173 A) 6X3X%6
a-M (M = Si, AuSi, Au) 2X2X2
a-LiM (M = Si, AuSi, Au) 2X2X2

a-Li (AuSi)/Si(110) I'-centered 1 X 1 X 1
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