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Through a combined density functional theory and in situ scanning electron microscopy study, we provide
evidence of the ultrafast chemical lithiation of a single crystalline Si nanowire which is brought into direct
contact with Li metal in the absence of an applied external electric field. Unlike the previous in situ lithiation
results, the ultra-fast lithiation process in this study is purely driven by the concentration gradient and is
found to be limited by Li diffusion through the pristine/lithiated Si phase boundary. The experimental and

calculated lithiation speeds are in excellent agreement at around 1 um s~ corresponding to a high Li
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Introduction

Silicon (Si) has recently emerged as an attractive anode material
for lithium-ion batteries (LIBs) because of its impressive energy
storage capacity. Among all the potential anode materials, Si
has the highest known theoretical capacity,'"* which is one
order of magnitude larger than that of graphite (the most
commonly used anode in today's Li-ion batteries).** However,
alloying Li with Si is a different process from Li insertion in
graphite (via intercalation mechanism). The alloying-induced
structural and volume changes (>300%) can cause pulveriza-
tion, loss of electrical contact and consequently early capacity
fading.>*”~ In order to overcome this drawback, many studies
have approached the cyclability issue via structural modifica-
tions in the nanosize range."'*"* It has been shown that because
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diffusivity value of about 107° cm? s7L. The improved understanding of lithiation kinetics may contribute
to the design of higher-power Si-based anodes.

of the high surface-to-volume ratio, nanostructured Si can
better accommodate strain and limit crack propagation, while
the shorter diffusion distances for Li atoms offer the additional
advantage of faster charging/discharging rates.»**” In recent
years, a number of published works on Si have realized stable
charge-discharge capacities over 1200 mA h g~ for more than
1000 cycles,'® suggesting a great potential for application in
LIBs.

Benefited by the development of in situ test methods in
electron microscopy (EM) and rapid advancement of atomistic
scale modeling, significant progress has been made in the
understanding of lithiation-induced structural evolution in
nanostructured Si-based anodes.'*' However, an affirmative
description of Li kinetics in Si nanostructures is still very
limited, and the experimentally measured Li diffusivity (Dy;)
values are measured via electrochemical testing which vary by
six orders of magnitude depending on the sample and test
conditions.'?>** Furthermore, since the conventional electro-
chemical approaches to Dp; determination are based on an
averaged property from ex situ measurements, it is very difficult
to characterize Li diffusion inside an individual nanowire and
differentiate which from diffusion in electrolyte, through the
complex solid-electrode-interface (SEI), and inside lithiated Si
with varying Li concentrations.

In this paper, we present a combined experimental and
theoretical investigation on the chemical lithiation of indi-
vidual Si nanowires (NWs), which are brought to direct contact
with Li metal inside a scanning microscope (SEM) in the
absence of an applied electric field. Upon lithiation, the struc-
tural evolution is monitored in situ, allowing us to estimate the
propagation speed of the lithiation front which is faster than

This journal is © The Royal Society of Chemistry 2015
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that of the previously reported ultra-fast lithiation of SINWs,**
and correlate which with Dy; across the phase boundary
between the lithiated and pristine Si. Together with the DFT
investigations, we are able to explain the lithiation mechanism
and more importantly reveal the genuine features of Li trans-
port in lithiated SiNWs for the first time.

Experimental
Fabrication of single crystalline Si nanowires

Si NWs with [111] axial orientation were synthesized on the Si
(111) substrate with Au catalyst by the vapor-liquid-solid (VLS)
method using an ultrahigh vacuum chemical vapor deposition
(CVD) system. A 2 nm thick Au film (as a catalyst) was deposited
on a cleaned Si (111) substrate in a metal growth chamber at a
growth pressure of ~5 x 10”7 Torr by thermal evaporation. After
the formation of Au droplets through annealing, Si NWs were
synthesized by filling the main chamber with a mixture of SiH, as
precursors, and H, as the carrier gas, while maintaining a fixed
total pressure of 2 Torr. The process temperature was set to
400-450 °C at Au-Si eutectic temperatures. The dimension of
grown Si NWs is approximately 2-3 um in length and 70-110 nm
in diameter as shown in Fig. S1.f The more detailed information
of synthesis and the structure of NWs are provided in the ESL{

In situ direct contact lithiation

The direct solid state lithiation test without an external elec-
trical potential was performed using a nanomanipulator
(MM3A, Kleindiek). To avoid oxidation, the entire process was
carried out inside the dual beam focused ion beam chamber
(FIB, Quanta 3D, FEI). We transferred a Si nanowire from the
substrate to the nanomanipulator tungsten tip by Pt deposition
in the FIB chamber. The bulk Li was cut inside the chamber to
make a pristine surface. Subsequently, we translated the har-
vested Si NW to the bulk Li and made direct contact of the
fractured side end of the Si NW to the surface of the bulk Li.
Please see Fig. S2 for the schematic of the method in the ESLf
The whole process of the lithiation was exposed to the electron
beam in SEM. Therefore it may be possible to accumulate
charges at different materials. However the tungsten probe and
stage are grounded so electron beam dose not have an effect on
lithiation behavior. Moreover we confirmed that the lithiation
behavior indeed occurs when the electron beam is turned off.

Computational methods

Quantum mechanical calculations reported herein were per-
formed on the basis of density functional theory (DFT) within
the generalized gradient approximation (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 350 eV
was used for geometric optimization of model structures for
(i) @-LiSi and a-Li,Si, and (ii) a-Li,Si/Si(110) interface; all atoms
were fully relaxed using the conjugate gradient method till
residual forces are smaller than 5 x 102 eV A", For Brillouin
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zone sampling, sufficient k-point mesh was used in the scheme
of Monkorst-Pack. To simulate the diffusion and chemical
lithiation processes, ab initio molecular dynamics (AIMD)
simulations were performed at the temperatures of interest; a
time step of 1 fs was used while the temperature was controlled
via Nose-Hover thermostat. For more detailed simulation
methods, please refer to the ESL.}

Results and discussions
In situ characterization of chemical lithiation

Fig. 1 shows the microstructural evolution of a pristine Si [111]
nanowire (SiNW), which was brought into direct contact with Li
metal at room temperature in vacuum, without an external
electric field (see ESI, Fig. S1, S2 and Movie 1} for detailed
experimental methods and real-time in situ lithiation behavior).
At t = 0.00 s, the pristine SINW was straight with a uniform
diameter around 78.9 nm. Once the nanowire contacted bulk Li,
it exhibited significant morphological changes captured in the
time-lapse series of SEM images up to ¢t = 1.02 s. Li atoms near
the vicinity of the Li-Si contacting area diffused into the Si
nanowire, and volume expansion occurred instantaneously as
the effective reaction front (marked by the yellow triangle)
propagated rapidly from the nanowire tip towards the other
end. At ¢ = 1.02, the entire SINW swelled uniformly in the radial
direction without noticeable elongation or bending.

The cross-section becomes circular after lithiation and the
total volume expansion is estimated around 330% which is
comparable to that of a highly lithiated Si alloy (see ESI, Fig. S3
and S51)." The scanning transmission electron microscope
(STEM) and electron energy loss spectroscopy (EELS) analyses
later confirmed the complete amorphization in the center of the
lithiated SINW (see ESI, Fig. S4t). Different from the conven-
tional electrochemical lithiation, our results clearly demon-
strate that lithiation of a SINW can occur in the absence of an
external electric field; this is also well supported by our simu-
lations investigating the onset of lithiation at Si surfaces and
Li/Si interfaces (see ESI, Fig. S67) as well as the previous work by
Johari et al*® More fundamental explanation regarding the
lithiation mechanism and kinetics will be discussed along with
the results from our atomistic simulations.

By precisely tracking the reaction front movement (Fig. 1 and
Movie 11), we estimated the lithiation propagation speed to be
around 1082 nm s~ ', which is at least two orders of magnitude
higher than what was reported for electrochemically lithiated
SiNWs, and even five times faster than the so-called ultra-fast
lithiation speed (the record-high lithiation speed of carbon
coating enhanced SiNWs).?> Furthermore, our in situ SEM study
also provides insight into the kinetics of SiNW lithiation
without the influences from the applied electrical field and
complex reactions at the solid-electrolyte-interface (SEI). In
conventional electrochemical lithiation tests, four Kkinetic
processes are commonly considered to have effects on the rate
of lithiation: (i) Li ion diffusion in the electrolyte, (ii) the redox
reaction at the electrolyte/Si interface, (iii) the formation of
lithiated Si (a-Li,Si) at the interface between a-Li,Si and ¢-Si, and
(iv) diffusion of the neutralized Li atoms in a-Li,Si. Upon
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Fig. 1 Ultrafast chemical lithiation of a Si NW. Microstructural evolution of an intrinsic Si [111] nanowire in direct contact with Li metal was
monitored. Volume expansion occurred instantaneously as the effective reaction front (marked by the yellow triangle) propagated from the

nanowire tip towards the other end.

lithiation, Li cations (Li") at the electrolyte/Si interface must
combine with electrons (redox reaction) before the neutralized
Li atoms can start diffusing into the Si anode. However, via the
lithiation technique employed in this study, we are able to rule
out the first two factors while providing a perfect controlled
environment to examine the later two factors as follows.

If the a-Li,Si alloy formation were the dominant rate-limiting
factor for the lithiation speed, the corresponding length of the
reaction front propagation (%) would be linearly proportional to
the time (¢). Otherwise, if the propagation of the effective reaction
front were controlled by Li atom diffusion, the relation between
h and ¢ would followed the one-dimensional Random Walk
diffusion model; #* = nDt, where n is a numerical constant
depending on dimensionality and D is the diffusivity (in the
reaction front advancing direction). According to the experi-
mental results shown in Fig. 2, #* is linearly proportional to
t (that is #* ¢t ' = 1.03), which confirms Li diffusion to be the
dominant rate-limiting factor. Given one-dimensional diffusion,
the Li diffusivity (Dy;) can be estimated around 2.58 x 10~ °
cm® s~ ' based on D = h*/(4 ¢).

3.00 1 1 1 1 1
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225 . " L
* €9
~~ .
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] g L
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Fig. 2 The experimental plot of the length of the effective reaction
front propagation (h) vs. the lithiation time (t). A2 is linearly proportional
to t (h? t71 = 1.03), which strongly suggests Li diffusion to be the
dominant rate-limiting factor. Plots were from the nine
measurements.
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Computation modelling of chemical lithiation

Still, the theoretical understanding of this diffusion-controlled
chemical lithiation is very limited. Fig. 3a shows a schematic
illustration of the potential- and electrolyte-free lithiation
process considered in the present work based on the following
rationales. Firstly, for a SINW, the lithiation process is found to
proceed faster along the outer surfaces than near the
center.'”**® Secondly, according to previous experimental and
theoretical studies,”"* the lithiation process is much faster in
the (110) direction, as compared to the (111) direction. There-
fore, we can expect the lithiation of [111] SiNWs to initiate
preferentially at the {110} facets. Moreover, with increasing Li
contents, Dy; in Si tends to increase by orders of magnitude
(Fig. 3b);?***3* this suggests that room-temperature lithiation is
kinetically feasible that converts the outer surface of the c-SINW
into a-Li,Si with x close to 4 as is in line with previously theo-
retical and experimental results.***

Given the facile Li diffusion in a highly lithiated a-Li,Si
phase, the migration of the a-Li,Si/Si(110) phase boundary near
the effective reaction front, which is described in the enlarged
figure in Fig. 3a, may likely be a main rate-limiting step of the
entire lithiation speed. To capture the structural evolution
concurrent with Li diffusion at the given phase boundary, a
model cell consisting of a-Li,Si (with x close to 4) interfaced with
Si (110) facet was constructed and annealed via ab initio
molecular dynamics (AIMD) simulations at 1000 K. Starting
with the initial configuration (¢t = 0 ps), the supercell after
different MD time steps (¢ = 4, 8 and 16 ps) representing
different stages of lithiation are shown in Fig. 4. Driven by the
concentration gradient, Li atoms from the a-Li,Si phase are
diffusing across the sharp amorphous-crystalline-interface
(ACI) into the ¢-Si matrix. The weakened ¢-Si lattice (Siy-Sip
and Sic-Sig bonds) eventually breaks off as dumbbells (Sip—Sig)
and dissolves into the a-Li,Si phase while the lithiation front
advances into the pristine ¢-Si region. In a ‘layer-by-layer’
fashion, the lithiation process proceeds as the lithiation front
advances approximately 4 A in 16 ps.

Due to the difference in temperature, we cannot directly
compare the calculated lithiation propagation speed (around
0.25 A ps~! at 1000 K) to the experimentally observed value

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Schematic illustration of the chemical lithiation model of a [111] SINW. The enlarged figure for the black dotted box illustrates a-Li,Si/
Si(110) phase boundary near the effective reaction front. The phase boundary (the lithiation front) moves from the outers surface into the center,
which is rationalized as the rate limiting step of the propagation of the effective reaction front. (b) Variations in diffusivity (D;) of Li atoms in a-Li,Si
alloys of selected Li contents (x = 0.02, 0.14, 1, 2 and 3.57) at 298 K; an example of how Dy; can be predicted based on AIMD simulations is shown
in Fig. S7. For comparison, the scattered experimental Dy; values and D; calculated for a single Li in c-Si are indicated by *28 and **3° respectively.

(around 1 wm s~ ' at 298 K). However, based on the one-
dimensional Random Walk diffusion model (7 = 2Dt, where
[ is the length of the lithiation front propagation, D is the
diffusivity and ¢ is time), we could relate the lithiation propa-
gation speed to a Dy; value (i.e., the simulated lithiation prop-
agation speed of 0.25 A ps~! renders a Dy; value on the order
of 107> cm® s™" and E, = 0.3 eV at 1000 K). Next, considering
the temperature-dependent Arrhenius diffusion equation
D = D, exp(—E,/kT) and assuming the prefactor D, = 10
cm? s71,2%3%34 we could approximate the Dy; value to be on the
order of 107° cm® s~' at room temperature (298 K), which is in
excellent agreement with the value estimated based on the

(a)
9O aLisi
A ° D

in situ h measurement; Dy; = h>/(4 £) = 2.58 x 10 ° cm”® s~ . In
comparison to the wide range of experimentally measured Dy;
values in the literature (from 10~"* to 10~® cm” s™), our value is
within the range but on the higher side, which coincides with
the unprecedentedly fast lithiation process. The excellent
fit between theoretical and experimental results clearly
demonstrated that (i) driven by the concentration difference,
lithiation of a SINW can rapidly occur in the absence of an
external electric field; (ii) the lithiation rate of a [111] SINW
may predominantly be controlled by the propagation of the
a-Li,Si/Si(110) interface as Li atoms continuously diffuse into
the ¢-Si matrix leading to the advancing reaction front.

{ lithiation front ]
® p-®

SN

Fig.4 AIMD simulation to capture the structure evolution of the a-Li,Si/Si(110) phase boundary at various stages of lithiation; structures shown in
(a) to (d) correspond to the starting t = 0 and after 4, 8 and 16 ps of annealing at 1000 K. The break off of Si-Si dumbbells is captured in

configurations shown in (e) to (g).
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Conclusions

In conclusion, we employed a combined effort of in situ SEM
experiments and DFT calculations to investigate the
concentration-gradient-driven lithiation process in individual
Si nanowires (SiNWs). Through this new potential- and
electrolyte-free lithiation method, we were able to examine the
genuine features of Li transport in a lithiated SINW for the first
time. The key findings of this can be summarized as follows:
first, upon direct contact with Li metal, the concentration
gradient is sufficient to drive the lithiation of SINW without an
applied external electrical field, which is well explained by our
theoretical prediction. Similar to the electrochemically lithiated
SiNWs, the chemically lithiated SINW was also found to swell
uniformly in the radial direction without noticeable elongation
or bending; the total volume expansion is estimated around
330%. Second, in situ SEM characterization allowed us to
precisely track the reaction front movement, providing signifi-
cant insight into the lithiation kinetics of single crystalline
SiNW. The speed of lithiation front is 1082 nm s ' corre-
sponding to the fastest lithiation speed ever recorded. We found
that the square of the propagation length (k%) is linearly
proportional to the lithiation time (¢), suggesting the speed of Si
lithiation is controlled by how fast Li atoms diffuse across the
phase boundary into the pristine c-Si; the Li diffusivity is esti-
mated around Dy; = 2.58 x 10° cm? s . Finally, the observed
lithiation mechanism is then cross-examined by DFT investi-
gation, where the rate-limiting step is modeled by the propa-
gation of the a-Li,Si/Si(110) phase boundary. The predicted
room-temperature Dy; (=10° cm”® s~ ') from our AIMD simu-
lations is in excellent agreement with the experimentally esti-
mated value. Our study clearly highlights that ultrafast SINW
lithiation can be solely driven by the concentration gradient in
the absence of external electric field, which implies that the fast
lithiation speed is primarily controlled by Li diffusion across
the lithiated and pristine Si phase boundary. The fundamental
findings from the combined experimental and theoretical study
may extend the understanding of the lithiation kinetics in
SiNWs and thereby improve the design of Si-based anodes for
advanced high power LIBs.
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