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Rechargeable Li-ion batteries are currently one of the most
important energy storage devices for portable electronics.

However, to power more demanding applications, such as electric
vehicles, Li-ion batteries with higher specific energy or energy
density are required.1,2 This can be achieved by utilizing electrode
materials that have a higher specific capacity than current com-
mercial electrode materials.3�5 Alloying negative electrode mate-
rials, which react with lithium at low potentials and typically have
much higher specific capacities than graphite, have the capability to
significantly improve the specific energy of Li-ion batteries.6�10 Si
is a promising alloying anode material due to its high theoretical
specific capacity of 4200 mAh g�1 (about ten times that of
graphite), but likemany alloying anodes, a large volume expansion
during the Li reaction process can lead to fracture of large Si
particles or films and loss of capacity with cycling.6 Recently,
various nanostructured Si anodes have been shown to exhibit good
performance due to their resistance to fracture and pulverization
during volume expansion.7,8,11�15 Among them, Si nanowires
(NWs) and nanotubes (NTs) are especially interesting; they
can accommodate volume expansion better than larger Si struc-
tures, and their one-dimensional character facilitates axial charge
transport and short radial Li ion diffusion distances.8,13,16

Although it is widely recognized that the volume change
during alloying/dealloying is the major challenge limiting the
implementation of Si-based anodes,6,17,18 the nature of volume
changes in nanostructured Si anodes is not well understood. This
is important because the size and shape of nanostructured

particles can affect the stresses, strains, and volume expansion
during lithiation; this in turn is closely linked to the pulverization
behavior and cycle life of the electrode.13,19�23 Modeling of the
stresses in NWs during lithiation has shown that for small
nanostructures, surface tension can induce compressive stress,
which inhibits crack propagation and could extend cycle life.21 In
addition, there have been a few experimental studies examining
volume changes in Si anodes of different morphologies. One
study found that Si NTs can experience anisotropic expansion in
the axial and radial directions.13 Other research utilizing in situ
atomic force microscopy to monitor amorphous Si thin films
during lithiation and delithiation showed that the volume of the
film expanded and contracted reversibly, in contrast to a Sn
film.24 Recently, it was shown that crystalline Si nanopillars and
other structures have a tendency to expand along Æ110æ crystallo-
graphic directions when lithiated.25�27 In addition, in situ trans-
mission electron microscopy (TEM) experiments have revealed
the effects of doping and conductive coating on the lithiation
behavior.28 These studies have shown the importance of experi-
mentally probing the expansion behavior of individual nanos-
tructures, which is necessary for precise volume change
measurements and for determining nanoscale size effects on
expansion and contraction. Also, since the Si surface has a
2�5 nm thick native SiO2 layer,29 it is important to design
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ABSTRACT: With its high specific capacity, silicon is a promising anode material for
high-energy lithium-ion batteries, but volume expansion and fracture during lithium
reaction have prevented implementation. Si nanostructures have shown resistance to
fracture during cycling, but the critical effects of nanostructure size and native surface
oxide on volume expansion and cycling performance are not understood. Here, we use
an ex situ transmission electronmicroscopy technique to observe the same Si nanowires
before and after lithiation and have discovered the impacts of size and surface oxide on
volume expansion. For nanowires with native SiO2, the surface oxide can suppress the
volume expansion during lithiation for nanowires with diameters <∼50 nm. Finite
element modeling shows that the oxide layer can induce compressive hydrostatic stress
that could act to limit the extent of lithiation. The understanding developed herein of
how volume expansion and extent of lithiation can depend on nanomaterial structure is
important for the improvement of Si-based anodes.
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experiments to determine the effect of an oxide layer on volume
expansion and electrochemical characteristics. There have been
studies showing that an SiO2/carbon dual-layer coating can result
in a mechanically stable SEI layer on Si nanoparticles,30,31 but the
effect of the oxide on Si volume change has thus far been neglected.
In this paper, we utilize TEM to monitor volume changes in the
same Si NWs before and after reaction with Li to determine the
effects of NW size and surface oxide on the volume expansion
characteristics, and we relate these data to the electrochemical
behavior and cycle life to indicate promising routes for electrode
improvement.

Si NWs are grown using the vapor�liquid�solid (VLS)
method; in this process, a metal catalyst is saturated with Si atoms
in the liquid phase, and a solid NW nucleates and grows from
the catalyst particle.32 A scanning electron microscopy (SEM)
image of VLS-grown Si NWs is shown in Figure 1a. Si NWs that
are exposed to air are covered with a thin (2�5 nm) amorphous
oxide, as shown in the TEM image in Figure 1b.29 Inmany studies,
as-grownNWswith a range of diameters and native oxide-covered
surface have been used as Li-battery anodes.8,33,34 Although this
approach has yielded good results, some key factors that could
affect volume expansion characteristics and cycle life have not been
explored.

To understand how size and surface characteristics affect
volume changes in Si NWs, we have developed a method to
follow the dimensional changes of single Si NWs by TEM
examination of the same NW before and after electrochemical
reaction; this technique provides direct and clear structural
correlation and is distinct from most studies based on tests of
ensemble Si electrodes.7,8,12,13 First, Cu TEM grids with 15 to
25 nmcarbon support films were covered with a thin (∼20 nm)Ti
layer that minimizes contact resistance between the Si NWs and
the substrate; this layer is inert to lithium reaction while allowing
TEM electron beam transmission. Si NWs were dispersed on the
grids and imaged in a TEM, and their size and structure were
recorded. The grids with NWs on them were inserted into

electrochemical half cells with Limetal foil as the counter electrode,
as shown in the schematic in Figure 1c. The voltage of the Si NW
electrode was then swept to 10 mV versus Li/Li+ from the open
circuit voltage at 0.2mV/s andwas held at 10mV for 48 h to ensure
reaction of the NWs with Li. The grids were then removed and
washed with acetonitrile, and the same NWs were located and
imaged again in a TEM. Because of the negligiblemass of the few Si
NWs at the working electrode, the resulting current signal during
the lithiation process was too small to be detected, so TEM
selected-area electron diffraction (SAED) was used to confirm
that this potentiostatic treatment causes each NW to react with Li
since Si undergoes a crystalline-to-amorphous phase transforma-
tion upon lithium insertion (this is shownby the SAEDpattern and
TEM images in Supporting Information Figure S1).8,33,35�39 In
this way, TEM characterization is sufficient to show that each NW
is lithiated to the extent that it becomes amorphous; however, the
actual extent of lithiation beyond amorphization is determined by
the fixed holding potential and the local electrochemical potential
of Li in each NW. This technique is unique because it allows us to
trackmorphological changes in the sameNWupon Li reaction and
cycling and is therefore a powerful method to study volume
changes in these NWs.

To clearly understand the dimensional changes after lithiation
of NWs with different surfaces, we performed ex situ TEM
measurements on NWs without surface oxide, with native oxide,
and with thermally grown oxide. The oxide-free NWs were
treated with HF before cycling to remove the native oxide,
leaving the surface H-terminated.29 Supporting Information
Figure S2 shows a TEM image of an etched NW with oxide-
free surfaces. For these experiments, the NWs were lithiated
(charged) by the linear-sweep voltammetry method described
previously and then imaged in the lithiated state. Figure 2a,b
shows TEM images before and after lithiation of NWswith native
oxide (Figure 2a) and without any oxide (Figure 2b), and
Supporting Information Figure S1 contains additional images
of similar NWs before and after lithiation. As previously men-
tioned, the NWs become amorphous after the lithiation proce-
dure, confirming that the oxide layer does not block the transport
of electrons into the NWs during lithiation. The diameter change
was measured for NWs of varying size; Figure 2c is a plot of the
final-to-initial diameter ratio versus initial diameter. It is clear
from Figure 2c that the NWs with native oxide show size-
dependent diameter expansion behavior, while the NWs with
bare surfaces do not. For NWs with native oxide, smaller NWs
expand to a lesser degree than larger NWs, while oxide-free NWs
of all sizes expand to about the same diameter ratio (∼1.7). To
verify the oxide effect on the diameter expansion behavior, more
experiments were carried out in which the native oxide was first
removed from the surface of Si NWs, and then oxides of different
thicknesses were grown on the surface by annealing the NWs in
air at various temperatures (Supporting Information Figure S2
shows TEM images of NWs with∼3.4,∼4.5, and∼7.5 nm thick
oxide grown this way). Figure 2d shows the final-to-initial
diameter ratio for NWs with 0, ∼3.4, and ∼7.5 nm oxide; these
results are similar to NWs with native oxide, but the NWs with
thicker oxide expand to a lesser degree across most of the
diameter range. It should be noted that anisotropic radial
expansion along Æ110æ directions could be occurring in these
NWs, as has been reported in recent studies.25,27While this could
slightly affect the measured radial expansion values, the expan-
sion trends inNWswith and without oxide are not expected to be
significantly affected.

Figure 1. Single-NW-based ex situ TEM technique to study the effects
of NW diameter and surface oxide on dimensional expansion during
reaction with Li. (a) An SEM image of VLS-grown Si NWs shows that
the growth process intrinsically produces Si NWs with various dia-
meters. (b) A high-resolution TEM image of the surface of a Si NW
showing a∼3.5 nm thick native oxide layer that accompanies the growth
process. (c) A schematic illustration of a half cell for lithiating/
delithiating single Si NWs on TEM grids. Using this technique, the
same NW can be characterized before and after lithiation or delithiation.
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In addition to diameter changes, length changes were also
measured. Figure 3a shows that the final-to-initial length ratio for
both native oxide and oxide-free NWs follows the same trend: the
NWs show length contraction upon lithiation with larger NWs
contracting to a greater degree. The final-to-initial volume ratio
was calculated based on the diameter and length change for both
types of NWs, and these data are presented in Figure 3b. Again, it
is evident from this plot that NWs with native oxide exhibit
diameter-dependent volume expansion in which smaller NWs
expand to a lesser degree than larger NWs, while oxide-free NWs
expand to an approximately constant volume ratio for all sizes.
To summarize these data, schematics illustrating the dimensional
changes in NWs with different diameters and surface character
are shown in Figure 3c,d. Overall, the expansion data show that
both diameter and surface oxide play an important role in the
resulting dimensional changes upon lithiation; this fundamental
behavior has not previously been observed in Si electrodes.

The observed length contraction in larger NWs upon lithia-
tion (Figure 3a) is surprising because both radial and axial
expansion would be expected. Other work has revealed that Si
NTs show anisotropic volume change behavior on the first
lithiation;13 however, expansion still occurred in all directions.

In our recent work, we have used ex situ SEM techniques to
study lithiation-induced volume changes in well-defined single-
crystalline Si nanopillars with widths of ∼400 nm. In this
case, slight length contraction after lithiation was also observed.25

We postulate that the single-crystalline nature of the NWs
could play a role in this axial contraction. However, more
research to understand and explain this phenomenon is currently
underway.

To understand the effect of the oxide on diameter expansion, it
is important to recognize how Li interacts with silicon oxide.
Neutron diffraction and X-ray photoelectron studies have shown
that a variety of compounds are formed when amorphous SiO is
lithiated.40�42 Li reacts with Si that is in an oxygen-deficient local
environment to form Li�Si compounds, but Li is also consumed
to form Li2O and lithium silicates; these compounds are rela-
tively inert and do not give up a significant amount of Li upon
delithiation.40,41 Also, the initial lithiation of SiO induces only
about half the volume expansion of Si lithiation.41 Another study
on the lithium electrochemistry of SiO2 thin films showed that
Li2Si2O5 was formed upon lithiation.43 The surface oxide on the
NWs in our study probably behaves in a similar manner; Li reacts
to form silicates and Li2O amid a framework of Li�Si. In any

Figure 2. The effect of an oxide layer on the diameter expansion of Si NWs after lithiating at 10 mV vs Li/Li+. (a,b) TEM images of Si NWs of various
diameters before and after lithiating at 10 mV vs Li/Li+. The NWs in (a) have ∼3.5 nm native oxide, while the NWs in (b) were etched with HF to
remove the native oxide. The values in the images denote the measured diameter of the NWs. (c) Plot showing the diameter change of Si NWs of various
initial diameters after lithiating at 10mV in the presence and absence of native oxide. The diameter changes are shown as a ratio of final to initial diameter.
(d) Diameter changes after lithiating at 10 mV for Si NWs with different thermally grown oxide thicknesses.
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case, the chemical and mechanical properties of the surface layer
will be different than the Si core of the NW.

On the basis of this knowledge, we believe a likely contributing
factor to the reduced radial expansion in NWs with surface oxide
could be a constraining effect; the compounds at the surface
could form a relatively strong shell that would mechanically limit
the diameter expansion and the extent of lithiation by inducing
compressive stress in the NW core during lithiation. Nanoin-
dentation experiments on lithium disilicate (Li2Si2O5) have
shown that the hardness, and thus the strength, is rather high
(hardness ∼6 GPa).44 In addition, since the shell has nanoscale
dimensions, the mechanical strength should be governed pri-
marily by the strength of the atomic bonds in the shell instead of
by defect nucleation andmobility, as on the bulk scale. The Li�O
and Si�O bonds in the lithiated oxide shell are stronger than the
Li�Si bonds in the NW core due to greater ionicity, so it follows
that the lithiated shell should be stronger than the core.

To explore this constraining effect, we developed finite ele-
ment methods for modeling the stresses in NWs of different sizes
with and without surface oxide during simulated Li diffusion and
concurrent mechanical deformation.45 In the simulations, the Si
core undergoes expansion as it is lithiated, but to simplify the
modeling, the oxide shell, which is given the mechanical proper-
ties of lithium disilicate,44 only deforms under mechanical strain
and does not expand due to lithiation. The core is given
mechanical properties that are a linear interpolation between
crystalline Si and amorphous Li�Si.46,47 The Supporting Infor-
mation and ref 45 contain more details pertaining to the
simulations. Figure 4a shows the effect of a 3.5 nm oxide layer

on the maximum hydrostatic stress present at the center of NWs
with different initial radii during lithiation; these maximum stress
values result from charging at a rate of 420 mA g�1. Supporting
Information Figure S6 contains additional data showing the
hydrostatic stress over the cross section for different NW sizes
and charging times. As shown in Figure 4a, oxide-free NWs
develop diffusion-induced hydrostatic tensile stress during lithia-
tion, but the addition of the oxide layer causes a more compres-
sive stress state to exist in NWs of all sizes. The surface oxide
causes significant hydrostatic compression in the smallest NW
(initial radius ri = 10 nm), but the compression effect diminishes
as the NW diameter increases. We postulate that this compres-
sive stress could serve to limit the extent of lithiation in the
smaller NWs by mechanically constraining the Li�Si expansion
and preventing full alloying.

The effect of the compressive stress on the extent of lithiation
can be illustrated through the use of thermodynamic estimates.
In general, we note that the chemical potential of any component

Figure 3. Length and volume changes of Si NWs after lithiating at
10mV vs Li/Li+. (a) Plot showing length changes (ratio of final length to
initial length) after lithiating at 10 mV vs Li/Li+ as a function of initial
NW diameter. (b) Plot showing volume changes (ratio of final-to-initial
volume) as a function of initial NW diameter after lithiating at 10 mV vs
Li/Li+. (c) Schematic summarizing expansion during lithiation of NWs
with oxide. Smaller NWs (top) exhibit small diameter and length
changes, while larger NWs (bottom) expand in diameter but contract
in length. (d) Schematic illustrating expansion during lithiation of NWs
without oxide. Smaller and larger NWs (top and bottom, respectively)
exhibit diameter expansion and length contraction.

Figure 4. Modeling of stresses and stress effect onmole fraction of Li in
the Li�Si phase. (a) Finite element results showing hydrostatic stress at
the center of NWs with different initial radius with and without 3.5 nm
thick oxide. These stress values are those of greatest magnitude during
charging at a rate of 420 mA g�1. NWs without oxide have tensile radial
stress, but addition of the oxide layer shifts the stress state toward
compression. For the NW with ri = 10 nm, the oxide causes significant
hydrostatic compressive stress (�480 MPa), while the compressive
stress diminishes for larger NWs. (b) Thermodynamic estimates of the
effect of stress on the equilibriummole fraction of Li in the Li�Si phase.
This plot shows themole fraction ratio of Li in Si for the oxide case vs the
stress-free case (xLi

ox/xLi
σh=0). For the oxide case, themaximum hydrostatic

stress values from the finite element simulations of NWswith oxide were
used (panel a). Included in this plot are calculated values using both the
ideal solution model (“Ideal”) and the regular solution model
(“Regular”); see text and Supporting Information for more details.
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A (such as Li) in a given phase or mixture is given by

μA ¼ μ0A þ RT lnðaAÞ �Ωσh ð1Þ
where μA

0 is the chemical potential of component A in its
reference state, aA is the activity of component A in the given
phase, Ω is the partial molar volume of component A, and σh is
the hydrostatic stress present. The activity term aA in eq 1 can be
separated into two parts, yielding

μA ¼ μ0A þ RT lnðxAÞ þ RT lnðγAÞ �Ωσh ð2Þ
where xA is the mole fraction of component A and γA is the
activity coefficient. The mole fraction term represents the ideal
contribution to the chemical potential, where only entropy
provides the driving force formixing, while the activity coefficient
term comprises the enthalpic contribution to the chemical
potential. For the ideal case, eq 2 becomes

μA ¼ μ0A þ RT lnðxAÞ �Ωσh ð3Þ
To illustrate the thermodynamic effects of compressive stress on
the concentration of Li in the Li�Si phase, we consider both the
ideal mixing case and the case in which enthalpic effects are
included. These models are obviously simplifications of the
actual Li�Si alloying process; for instance, they apply to sin-
gle-phase solid solutions, whereas the electrochemical reaction of
crystalline Si NWs with Li involves a two-phase plateau at about
0.125 V.33 At lower potentials, however, individual NWs are fully
amorphous, which leads to a more sloped galvanostatic voltage
plateau,33 signifying solid-solution-like behavior for which these
models could be applied more readily. Even if quantitative
accuracy needs to be improved, these simple models are useful
because they shed light on possible underlying thermodynamic
mechanisms for the experimentally observed behavior.

Because the voltage is held at a fixed value in the ex situ
experiments, the chemical potential of Li in the Li�Si alloy
should be the same inNWswith an oxide constraining layer (μLi

ox)
and NWs that are stress-free (μLi

σh=0) during lithiation

μoxLi ¼ μσh ¼0
Li ð4Þ

In this expression, μLi
ox includes the mechanical stress term in eq 2

or 3, whileμLi
σh=0 does not. For the ideal case, combining eqs 3 and

4 and solving for the Li mole fraction ratio in the Li�Si alloy for
the oxide versus stress free cases yields

xoxLi
xσh¼ 0
Li

¼ exp
Ωσox

h

RT

� �
ð5Þ

where σh
ox is the hydrostatic compressive stress in the NWs with

oxide. To include enthalphic effects, we employ the regular
solution model; in this model, the RT ln(γLi) term in eq 2 is
replaced with R(1� xLi)

2, where R is a constant that determines
the sign and magnitude of the enthalpic interaction. Combining
eqs 2 and 4 to compare the oxide vs stress-free cases within the
framework of the regular solution model yields the expression

Ωσox
h ¼ RT ln

xoxLi
xσh ¼0
Li

 !

þ R½ð1� xoxLi Þ2 � ð1� xσh¼ 0
Li Þ2� ð6Þ

which can be solved for the mole fraction ratio as a function of
xLi
σh=0.

The magnitudes of the maximum hydrostatic stress from the
finite-element simulations (Figure 4a) can be used in conjunction
with eqs 5 and 6 to show that the oxide-induced stress could cause
a decrease in the equilibrium concentration of Li in the Li�Si
phase. Figure 4b shows the Limole fraction ratio for the oxide case
versus the stress-free case for both the ideal model (eq 5) and the
regular solution model (eq 6). For the regular solution model, R
was fit to be �48 kJ/mol based on the experimental Gibbs free
energy of the Li�Si reaction at room temperature (the Supporting
Information containsmore details about the fitting process). From
Figure 4b, both the ideal and regular solution models show that
there is a thermodynamic tendency for a decreased concentration
of Li in smaller NWs in which the compressive stress is of larger
magnitude. The regular solution model yields higher concentra-
tions of Li than the ideal model for all NW sizes because the
negative enthalpy of reaction serves to overcome some of the shift
in chemical potential due to the compressive stress. Since enthalpic
effects are ignored in the ideal model, the regular solutionmodel is
probably closer to reality; however, the mole fraction ratio values
from the regular solution model could be an underestimate of the
actual concentration shift because the entropy of reaction is most
likely underestimated with this model. Overall, the finite element
simulations combined with these calculations indicate that that the
stresses generated in the smallest NWs could be large enough to
cause a decrease in the equilibrium Li concentration. This under-
standing, merged with the fact that the oxide shell expands to a
lesser degree than the Si NW itself during lithiation, is a plausible
explanation for the experimental observations of decreased volume
expansion in the smallest NWswith surface oxide. This conclusion
demonstrates that nanoscale control of size, shape, and structure is
vital for managing electrochemical characteristics such as capacity.

To determine the effect of NW diameter and oxide thickness
on the electrochemical cycling behavior of battery anodes, a half
cell configuration was used for galvanostatic tests with Si NWs
grown directly on a stainless steel substrate as the working
electrode and Li metal as the counter/reference electrode.
Figure 5a shows the first charge (lithiation) and discharge
(delithiation) of NWs grown from an evaporated 20 nm Au seed
layer on stainless steel; these NWs have random diameters
ranging from ∼20 to ∼200 nm. The charge and discharge
specific capacity with cycling is shown in Figure 5b. The data
from three different samples are shown: NWs without an oxide
layer, NWs with a ∼3.4 nm thick thermally grown oxide, and
NWs with a ∼7.5 nm thick thermally grown oxide. On the first
charge, the electrode with oxide-free NWs (black curve) exhibits
a sloping potential between ∼1.7 and 0.4 V, whereas the
potential curves of both sets of NWs with oxide fall more steeply
to ∼0.5 V. Although much of this range is above the usual
potential for SEI formation (∼0.4�1.0 V),48 the sloping poten-
tial of the oxide-free NWs indicates the presence of significant
side reactions and results in irreversible capacity loss. A previous
study on SEI formation on Si NW electrodes has shown that the
electrolyte is more readily reduced to form SEI species on NWs
without oxide than those with oxide; this can explain the different
initial charging slopes in Figure 5a.48 It is also notable that the
initial charge curves for both sets of thermally oxidized NWs
show a shoulder at ∼0.5 V. This is not usually observed for as-
grown NWs with native oxide.8 Since the capacity covered by the
shoulder is greater for the thicker oxide coating, this suggests that
this shoulder is a result of the partial conversion of the surface
oxide to Li2O and Li silicates. Similar conversion potential
shoulders are observed in other metal oxide lithiation reactions.49
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Upon first discharge, there is an irreversible capacity loss for all
the electrodes, but it is significantly worse for the NWs with
thickest oxide (first cycle Coulombic efficiency is ∼30%). The
oxide-free NWs show the best Coulombic efficiency with cycling,
while the NWs with oxide show lower Coulombic efficiency, as
shown in Supporting Information Figure S5. Overall, although
the oxide-free NWs show evidence of more significant side
reactions on the first charge, they show higher Coulombic
efficiency, greater capacity, and more stable cycling behavior
than the NWs with oxide. These data shows the importance of
the NW surface; the design of a good Si anode must take into
account volume expansion concerns and surface chemistry.

Electrochemical tests were also performed on thermally
oxidized NWs of different average size. The NWs on the different
electrodes were grown from 10 and 100 nm Au nanoparticles,
and the average size of the NWs on each electrode was 37 and
83 nm, respectively. Histograms of the measured NW diameters
used to compute these average values are presented in Support-
ing Information Figure S4. After growth, the NWs were ther-
mally oxidized at 600 �C for 5 min, which causes an ∼4.4 nm
oxide layer to form on all NWs. The first charge and discharge
curves for both sets of NWs are shown in Figure 5c, and the
specific capacity with cycling is shown in Figure 5d. The charge
and discharge curves for the smaller (black) and larger (red)
NWs are similar, except that there is more irreversible capacity
loss in the first cycle in the smaller NWs due to more SEI

formation. This is because of the greater surface area available for
side reactions in the smaller NWs. From Figure 5d, the larger
NWs show higher discharge capacity and better Coulombic
efficiency over 10 cycles. However, the Coulombic efficiency is
still below 95% for the thicker NWs, which shows that the oxide
contributes to irreversible capacity loss even for the larger NWs.

These electrochemical data relate to the dimensional expan-
sion measurements of individual NWs in a number of ways. First,
the NWswith the thickest thermally grown oxide exhibit the least
diameter expansion upon lithiation for all diameters (Figure 2d),
and they provide the lowest charge and discharge capacity with
cycling (Figure 5b). This is consistent with our previous ex-
planation regarding the oxide shell; the lower capacity could
partly be due to the constraining effect of the thicker oxide, which
serves to limit volume expansion and extent of lithiation. The
lower volume fraction of Si in the NWs with thicker oxide could
also contribute to the lower capacity. In addition, the oxide-free
NWs exhibit the highest specific capacity and Coulombic effi-
ciency after the first cycle. The lack of an oxide layer could allow
for relatively unhindered volume expansion for NWs of all sizes
along with diminished side reactions after the first cycle, which
results in good cycling.

In summary, we have studied the effect of Si NW size and
surface oxide thickness on the dimensional changes and cycling
behavior during reaction with Li. A surface oxide was shown to
affect the diameter and volume expansion of Si NWs of different

Figure 5. Galvanostatic testing of electrodes with Si NWs of various oxide thicknesses and diameters. (a) First cycle potential profiles for Si NW samples
with different oxide thicknesses. (b) Specific capacity with cycling for the samples shown in (a) (C, charge capacity; DC, discharge capacity). (c) First
cycle potential profiles for electrodes with Si NWs of different average diameter (37 and 83 nm). The NWs on both electrodes had the same oxide
thickness (∼4.5 nm). (d) Specific capacity with cycling for both samples shown in (c). All specific capacity values are calculated by using the mass of Si
before oxidation.
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sizes upon lithiation; smaller NWs with surface oxide expand to a
lesser degree than larger NWs. Finite element modeling was used
to show that even a thin oxide layer can induce hydrostatic
compressive stress that increases in magnitude with decreasing
NW size, and this stress has a thermodynamic tendency to cause a
decrease in the equilibrium concentration of Li in the Li�Si phase.
Finally, the electrochemical cycling behavior of NWs with and
without oxide and of different average diameter was also investi-
gated. NWswithout oxide undergomore side reactions during the
first lithiation but exhibit higher capacity and more stable cycling
behavior than NWs with oxide layers. Overall, our results indicate
that the oxide thickness and NW size critically affect dimensional
expansion and electrochemical cycling characteristics. This is
important since the volume changes and stresses in Si electrodes
play a large role in determining the cycle life. These findings can be
directly applied to improving nanostructured Si electrodes
through the precise control of volume expansion. For instance,
since compressive stress has a thermodynamic tendency to limit
the extent of lithiation, this must be taken into account when
designing nanostructures for Si electrodes. In addition, an external
constraining layer could be used in hollow nanostructures to cause
desirable volume expansion away from the outer surface, which
would minimize the increase in outer surface area during reaction
and allow for stable SEI formation.
Methods. Si NW Growth. Si NWs were grown by the vapor�

liquid�solid (VLS) process. For the size-dependence and oxide
studies (data in Figures 2, 3, and 5a,b), a 20 nm Au film was
evaporated onto 304 stainless steel substrates (McMaster-Carr)
that were then situated inside a quartz tube (1 in. diameter) in a
tube furnace. The substrates were heated pregrowth to 485 �C
for 20 min under vacuum. In the subsequent growth step, 2%
silane (SiH4) gas in argon was flowed through the tube at 50 sccm
and at a constant pressure of 40 Torr for 30 min. The tempera-
ture was kept at 485 �C during the growth step. This NW growth
process produces NWs of varying diameter.
For the growth of Si NWs with more uniform diameter as used

to obtain the data in Figure 5c,d, Au nanoparticles were used as
the catalyst for VLS growth.50 Stainless steel substrates were first
treated with O2 plasma for 3min and then a poly-L-lysine solution
(0.1% w/v aqueous, Ted Pella) was coated on the substrates to
enhance the adhesion of gold nanoparticles. The poly-L-lysinewas
rinsed off after two minutes. Next, Au nanoparticles with average
diameter of 10 and 100 nm (Ted Pella) were placed on the
substrates and gently washed away after two minutes. The
substrates with Au nanoparticles were again treated with O2

plasma for three minutes. For the growth process, the same setup
was used as before but with modified growth conditions: 480 �C ,
50 sccm, 25min growth time, and 30 and 25 Torr pressure for the
100 and 10 nm Au nanoparticles, respectively.
Oxide Thickness Control.To control the thickness of the oxide

layer on the NWs, different annealing temperatures were em-
ployed. As-grown Si NWs were first dipped in 13%HF for 30 s to
remove the native oxide. The Si NWswere then annealed in a box
furnace in air. The temperature was increased to the desired value
during a 30 min linear ramp and then was maintained at that
temperature for 5 min. After this process was complete, the
furnace was turned off and allowed to naturally cool to room
temperature. Annealing at 500, 600, and 750 �C generates∼3.4,
4.5, and 7.5 nm thick oxide layers, respectively (Supporting
Information Figure S2).
Electrochemistry and Characterization. For the ex situ TEM

technique, TEM grids with reference marks (Ted Pella) were

used. A 20 nm Ti film was first deposited by e-beam evaporation
onto the 15�25 nm thick amorphous carbon films on the grids to
ensure good electrical contact between the NWs and the TEM
grids. The NWs were then removed from their growth substrates
by sonication and suspended in methanol. Several drops of the
NW suspension were placed onto the TEM grids, and the
methanol was allowed to evaporate. After this step, the grids were
placed in the TEM (200 kV FEI Tecnai F20), and single NWs
were located and imaged. The TEM grids were then inserted
directly into pouch-type half cells in which they behaved as current
collectors to facilitate the charge and discharge of the Si NWs at
the surface. Li metal foil was used as the counter and reference
electrode, and both electrodes were contacted with Cu foil current
collectors. Separators (Asahi Kasei) soaked with electrolyte (1 M
LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC), 1:1 v/v,
Ferro Corporation) were placed between the two electrodes. The
half cell layout is shown schematically in Figure 1c.
For charge and discharge of the half cells, a linear sweep

voltammetry technique was used on a Biologic VMP3 battery
tester. All potentials are quoted with regard to the Li/Li+ redox
potential. For lithiation (charge), the voltage of the NW elec-
trode was swept from the open circuit potential (∼2.5 V) to
10 mV at a scan rate of 0.2 mV/s. The NW electrode was held at
10 mV versus Li/Li+ for 48 h. After the electrochemical treat-
ment, the TEM grids were removed from the half cells in an Ar-
filled glovebox, rinsed thoroughly with acetonitrile to remove
excess SEI, and then transported to the TEM in sealed glass vials.
The samples were loaded into the TEM chamber in less than 15 s
after opening the sample vial to minimize their exposure to air.
The same NWs that were originally imaged were located and
imaged again.
For the data in Figure 5, galvanostatic charging and dischar-

ging was used instead of the potentiostatic method described
previously. All galvanostatic measurements were performed at a
rate of C/10, which corresponds to complete charge or discharge
in 10 h. For these experiments, the NW electrodes consisted of Si
NWs grown directly on stainless steel current collectors.
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