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T
he continued rise of portable electro-
nics and electric vehicles for personal,
business, and military use drives an

enormous demand for energy storage de-
vices with massive energy density and un-
surpassed efficiency, all without sacrificing
safety. State-of-the-art Li ion batteries rely
on graphite anodes and lithium-containing
cathodes and offer impressive energy density
and cycling stability.1,2 However, unless new
material systems are introduced, these bat-
teries will not meet the demand for energy
storage. For example, by replacing graph-
ite anodes with silicon (Si) anodes, up to
a 30% gain in capacity can be realized using
currently available cathode materials.3 Fur-
thermore, more advanced cathode materi-
als may somedaymake use of the extremely

high energy capacity of Si compared to
graphite (∼3500 vs. 372 mAhg�1).4 How-
ever, while graphite stores Li by an inter-
calation process, Si stores Li using an
alloying process.5 A Li4.4Si alloy is formed
at maximum lithiation that corresponds to
over 300% volume expansion of the original
Si material.5,6 Upon repeated cycling, the Si
electrode fractures and leaves Si fragments
electrically isolated or debonded from the
current collector, which leads to rapid ca-
pacity fade of the battery.7 Additionally, as
cracks open, new Si surfaces are exposed
to electrolyte, and while Si is typically
considered an inert material, it is actually
extremely reactive in oxidizing environ-
ments.8�11 Consequently, the freshly ex-
posed Si is consumed as it reacts with the
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ABSTRACT Using electron beam lithography, amorphous Si (a-Si) nanopillars

were fabricated with a height of 100 nm and diameters of 100, 200, 300, 500,

and 1000 nm. The nanopillars were electrochemically cycled in a 1 M lithium

trifluoromethanesulfonate in propylene carbonate electrolyte. In situ atomic

force microscopy (AFM) was used to qualitatively and quantitatively examine the

morphology evolution of the nanopillars including volume and height changes

versus voltage in real-time. In the first cycle, an obvious hysteresis of volume

change versus voltage during lithiation and delithiation was measured. The

pillars did not crack in the first cycle, but a permanent volume expansion was

observed. During subsequent cycles the a-Si roughened and deformed from the initial geometry, and eventually pillars with diameters >200 nm fractured.

Furthermore, a degradation of mechanical properties is suggested as the 100 and 200 nm pillars were mechanically eroded by the small contact forces

under the AFM probe. Ex situ scanning electron microscopy (SEM) images, combined with analysis of the damage caused by in situ AFM imaging,

demonstrate that during cycling, the silicon became porous and structurally unstable compared to as-fabricated pillars. This research highlights that even

nanoscale a-Si suffers irreversible mechanical damage during cycling in organic electrolytes.
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electrolyte to generate solid electrolyte interphase
(SEI).12,13 Therefore, knowledge of the morphology
in situ and mechanical stability evolution of nanoscale
Si in conventional nonaqueous electrolytes is required
to engineer Si anode�electrolyte combinations that
are structurally stable and resist chemical attack of the
Si anode by the electrolyte.
While nanoscale Si is generally known to resist

fracture and accommodate the volume expansion
and contraction during lithiation and delithiation bet-
ter than bulk Si,3,14 more work is required to under-
stand the differences between crystalline Si (c-Si) and
amorphous Si (a-Si) during electrochemical cycling. For
example, it has been observed that while nanoscale
c-Si avoids fracture when critical dimensions are below
150�300 nm, a-Si spheres do not fracture even when
the diameter is as large as 870 nm.15 The resistance to
fracture may arise from faster bond breaking kinetics
relative to diffusion of Liþ in LixSi that leads to a larger
concentration gradient and reduced stress relative to
c-Si.15 Additionally, c-Si is known to expand anisotro-
pically, while a-Si expands isotropically, and the lithia-
tion reaction velocity remains constant rather than
slowing as in c-Si during lithiation.15�17 Furthermore,
self-limiting lithiation resulting from stress has been
observed for c-Si wires and particles, and a c-Si core
remains until the particle cracks and only then fully
lithiates.18,19 Finally, during lithiation on the first cycle,
the c-Si becomes amorphous LixSi and forms crystalline
Li15Si4 below about 60 mV, but even upon delithiation
the Si remains amorphous.20,21 Crystallization of a-Si to
Li15Si4 in a-Si films coated on carbon nanofibers has
also been observed,22 but another study of a-Si nano-
spheres was inconclusive on the formation of crystal-
line Li15Si4.

15 Since the lithiation and delithiation of a-Si
or a-Si compositematerials proceed similarly to c-Si but
with reduced fracture, more studies are necessary to
reveal how best to incorporate a-Si into high capacity
battery anodes.
Shape and morphology changes of nanoscale c-Si

and a-Si during electrochemical cycling have been
monitored in situ and ex situ.15,16,18 Many of these
studies have been motivated by initial work showing
that nanometer sized anodes resist fracture relative
to larger sized anodes.3,14 Using in situ transmission
electron microscopy (TEM), researchers have discov-
ered interesting phenomena including self-limiting
lithiation of c-Si and two phase lithiation of
a-Si.15,18,19 Additional in situ TEM studies have investi-
gated Si/carbon, germanium (Ge), and tin oxide (SnO2)
nanowires and nanoparticles.22�25 In situ TEM allows
for extremely high resolution imaging including struc-
tural and chemical analysis with the trade-off that
vacuum compatible electrolytes such as ionic liquids
or solid state electrolytes, rather than conventional
organic electrolytes, must be used.25 Several studies
using ex situ scanning electron microscopy (SEM) of Si

nanostructures cycled in liquid organic electrolytes
have found that fracture of c-Si is highly anisotropic
and below a certain size, c-Si wires avoid cracking.16,26

Additionally, atomic force microscopy (AFM) has been
used ex situ to record the volume and height changes
of micrometer sized a-Si pillars that resulted in severe
cracking of the pillars after 5 cycles.27

A limited number of in situ AFM studies of Si have
been published, and none have focused on submic-
rometer Si geometries.5,28 In situ AFM is extremely
valuable, as it offers both nanoscale resolution and
the ability to study Si lithiation, Si delithiation, and SEI
formation in a liquid, organic electrolyte. Also, the AFM
can image a sample during numerous charge and
discharge cycles all while collecting electrochemical
data from a standard potentiostat. The objective in the
present work was to use in situ AFM to both monitor
morphology changes of nanoscale Si and use the AFM
probe to physically interact with Si anodes to gain a
qualitative understanding of the mechanical integrity
of the structures. Here, nanoscale a-Si pillars were
fabricated using electron beam lithography (EBL) so
that anodes with precise geometry could be realized
rather than relying on chemical synthesis or etching
techniques that lead to a distribution of sizes. This
allowed for a measurement of volume and height
changes in real time and across a span of pillar di-
ameters from 1000 to 100 nm. Lastly, by analyzing
ex situ SEM images, comparisons were drawn between
pillars that had been perturbed by the AFM probe
during cycling and those that had not been imaged by
the probe during cycling.

RESULTS AND DISCUSSION

Silicon nanopillars are fabricated in a multistep
fabrication scheme using EBL and liftoff techniques,
the details of which are given in the Methods section.
The current collector for the pillars is a 400 nm thick
nickel (Ni) film evaporated on a (100) Si wafer. A 100 nm
thick layer of a-Si (Supporting Information, Figure S1)
was deposited by electron beam evaporation to gen-
erate arrays of a-Si nanopillars with diameters of 100,
200, 300, 500, and 1000 nm and spaced 2 μm apart
center-to-center. Figure 1a shows a schematic of the
pillars, and Figure 1b shows an atomic force micro-
scope (AFM) image of the as-fabricated pillars. In this
paper, the pillars are referenced by the initial designed
diameters, with the actual diameters as measured by
SEM given in the Methods section. The AFM imaging
was conducted while using the a-Si pillar chip as the
working electrode in a custom electrochemical cell.
The cell was filled with 1 M lithium trifluoromethane-
sulfonate (LiCF3SO3) in propylene carbonate electro-
lyte. A piece of Li metal (all voltages in this commu-
nication are referenced to the Li/Liþ couple) served as
the counter and reference electrode.
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For electrochemical testing, potentiostatic methods
were used to monitor the evolution of the a-Si at
specific voltages that thermodynamically limited the
amount of Li that was alloyed. The specific testing
protocol is presented in the Methods section, but
briefly, to gain an understanding of the nanopillar
morphology evolution, potentiostatic holds at several
voltages between open circuit potential (OCP) and
10 mV during lithiation and delithiation were chosen.
Representative electrochemical data showing the cur-
rent decay with time at each potential hold during
lithiation is shown in Figure 1c. The samplewas held for
2 h at each potential except for holding for 8 1/2 h at
10 mV while imaging a region of pillars to ensure the
volume change of the pillars had ceased. For each
voltage step, the current fell below 1 μA but never fully
dissipated despite only having 1 μAh of capacity per
die. No cracks in theNi layerwere observed using in situ
AFM or ex situ SEM, indicating that the Ni served as
an effective barrier against Li intercalation of the Si
wafer. Therefore, the residual current could possibly
be related to the trace contaminants in the electro-
lyte, underpotential deposition (UPD) of lithium, and/
or reductive decomposition of PC on the Ni current
collector.28�30

After the final hold at 10 mV, the sample was
delithiated, and then it was cycled one additional time
as described in the Methods section. AFM images of
the a-Si pillar morphology evolution during the first
cycle are shown in Figure 2. Growths from UPD of Li
or reductively decomposed electrolyte, consistent
with prior observation, were observed on the Ni sub-
strate.29,30 The growths on the substrate were first

observed at ∼350 mV and were robust in that they
could not be removed by the AFM probe and only
slightly shrank upon returning to 2 V. The a-Si nano-
pillars began to grow between 400 and 250 mV, and
the pillars adopted a conical shape. Large growths like
those on the Ni were never observed on top of the
pillars during imaging. Upon delithiation, the pillars
recovered a flat top and shrank in height.
In Figure3a�c andFigure3d�f, thevolumeexpansion/

contraction and the height expansion/contraction
of the 1000, 500, and 200 nm diameter a-Si pillars,
respectively, are plotted versus voltage for the first two
cycles (values for the 300 and 100 nm pillars are
reported in the Supporting Information, Figure S2).
The error bars in Figure 3 represent the span of the
data measured from three pillars of each size. The
reported values are taken during a potentiostatic seg-
ment from 4708 to 7062 s into the hold at each
potential. At 400 mV, only small amounts of volume
and height change were observed. Then, at each step
in voltage between 250 and 10 mV, a nearly linear
increase in both height and volume was observed. On
the first cycle the 1000�200 nm pillars achieved 288(
14%, 299 ( 27%, 362 ( 66%, and 265 ( 40% volume
expansion, respectively, but the 100 nm pillars only
attained 158( 17%. The maximum volume change of
the pillars is expected to be about 320%, which agrees
closely to measured volume changes with all sizes
except the 100 nm pillars.27 The percentage height
increase for the pillars decreased with pillar diameter
and was highest 159 ( 16% for the 1000 nm, and
lowest 48( 20% for the 100 nmpillars. The dashed line
in Figure 3a�c represents expected volume change

Figure 1. (a) Schematic of a-Si pillars on Ni substrate, (b) AFM image showing the as-fabricated array of 1000, 500, 300, 200,
and 100 nm diameter pillars, and (c) current profiles of the various potential holds (the inset shows the 1 V hold) on the first
cycle of the a-Si pillars on Ni substrate.
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versus potential.27,31 The AFM measured volume
changes for the 1000�300 nm pillars in Figure 3a,b
and Supporting Information, Figure S2, lie considerably
above this line until 50�100 mV, but the 200 nm pillar
volume changes in Figure 3c lie extremely close to the
predicted values. The 100 nm pillar volume changes
(Supporting Information, Figure S2), are lower than
predicted.
The volume change of the 200�1000 nm diameter

pillars is consistent with prior studies on micrometer
scale a-Si.27,28 However, the volume change of the
100 nm pillars was considerably less than the larger
pillars. Using in situ TEM, McDowell et al. observed
that a-Si spheres as large as 870 nm in diameter

experienced a volume increase that varied from 101
to 332% and did not fracture.15 The authors reported
that the variability in the measurements and observa-
tion of lower than expected volume change may have
resulted from experimental conditions such as poor
electrical contact to particles. They also state there is a
possibility that in c-Si more Li is accommodated in the
LixSi phase when Si�Si bonds are broken compared to
breaking of Si�Si bonds in a-Si. In the current work, the
electrical connection is expected to be quite robust
as the pillars remain bonded to the Ni substrate. How-
ever, the lower than expected volume increase of the
100 nmpillarsmay result from the apparentweakening
of the structure of the pillars during electrochemical

Figure 2. In situ 3D AFM images during lithiation and delithiation of a-Si nanopillars taken at several electrochemical
potentials in the first cycle.

Figure 3. In situ AFM measurements of % volume and % height change of a-Si nanopillars during the first two discharge
(lithiation) and charge (delithiation) cycles as a function of potential. (a�c) % Volume change of the 1000, 500, and 200 nm
pillars, respectively. (d�f) % Height change of the 1000, 500, and 200 nm pillars, respectively. The arrows in the figures are
intended only to guide the eye and do not represent a mathematical fit to the data. The dashed lines in (a�c) represent
expected volume change with potential.27,31
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cycling and subsequent erosion by the AFM tip, which
will be discussed later in this paper. The small size of
the 100 nm pillars makes the measurement of volume
change especially sensitive to even minor erosion by
the AFM tip.
The measured height change of the pillars in the

current work is significantly lower than that measured
in situ by Beaulieu et al. (∼275%) but similar to that
measured ex situ by He et al. (160�180%).27,28 Those
studies used films of 300�500 nm thickness and
patterned features with lateral dimensions of 5 μm �
5 μm or 7.6 μm � 7.6 μm. The cause of these dis-
crepancies in height change may be a result of the
quality of adhesion of Si to the current collector.
Beaulieu et al. studied Si on a copper current collector
and reported negligible lateral dimension change,
whereas He et al. used a titanium current collector
and reported expansion of ∼35% in width and an
evolution of the pillar to a circular shape from a square
shape. Here, using a Ni current collector the pillars are
circular initially, and a diameter increase is observed
during cycling that is able to recover after the first
cycle, as will be discussed later. Size scale, geometry,
and adhesion to the current collector all likely affect the
pillar morphology evolution, and further work is re-
quired to fully understand the differences in the
studies.
Lastly, the ratio of the % height growth to the %

volume growth (expansion ratio) is shown in Figure 4.
The volume change is proportional to the height
change; therefore, the closer the expansion ratio is to
1:1, the less the pillar diameter is expanding. The
largest expansion ratios are for the 1000 and 500 nm
pillars, suggesting the larger pillars expand more in
height (relative to the smaller pillars) while the smaller
pillars expand more in diameter (relative to the larger
pillars). Additionally, ex situ SEM images in Figure 5a�f
from a separate sample that has been rinsed with
water to etch any remaining SEI or remaining Li show
that after one cycle, the pillars now have slightly more
vertical sidewalls. Other than slightly more vertical
sidewalls they appear almost unchanged from the
as-fabricated samples, and the diameters as measured
by SEM have returned to the initial values. This is in
contrast to a prior study ofmicrometer scale a-Si pillars,
which sawpermanent deformation after one cycle, and
to studies on nanoscale c-Si that exhibited fracture
when the pillars assumed full volume expansion.19,27,32

Upon charging (delithiation), a large overpoten-
tial, observed as a hysteresis in Figure 3 both in
height and volume, was required to initiate vol-
ume and height contraction. We note this hysteresis
was observed on both the first cycle where the
pillars simply ramped back to 2 V and on the second
charge when allowing 2 h of equilibration at sev-
eral potential steps. This overpotential has been
correlated to stress-potential coupling and plastic

deformation.33,34 Also, after returning to 2 V on the first
cycle, the volume increases from the initial vol-
umes were 98 ( 5%, 96 ( 5%, 88 ( 5%, 72 ( 7%,
and 86( 7% for the 1000�100 nm pillars, respectively.
The inability of a-Si nanoparticles to return to the initial
volume has also been observed by in situ TEM.15 Since
the images in Figure 5a�f inwhich SEI has been etched
show the pillars are nearly unaffected by one electro-
chemical cycle, the measured volume increase by AFM
may be a combination of the buildup of SEI, decrease in
density and likely porosification of the a-Si upon
delithiation, and incomplete delithiation. Also, the
now more vertical sidewalls may add to slight over-
estimation of volume by the AFM tip. Although the
pillars suffered a permanent expansion, they did regain

Figure 4. Plot of the ratio of % height change to % volume
change (expansion ratio) of the 1000�200 nm pillars as
measuredby in situAFM imaging. The lines in thefigures are
intended only to guide the eye and do not represent a
mathematical fit to the data.

Figure 5. Ex situ SEM images of 1000 nm (a,b); 300 nm (c,d);
and 100 nm (e,f) a-Si nanopillars, as fabricated (a,c,e) and
after 1 cycle, (b,d,f). Scale bars are 200 nm in (a,b) and
100 nm in (c�f).
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a shape nearly the same as the initial shape after one
cycle, which differs from the bowl shape adopted by
micrometer scale features studied in prior work by He
et al.27 Additionally, the second discharge (lithiation)
followed the first lithiation very closely, but the final
volume increase was slightly higher in the 1000 and
500 nm pillars at 345 ( 22% and 372 ( 47%, respec-
tively. The nanopillars in the currentwork are circular as
opposed to the square pillars studied byHe et al., so the
lack of sharp corners that may concentrate stress likely
plays a role in the ability of the features here to recover
after the first cycle.
Since AFM and SEM images revealed that the pillars

could accommodate the volume change on the first
cycle without fracturing, an additional test on a sepa-
rate sample cycled pillars for 5 times. The SEM images
(Supporting Information, Figure S3) taken after rins-
ing with water to etch SEI reveal that the pillars have
nowplastically deformed and roughened. The ability of
the pillars to recover in morphology after one cycle is
interesting given that Si typically displays a very poor
first cycle efficiency and indicates mechanical instabil-
ity, degradation, or adhesion to the current collector
is not the only cause of this loss.3 The next 5 cycles
though clearly begin to degrade the pillar, and plastic
deformation is occurring.
Since fracture or cracking was not observed even

after 5 cycles, as opposed to prior studies of thin film
structures,27 we subjected the pillars from the AFM test
to 25 additional cycles at a fast rate of 2.5 mV/s with-
out any potentiostatic holds. The pillars were then
removed from the AFM cell, rinsed with water to etch
away any SEI or Li present in the sample, and imaged
by SEM. It is emphasized that for these 25 cycles, the
AFM position was moved to a region of pillars that
had yet to be imaged, and only then the AFM began
imaging (i.e., the AFMprobe came into physical contact
with the pillars during the next 25 cycles). The SEM
images clearly revealed the region where the AFM had
imaged as an area relatively free of deposits, so micro-
graphs of both imaged and nonimaged pillars were
readily taken. Images of as-fabricated 1000 and 200 nm
pillars are shown in Figure 6a,b, respectively. The 1000
and 200 nm pillars that were rinsed with water after
cycling are shown in Figure 6c�h. The pillars shown in
Figure 6c (1000 nm) and Figure 6d (200 nm) were not
imaged by the AFM during cycling. The 1000 nm pillar
in Figure 6c has an outer ring of material that cracked
from the main body. The ring of material was not
etched by the water rinse and is therefore likely not
a buildup of SEI material or UDP Li. In contrast the
200 nm pillar in Figure 6d is somewhat deformed
in shape but generally remained intact. Figure 6e
(1000 nm) and Figure 6f (200 nm) are magnified im-
ages of the top surface of the pillars. While the etched
1000 nm pillar was highly porous (see Figure 6e), the
etched 200 nm pillar did not exhibit visible porosity

(see Figure 6f). In prior work, the Si structure remained
stable until the 20th cycle, at which point it adopted a
wrinkled structure, as observed by ex situ TEM.4 This is
similar to the current work, where for a low number of
cycles, the pillars remained reasonably unchanged,
and then after 25 cycles, nanopores and “macro“ scale
cracks were observed. It should also be noted that
pillars remained attached to the current collector even
after 25 fast cycles, indicating that theNi�Si interface is
very robust, and a loss of Si material from the body of
the pillar rather than delamination from the current
collector would lead to a loss of capacity.
Pillars that were continually imaged by AFM during

cycling are shown in Figures 6g (1000 nm pillar) and
Figure 6h (200 nm pillar). The 1000 nm pillar that was
continually imaged by the AFM also had a ring struc-
ture, but the ring was thinner compared to the non-
imaged sample, suggesting possible erosion of the
outer ring due to interaction with the AFM tip. The
imaged 200 nm pillar (Figure 6h) appeared to have
been completely eroded by the AFM tip. Finally, several
pillars were scanned by the AFM probe only once, and
only after electrochemical cycling was complete but
while the sample was still submerged in electrolyte.
SEM images of these pillars show that the 1000, 500,
and 300 nm pillars were severely damaged by the
single scan (i.e., pillar cracking was more significant for

Figure 6. Ex situ SEM images of a 1000 nm (a,c,e,g) and
200 nm nanopillar (b,d,f,h). (a,b) as fabricated; (c,d) after 2
slow electrochemical cycles followed by 25 fast electroche-
mical cycles without concurrent imaging by the AFM; (e,f)
top-view and magnified image of (c,d), respectively; and
(g,h) pillars that were subjected to the same electrochem-
istry as (c,d) but were imaged with the AFM during cycling.
Scale bars are 100 nm.
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the pillars that had been touched by the AFM probe
than pillars that had not been touched, Supporting
Information, Figure S4). The 200 and 100 nm pillars
remained intact, but the 100 nm pillar was eroded by
the single AFM scan (Supporting Information, Figures
S5c and S6c, 100 and 200 nm, respectively). Therefore,
the Si structure remaining after cycling may be highly
porous and fragile enough to be damaged even by
the light contact forces under the AFM probe. It is
important to note that such pillar degradation during
cycling is not readily observed when using noncontact
microscopy-based imaging techniques.
The charge�discharge rate may also significantly

affect the morphological evolution of a-Si nanopillars
during lithiation. The effect of the charge�discharge
rate on the pillar morphology was studied on a sepa-
rate sample that was cycled 5 times at 1 mV/s (rather
than 0.25 mV/s) between 2 V and 10 mV for 5 cycles,
with potentiostatic holds of 2 h each only at 50 mV,
10 mV, and 2 V. This test procedure results in a rela-
tively instantaneous discharge to 50 mV compared to
our first test protocol of stopping at numerous poten-
tials for 2 h each. The test is thus designed to determine
if a rapid lithiation ratewill cause plastic deformation or
fracture in the first few cycles. As captured in real-time
on the second cycle, volume expansion initiates at
167 mV (see Figure 7a), which is nearly 100 mV lower
than the pillars cycled at the slower rate with more
voltage holds. The significance of this requires further
investigation, but the real-time imaging of silicon
lithiation with AFM is demonstrated by this technique.
Since the small undulations canbe resolved in the pillar
by AFM and the image is extremely clear, any SEI that

forms can be presumed to be quite uniform and is
reasonably hard such that it does not interfere with
imaging. The volume and height changes of the largest
(1000 nm) and smallest (100 nm) pillars studied herein
at each of the potential holds for 5 cycles are shown in
Figure 7b,c. The maximum volume expansion of the
pillars that were ramped at 1 mV/s occurred on the order
of only a fewhundred seconds (basedon the1mV/s rate),
and the 1000 nm pillars limited expansion to 231�
256%. The 100 nm pillars, within experimental variation,
demonstrated a nearly identical volume increase as in the
initial slow cycling test. Both sizes of pillars, within experi-
mental variation, grew to the same height as the initial
test. The volume and height change was smallest during
the first cycle for the 1000 nmpillar but largest during the
first cycle for the 100 nm pillar. By the fifth cycle, the
100 nm pillar exhibited nearly zero height change and
only about 30�50% volume change. No fracture or large
cracks were observed by the AFM in either size of pillar.
The volume limit in the 100 nmpillar again is likely related
to erosion of the pillar, especially since the height change
was negligible after 5 cycles. The fact that the 1000 nm
pillar limited volume expansion indicates that at a faster
rate, lithiationmayproceeddifferentlyor toa lesser extent
than when the pillar is allowed to equilibrate at several
potentials and is cycled slowly.
As a final investigation, the difference observed in

the degradation of the smaller 100 and 200 nm pillars
(erosion) and the larger 300, 500, and 1000 nm pillars
(cracking) may be related to the extent of lithiation of
the pillar bulk. To qualitatively identify the extent of
lithiation in the pillar bulk, we fully lithiated a separate
sample of pillars by holding the sample at a 10 mV

Figure 7. (a) In situ AFM image showing the growth of the 1000 and 100 nm a-Si nanopillars during AFM scanning and
electrochemical cycling at 1 mV/s. (b,c) Volume and height percentage change for each of the 5 cycles at 1mV/s. The number
labels correspond to the cycle at which each measurement was made. Labels are omitted for clarity where values overlap.
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potential after 7 initial cycles until any structural
changes observed by AFM during cycling had ceased.
The sample was then removed from the cell, rinsed
with DEC, transferred to an SEM, and imaged with only
minimal exposure to laboratory air. Next, the Li and any
SEI were etched from the a-Si nanopillar by immersing
the pillars inwater. SEM images prior towater rinsing of
the 1000, 300, and 200nmpillars that hadbeen imaged
by the AFM while being lithiated at 10 mV are shown
in Figure 8a,c. Finally, the pillars after the water rinse
(these pillars had not been imaged by the AFM) are
shown in Figure 8b,d,e. The 1000 and 300 nm pillars
assumed a bowl shape after etchingwith water. On the
other hand, the 200nmpillars, Figure 8d, did not have a
crater in the middle. The remaining “core” of the
smaller pillars must be Li-free, since the water rinse
etches any SEI or Li containing materials. Furthermore,
any SEI that formed on the a-Si must be relatively thin,
as the images in Figure 8a,c do not show a dramatic
difference relative to Figure 8b,d other than in actual
removal of pillar material and cleanliness of the Ni
surface. This corroborates the AFM data where the
volume change of the pillars was on the order of that
expected for full Si lithiation that suggests the pillars
lacked any sort of thick, soft SEI layer.
The pillar structure that remained after water etch-

ing provides insight on the lithiation process of the
pillars. The outer regions of the smaller pillars (100 and
200 nm) were completely etched and therefore likely
completely lithiated; however, the core of the pillars
remained, suggesting that the pillars are not fully

lithiated in the center. On the contrary, the larger pillars
leave a nonlithiated region at the outer edge of the
pillar, which is likely related to the ring of material that
cracked away from the core of the pillars and is shown
in Figure 6c.

CONCLUSION

In situ AFM and ex situ SEM were used to analyze
nanometer sized a-Si pillars 100 nm tall and 100�
1000 nm in diameter during lithiation and delithiation.
The AFM was used to directly observe the nanoscale
shape evolution of the pillars during cycling. The pillars
with diameters of 200 nm or larger reached the
theoretical volume expansion of ∼300%. The volume
expansion of the 100 nmpillars was limited however to
below 200%. All of the pillars were roughened during
cycling but were not cracked after 5 cycles as micro-
meter sized Si anodes have demonstrated in other
studies. However, after 27 cycles, pillars 300 nm in
diameter and larger did crack, while the 200 and
100 nm pillars remained intact. When the nanopillars
were subjected to AFM imaging during or after cycling,
the pillars of all sizes were clearly damaged or eroded.
Thus, the a-Si nanopillars were fragile enough after
cycling to be damaged under the light contact forces
with the AFM tip due, at least in part, to the formation
of a porous structure observed with SEM. Imaging with
AFM and preferential etching of Li containing regions
from fully lithiated pillars also showed that the 100
and 200 nm pillars grew in a more isotropic fashion
than larger pillars, which tended to growmore upward
than outward. Consequently, when fully lithiated pil-
lars are etched bywater, the 100 and 200 nmpillars had
only a small core remaining, while the larger pillars
possessed a ring of material on the outer boundary of
the pillar.
In terms of practical cyclability of Si anodes, the

current work demonstrated that a-Si nanopillar anodes
ranging in diameter from 100 to 1000 nm were me-
chanically damaged during electrochemical cycling.
The damage mechanisms were pillar size-dependent.
Larger a-Si pillars cracked, while smaller a-Si pillars
were weakened, despite appearing to be intact. The
a-Si material is apparently unable to regain its initial
mechanical properties upon delithiation and, over
several cycles, simply begins to break down. Without
additional engineering to protect the anode, even
nanoscale a-Si material is not mechanically robust
during cycling. While many groups have seen capacity
fade in Si anodes, the present work specifically mea-
sures the dimensions and gains a qualitative under-
standing of the actual a-Si structures as they degrade
during cycling. Therefore, it is imperative to under-
stand the in situ changes in the material properties of
the anodes during cycling that likely have significant
implications on the cyclability of a real battery. This
qualitative observation of the decreased structural

Figure 8. (a�e) Ex situ SEM images of Si nanopillars. (a) The
1000 nm pillar after removing from the electrochemical cell
while held at 10mV. (b) The samepillar as (a) but rinsedwith
water to etch SEI and Li from the sample. (c) The 200 nm
(left) and 300 nm (right) pillars, respectively, in the same
condition as (a). (d,e) The 200 and 300 nm pillars, respec-
tively, after rinsing with water, as in (b). All scale bars are
200 nm.
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integrity of the pillars motivates future research on the
in situ quantification of Si nanopillar mechanical

properties that will guide both theoretical and experi-
mental studies.

METHODS
Nanopillar Fabrication. The amorphous silicon (a-Si) nanopil-

lars were fabricated on a substrate consisting of a 400 nm thick
layer of nickel (Ni) on a (100) Si wafer. The Ni layer was electron
beam evaporated onto the Si wafer using an Evatec BAK 641.
After depositing the Ni, the substrate was patterned by electron
beam lithography (Vistec EBPG5000þES) using a bilayer poly-
(methyl methacrylate) (PMMA) photoresist. A 20 nm Ni adhe-
sion layer followed by a 100 nm thick layer of a-Si (or Ni for theNi
pillar arrays) were then deposited (also by electron beam
evaporation) onto the patterned wafer forming ∼100 nm tall
a-Si nanopillars. The Si wafer was then diced into∼1.5� 1.5 cm
chips containing 100 grids of 100� 100 pillars chips to be used
for AFM testing. As measured by SEM from the base of the
pillars, the 1000�100 nm pillars measured 1033( 4 nm, 530(
10 nm, 329( 5 nm, 226( 1.5 nm, and 124( 2 nm, respectively.

Electrochemical Testing. To limit exposure to moisture, all
testing was conducted in a dry room with a dew point of less
than�80 �C. The sample was cycled from open circuit potential
(OCP) to 1 V at a rate of 0.25 mV/s. The sample was then held at
1 V overnight to allow contaminates, such as water in the
electrolyte, to decompose, which helped reduce the back-
ground current at subsequent potential holds. The sample
was then lithiated by decreasing the voltage at a rate of
0.25 mV/s. During the voltage ramp down, holds were per-
formed for 2 h each at 400, 250, 200, 150, 100, 50 mV and for
∼8 1/2 h at 10 mV. The sample was delithiated by allowing the
cell to relax for 10 min under open circuit conditions to 200 mV.
Upon reaching 200 mV, the voltage was ramped to 2 V at a rate
of 0.25 mV/s. The sample was then discharged (lithiated) for a
second cycle in the same manner as the first cycle. During the
subsequent charge (delithiation) in the second cycle, the sam-
ple was also held at 50, 100, 250, 400 mV and 2 V. The sample
was held for 2 h at each step to ensure any size change of the
pillars accompanying each step was complete.

Nanopillar in Situ and ex Situ Imaging. AFM imaging was con-
ducted in both tapping and contact modes by an Agilent 5500
AFM using either Budget SensorsTap-150 probes or Bruker DNP
probes. The imaging rate was ∼0.9 Hz, and the resolution was
5.4 nm/pix or better. An Agilent designed electrochemical cell
compatible with the 5500 AFM was used for in situ testing, and
the cycling was controlled by a Solartron (SI 1287) Potentiostat.
Gwyddion version 2.3 was used for image analysis, and the
heights and volumes were calculated using the flat regions
of the Ni current collector as the baseline.

SEM imaging was conducted by a Zeiss Auriga SEM. Mois-
ture sensitive samples were transported from the dry room
to the SEM in a sealed container with desiccant and exposed to
laboratory air for only a few seconds while the SEM was
evacuated to vacuum levels.
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