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and Dai-ning Fang*ab

Large anisotropic volume expansion during lithiation leads to the electrochemical performance

degradation and premature fracture of micro-sized silicon electrodes in lithium-ion batteries, which

prohibits its practical applications. To date, the failure mechanism of micron-size silicon electrodes has

not been fully comprehended due to the lack of convincing experiments. For good understanding of

lithiation/delithiation processes in the silicon anodes, in the present contribution, in situ observation of

anisotropic volume expansion, crack initiation, penetration, deflection and delamination at the

amorphous/crystalline silicon interface has been reported. The observation suggests that novel hollow

and anisometric geometric electrodes have shown substantially enhanced capability in improving the

fracture behaviors of the crystalline micropillar electrodes, implying that geometric design greatly

impacts the strain alleviation and reversible volume change. Due to more favorable mechanical reliability,

the anisometric geometric silicon electrode is expected to present essentially enhanced electrochemical

performance and structural stability, which promises a novel strategy of designing Li-ion battery

electrodes from a geometric perspective.
Introduction

High-capacity lithium-ion batteries (LIBs) have received much
attention due to their signicant commercial application in
portable electronic devices and electric vehicles.1,2 Among
many anode candidates, silicon has the highest theoretical
specic capacity of 3579 mA h g�1 at room temperature
(Li3.75Si) or 4200 mA h g�1 when fully lithiated (Li4.4Si).3,4

However, the pursuit of appropriate solutions to the critical
problems induced by huge volume expansion up to �300%
due to lithium insertion is the primary challenge. Excessive
volume expansion leads to unexpected irreversible mechanical
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deformation and electrode fracture, which massively impacts
the electrochemical performance.5–10

Utilization of nanostructured silicon electrodes, such as
nanowires, nanotubes, nanosized beaded strings, nanospheres
and pomegranate-inspired nanostructures, was proved to be
a promising solution, which can realize high capacity and long
cycle life during repeated excessive deformation.11–15 Unfortu-
nately, nanoscale silicon anodes are still facing great challenges,
which substantially limit their commercialization in practical
lithium-ion batteries, such as7,16 (1) their large specic surface
area results in poor coulombic efficiency, especially in the rst
cycle,17 (2) the volume of the void portion leads to a low tap
density18 and (3) existing high cost and poor scalability hazard
the large-scale applications of nano-sized electrodes. Alterna-
tively, employment of micron-sized silicon electrodes appears to
be a more practical strategy for developing high-performance
silicon-based LIBs.19–22

In recent years, plenty of in situ and ex situ experimental
techniques have been applied to study the morphological
change, quantitative deformation and chemical components of
silicon electrodes upon lithiation/delithiation, which promotes
the comprehension of deformation and fracture mechanism in
the electrochemical processes.3,23–34 For a good understanding
of the related mechanism, however, only a few experiments and
models have been established based on the deformation and
fracture behaviors of micron-sized silicon electrodes.23,25,27,30,35

As exhibited in Fig. 1, possible lithiation/delithiation processes
J. Mater. Chem. A, 2017, 5, 12793–12802 | 12793
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Fig. 1 Degradationmechanisms of microscale (111) c-Si electrodes as an example. (a) Crack and debonding due to anisotropic expansion of solid
c-Si anodes. (b) Hollow electrode design may alleviate cracks and fractures due to the accommodation of the large volume change. (c) Ani-
sometric geometry may avoid fracture due to circumvention of anisotropic volume change.
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are illustrated for presenting the typical degradation of micron-
sized c-Si electrodes, with (1 1 1) single-crystalline silicon
micropillars given as an example. The anisotropic expansion of
micron-sized solid electrodes leads to crack initiation and
propagation, along with further debonding at the phase inter-
face and subsequent damage in the solid electrolyte interface
(SEI). Apparently, such solid electrodes present very low utili-
zation of active materials and rapid capacity fade in the
following cycles (Fig. 1a). Unfortunately, the whole failure
process of micron-sized c-Si anodes has not been well proved by
in situ experiments. More importantly, geometric design would
be considered as a critical electrode factor at the micron scale
since the crystalline silicon electrodes will suffer from dramatic
dimensional distortion induced by 300% volume expansion.30,35

In this study, in situ optical microscopy (in situ OM) was
employed to investigate the entire process of anisotropic defor-
mation and fracture behavior (crack initiation, crack propaga-
tion, crack deection and interface delamination) for single-
crystalline silicon micropillar array electrodes. For better under-
standing the geometric effects on the micron-sized silicon elec-
trodes, various patterned electrode arrays (Fig. 1b and c) were
explored for in situ investigating the evolutionary deformation
and fracture behavior upon lithiation/delithiation. Both experi-
ments and simulations collectively suggest that hollow structures
(Fig. 1b and c) enable us to effectively alleviate the fracture,
12794 | J. Mater. Chem. A, 2017, 5, 12793–12802
compared to the solid fashion. Furthermore, anisometric hollow
(Fig. 1c) electrode design indicates a favorable conguration that
is more compatible with anisotropic volume expansion and
could deliver enhanced electrochemical performance. Therefore,
the results provide a novel route to design advancedmicron-sized
silicon anodes from a geometric perspective.
Experimental section
Electrode fabrication

All of the electrode arrays were directly fabricated from N-type
single-crystalline Czochralski Si (111) wafers (Top Vendor
Science & Technology Co. Ltd) with a resistivity of 0.002–0.004 U
cm and a thickness of 480� 10 mm. The Si micropillar diameter
and space used in this work were determined according to
standard photolithography, followed by a deep reactive ion
etching process with the Bosch process. Equiaxial- and non-
equiaxial-shaped micropillars were fabricated on the basis of
the applied mask. For the purpose of enhancing an electrical
contact, Ti (15 nm) and Au (100 nm) are deposited on the
backside of the etching side as a current collector by a magne-
tron sputtering method, where Ti works as an adhesion layer to
improve the adhesivity of the gold layer. Then, Cu foil, with
a width of ca. 2 mm, was adhered to the gold layer by epoxy
(Devcon) as the leading wire. All but the etching area and the
This journal is © The Royal Society of Chemistry 2017
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part of Cu foil as electric contact were covered in epoxy to avoid
the debonding of the Au layer and control the contact zone of
silicon with the electrolyte.
Electrochemical experiments

The home-made electrochemical reaction cell (Fig. S1†) is
assembled in a high-purity argon lled glove box (Mbraun Inc.)
with H2O and O2 contents <10 ppm. The components and the
corresponding roles are described in detail in Fig. S1.† The
electrolyte consisted of 1 M LiPF6 in 1 : 1 (v/v) DMC : EC (Fosai
New Material Co. Ltd.). All galvanostatic experiments were
conducted using a multi-channel charge/discharge battery
testing system (Arbin Instruments) with a lithium foil counter
electrode (Alfa Aesar). Unless otherwise stated, for the lithiation
(discharge), the galvanostatic current density was 450 mA cm�2

above 0.1 V, and then galvanostatic discharge was adjusted to be
150 mA cm�2 for 8 hours. The cycled voltage range was from 2 V
to 0.05 V (vs. Li/Li+). Aer the electrochemical tests, the cell was
dissembled inside the glove box and the electrodes were washed
by dimethyl carbonate (DMC) for SEM imaging.
Morphological characterization

The continuous morphological changes were characterized by
using an optical microscope (Keyence Corporation). The initial-
state and nal-state morphological changes were imaged by
using a eld-emission scanning electron microscope (SEM, FEI
Quanta 250). The total active surface area of each sample was
determined by the cross-sectional images and the top-view
images before lithiation. In this process, the manufactured
defects and small variations, resulting in an error in the current
density calculations, were neglected. The focused ion beam
machine (FEI STARTA DB235) was used to characterize the
reaction depth of underneath silicon wafers that reected the
quantity of the silicon substrate that took part in the reaction.
Fig. 2 Typical SEM images of (a) single-crystalline solid silicon
micropillar arrays, (b) one of the isometric-hollow silicon micropillars,
(c) anisometric-hollow silicon micropillars and (d) wide-range aniso-
metric micropillars with few defects. Here, the scale bar of (d) is
200 mm.
Results and discussion
Fabrication of ordered single-crystalline silicon micropillars
with different morphologies

One of the objectives in the current work is to investigate the
failure process of silicon electrodes including anisotropic
deformation, crack initiation, propagation and deection, and
delamination at the a-Si/c-Si interface (or electrode pulveriza-
tion) using in situ optical characterization. To achieve this goal,
deformation along the direction perpendicular to the wafer is
required to be minimized for the focus stability of optical
images during the experiment. According to Goldman et al.'s
work,30 the (1 1 1) single-crystalline silicon wafer was selected as
a model anode to conduct the fabrication process. All the
electrodes tested in this work were fabricated by the combined
lithographic and dry etching protocols. In addition, the size of
each micropillar should be appropriate. They are required to be
appropriate to achieve good resolution by using an optical
microscope and, meanwhile, to be compatible with realistic
electrode scales. Silicon micropillars with a diameter of about
This journal is © The Royal Society of Chemistry 2017
20 mm were designed and fabricated, and a typical structure is
shown in Fig. 2a.

In this work, solid microstructures of 20 mm diameter pillars
with 10 mm gap (Fig. 2a) were fabricated to primarily investigate
the failure mechanism of single-crystalline silicon electrodes. In
addition, hollow nanoparticles, compared to solid nano-
particles, have advantages in terms of electrochemical perfor-
mance due to their higher specic surface area and capability of
J. Mater. Chem. A, 2017, 5, 12793–12802 | 12795
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accommodation of volume change.36 Moreover, isometric-
hollow (ring-shaped) silicon micropillars (Fig. 2b) were designed
to examine the deformation, fracture mechanisms and hollow
structural effects on the electrochemical performance. The ani-
sometric-hollow structures were also fabricated by combining the
advantages of hollow and anisometric design.35 Interior and
exterior sides of the hollow hexagon prism were all {1 1 0} crystal
planes as shown in Fig. 2c. The entire fabrication process that
enables a regular microstructure and feasible tailoring of struc-
tural design supplied a pathway to efficiently examine the frac-
ture mechanism of single-crystalline silicon electrodes by an in
situ optical method. The total etching area of each sample was 5
mm � 5 mm in size with few defects (Fig. 2d).
Fig. 3 Four steps characterized by using an in situ optical microscope
during lithiation. (a) Volume expansion before crack initiation. (b) Crack
initiation. Red arrow shows the location of the initial crack. (c) Crack
propagation. (d) Crack deflection at the a-Si/c-Si interface and
detachment of lithium-silicide from themicropillars. Here, all the scale
bars are 5 mm. SEM images of the electrode sample (e) before lithiation
and (f and g) after lithiation at 72.9 mA cm�2. Here, the red arrow shows
the crack deflection and interface delamination at the a-Si/c-Si
interface. All the scale bars are 10 mm. (h) Hoop stress contour of (1 1 1)
Si micropillars obtained by FEM after the dimensionless time s ¼ 0.5,
defined as s ¼ Tvmax/L, where T is the current time, vmax is the
maximum interface velocity, and L is the electrode feature size (e.g.
pillar radius, wall thickness). The locations of stress concentration are
consistent with fracture starting locations, which is in agreement with
our experimental observation.
In situ optical microscope observation

Due to the requirements of the optical method, all of the silicon
arrays were fabricated on a (1 1 1) single-crystalline silicon wafer.
For micron-sized silicon electrodes, in situ OM conducted in this
work is able to record and analyze the entire evolutionary process
of the silicon electrodes (Fig. S1†), which is not available on the
conventional ex situ SEM. In order to understand the kinetic
fracture mechanism of (1 1 1) c-Si, the optical images during the
entire lithiation process were recorded every few minutes (or one
minute in the important period). Prior to analysis, validation of
optical images should be considered whether the selected region
is representative to the whole micropillar electrode along the axial
direction. According to the observation from Fig. S2,† the defor-
mation was homogeneous and consistent with a large area of
silicon electrodes, and the surface information is linked with the
morphological change along the axial direction simultaneously.
Note that four key evolution steps for the solid etching patterns
(Fig. 3a) during lithiation at 72.9 mA cm�2 are shown in Fig. 3a–
d (ESI Movie S1†). The rst step represented the early stage of
deformation before crack initiation. As the lithiation proceeded,
the crack occurred at the surface of some micropillars located at
the {1 1 2} lateral surfaces between neighboring {1 1 0} crystal
planes, when the local stress exceeded the fracture strength of
lithium-silicide (assigned as the second step). Then, the crack
penetrated towards the crystalline core along the {1 1 2} lateral
surface (assigned as the third step). The micro-sized silicon elec-
trodes in the rst three steps were almost consistent with the
nanosized or sub-micron silicon electrodes.28,31 Also, Wang and
co-authors briey reported these results of the rst three steps by
ex situ SEM, but lacked continuous and direct experimental
observation.25With continuous lithiation, the crackmay approach
the a-Si/c-Si interface and subsequently deect along the interface.
Subsequently, this lithium-silicide fraction may separate from
micropillars (Fig. 3d and g). Shi et al. also reported the crack
deection and propagation along the a-Si/c-Si interface in the
single-crystalline silicon wafers.23 In addition, phase separation
was observed by SEM in the study ofmicron-sized silicon bars, but
it was not well illustrated in the literature.30 Here, the whole
process of deformation and fracture during lithiation was ob-
tained by in situ OM.

To illustrate the experiment, a 2D model of a single micro-
pillar was established and analyzed by FEM (Fig. 3h). Lithiation
12796 | J. Mater. Chem. A, 2017, 5, 12793–12802
kinetics was analogous to the thermal kinetics. Based on the
two-phase diffusion (Fig. 3f and g), the moving phase interface
was simulated by specifying a moving temperature eld. The
crystalline silicon and lithium-silicide were both assumed as
isotropic elastic and perfectly plastic materials, respectively,
where the Cowper–Symonds overstress power law with suitable
parameters was applied to approximate the perfectly plastic
limit (elastic modulus E ¼ 185 GPa, Poisson's ratio n ¼ 0.28 and
yield strength Y ¼ 7 GPa for c-Si, while E ¼ 35 GPa, n ¼ 0.22 and
Y ¼ 1.5 GPa for a-Si). Here, the plane strain condition was used
to simulate the electrode deformation due to the experimental
observation of slight variation of height in the axial direction
and larger size along the vertical orientation than the in-plane
dimensions. The anisotropic deformation prole of a partially
lithiated micropillar is shown in Fig. 3h, together with contours
of hoop stress. The deformation along the (1 1 0) crystalline
orientation was the most prominent due to its faster lithium
This journal is © The Royal Society of Chemistry 2017
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invasion, and the maximum hoop stress located between
neighboring {1 1 0} planes exceeded the yield strength of a-Si.
Therefore, the anisotropic expansion results in the stress
concentration, thereby explaining crack initiation and the
fracture starting point, in agreement with our experimental
results and previous report.28,30 Moreover, oblique crack
deection of micropillars at the interface between a-Si/c-Si can
be explained from the fracture mechanics based concept by the
analysis of set B of problems in He and Hutchinson's previous
work,37 wherein they elaborately discussed the competition
between defection and penetration when an oblique crack
impinged an linear–elastic interface between two dissimilar
materials. They found that, for Dundurs' parameter a > 0.5 (a ¼
(Ē1 � Ē2)/(Ē1 + Ē2), where Ē ¼ E/(1� n2)), an oblique crack inside
a more compliant material (corresponding to material 2, e.g. a-
Si) was most likely to deect along the interface due to the
coincidence of the critical penetration crack with the deecting
crack, which well explained the deection of oblique cracks in
our experimental observations (because a for a-Si/c-Si is
approximately equal to 0.69, and the stiffness of c-Si is much
larger than that of a-Si according to above selected parameters).
Geometry design for improved fracture resistance

According to the simulated results obtained by FEM, the stress
or strain concentration that originates from the anisotropic
expansion was responsible for the crack initiation. Construc-
tion of hollow nanosized structures is apparently considered as
the most feasible strategy to accommodate excessive volume
change, which has received extensive attention in the academic
world. However, few attempts have been made to validate the
availability of hollow micro-sized silicon electrodes on the
alleviation of strain concentration. In this work, four types of
electrodes with different thickness–radius ratios (t/R ¼ 1, 0.70,
0.45, and 0.23) were fabricated by photolithography. Each type
of electrode was lithiated (discharging) at 450 mA cm�2 above 0.1
V, and then at 150 mA cm�2 for 8 hours, that is, these electrodes
were galvanostatically discharging at the same current density.
Note that the setting current gradually reduced with the ratio
increasing due to the reduction of the surface area. The
morphological changes characterized by SEM and in situOM are
shown in Fig. 4. Anisotropic deformation and fracture behaviors
(crack starting location and crack propagation) of the micro-
pillars with (hollow) t/R ¼ 0.70 and 0.45 were similar at the
outside surfaces with (solid) t/R ¼ 1 (Fig. 4e–g). Plots of voltage
vs. lithiation time, and three typical steps (expansion, crack
initiation, and crack propagation) of the corresponding optical
images (ESI Movie S2–5†) are presented in Fig. 4i–l. Here, the
voltage plateaus during lithiation were below 0.12 V, indicating
that most of the lithium ions are inserted into the micropillars
below this voltage. Additionally, no obvious deformation was
observed above 0.12 V (Fig. S3a and b†). Thus, the lithiation
time was dened as T ¼ Tt � TU¼0.12 V to eliminate the effects of
the side reaction, where Tt is the total discharging time, TU¼0.12

V the discharging time at U¼ 0.12 V. From Fig. 4, lithiation rates
at the inner surface were slower than those at the outside
surface due to the setting position of the lithium foil and
This journal is © The Royal Society of Chemistry 2017
electrode (Fig. S1†). In addition, no cracks occurred at the inner
surface, because they suffered from compressive stress. Instead,
for the case t/R ¼ 0.23, crack initiation was not observed as in
the other three cases (Fig. 4d and h). However, the micropillars
with t/R ¼ 0.23 were also found to suffer from structural
distortion upon deep lithiation, which may be induced by the
combined effects of asymmetric lithium ux and thin-wall
feature. This result indicated that a hollow structure with t/R ¼
0.23 can avoid fracture at appropriate lithiation depth, and
enhance the utilization of active materials.

When galvanostatically discharging at the same current
density, fracture occurred in the silicon micropillars with the
thickness–radius ratios t/R ¼ 1, 0.70 and 0.45. The analysis and
statistics of fracture behavior are shown in Fig. 5 (the case t/R ¼
0.23 was not discussed here due to no obvious fracture). The
lithiation time of initial fracture and the corresponding relative
depth of lithiation increased with the decreased thickness–
radius ratio (Fig. 5a). The former was obtained through the
analysis of optical images and discharging data, while the latter
was based on discharging data collected by using a charging–
discharging electrochemical system (details discussed in the
caption of Fig. S3†). Thus, isometric-hollow structures can delay
the initial fracture and enhance the utilization of active mate-
rials. In addition, with the above mentioned FEM, these three
types of congurations were simulated (more details in ESI Note
S1†). The setting parameters and assumptions are identical to
those in the previous section. Based on the experimental
observation that the lithiation rate at the inner surface was
slower than that at the outside surface, the rate of the moving
temperature eld at the outside surface is larger than that at the
inner surface. Through the FEM simulation, the anisotropic
deformation is in good agreement with the experimental
observation. From the equivalent plastic strain (PEEQ) contour,
the location of the PEEQ concentration is consistent with the
initial crack location (Fig. 5c and d). Fig. 5b shows the PEEQ
distribution along the (1 1 2) crystal orientation between the
neighboring {1 1 0} surfaces. The maximum of PEEQ decreases
as the thickness–radius ratio reduces, which accordingly
diminishes the fracture risk, in agreement with the conse-
quences obtained from Fig. 5a. Despite the presence of fracture
behavior for the single-crystalline silicon micropillars with
a relatively large thickness–radius ratio (e.g. t/R > 0.45), crack
initiation can be delayed, and hollow structures can also
increase active material utilization. Moreover, thin-wall micro-
electrodes may avoid fracture during the rst deep lithiation
(e.g. t/R ¼ 0.23 in this work).

One of the design rules for ring-shaped single-crystalline
silicon micropillars aims at enhancing the capability of allevi-
ating fracture (CAF) in order to realize combined functions of
mechanical integrity and highmaterial utilization. Based on the
experimental observation, FEM simulation and theoretical
analysis, the relationship between CAF and design parameter t/
R is summarized in Fig. 6. According to the experimental
observation aer rst lithiation, a smaller thickness–radius
ratio had an advantage of higher capability to alleviate the
fracture because of a slower approach to the critical PEEQ
(Fig. 6a). The critical PEEQ is hypothetical (because of no
J. Mater. Chem. A, 2017, 5, 12793–12802 | 12797
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Fig. 4 Top-view SEM images of single-crystalline (1 1 1) silicon electrodes with different thickness–radius ratios before lithiation (a–d) and after
lithiation (e–h). Galvanostatic discharge (lithiation) current density is 450 mA cm�2 above 0.1 V, and then galvanostatic discharge is set to be 150
mA cm�2 for 8 hours. The scale bars are 10 mm. Plots of voltage vs. lithiation time for silicon electrodes with (i) t/R¼ 1, (g) t/R¼ 0.70, (j) t/R¼ 0.45,
(l) t/R¼ 0.23 reflecting three typical lithiation stages. The first stage is the expansion process before crack initiation; the second stage reflects the
crack initiation process due to the excess lithium insertion; the third stage represents the crack propagation process. The scale bars in inserted
optical graphs are 5 mm.
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experimental data) and relatively conservative (due to crack
initiation below this critical PEEQ). The CAF is benchmarked
against the normalized lithiation time of initial fracture,
dened as s* ¼ Ti/Tt/R¼1, below which no cracks are generated.
Ti is the lithiation time of initial fracture of electrodes with
different t/R, while Tt/R¼1 is the lithiation time of initial fracture
of electrodes with t/R ¼ 1. The time when the PEEQ value
approaches the hypothetical critical PEEQ is dened as the
12798 | J. Mater. Chem. A, 2017, 5, 12793–12802
lithiation time of initial fracture in the simulation. Surprisingly,
the tendency of CAF based on the conservative critical PEEQ is
in good agreement with experimental results under the experi-
mental limitation in this work, which provides a design rule to
enhance the fracture resistance of single-crystalline silicon
micropillars. Here, there is no or slighter enhancement of CAF
when the inner radius is small (i.e. t/R approaches to 1), which
can be explained by the stress analysis for thick-wall electrodes.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Column chart of the lithiation time of initial fracture and the relative depth of lithiation. The galvanostatic current density is consistent
with that in Fig. 4. (b) PEEQ values at different location r/R along the radial direction (i.e. along the direction of the blue arrow in the inserted
graph) for different ratios of t/R obtained by finite element analyses; the dimensionless time is s ¼ 0.3. The corresponding PEEQ cloud images of
finite element analyses with (c) t/R ¼ 0.70 and (d) t/R ¼ 0.45 at s ¼ 0.3.
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The hoop stress for thick-wall electrodes and solid ones in the a-
Si can be given in the same formula,38

sq ¼ 2
ffiffiffi

3
p Y logðr=roÞ þ 2

ffiffiffi

3
p Y ðA\r\roÞ (1)

where ro is the current outside radius, and A is the location of
the a-Si/c-Si interface. Thus, the CRF in this case has no
difference during lithiation at the same current density. The
CAF of moderate thick-walls (e.g. t/R¼ 0.70 and t/R¼ 0.45) has
a greater improvement due to larger space to accommodate
the volume change. For thin-wall electrodes with t/R below
a threshold value (e.g. t/R ¼ 0.23), CAF is distinctly enhanced
to avoid fracture during the rst lithiation (even nearly full
lithiation). Note that the structural distortion may occur
under over-discharge (over-lithiation) for the thin-wall elec-
trodes. Consequently, alleviation of fracture can be achieved
in the micron-sized single-crystalline silicon electrodes, under
the rules of structure designs or controlling the lithiation
depth.
This journal is © The Royal Society of Chemistry 2017
Anisometric geometry for enhanced electrochemical
performance

The strain or stress concentration during lithium insertion into
the silicon electrodes is attributed to the anisotropic deformation
along the different crystalline orientations (e.g. six locations at
the outside surface between neighboring two {1 1 0} crystal
planes for (1 1 1) c-Si in Fig. S4a†), which inspires a novel design
strategy that gives the slow moving orientation larger dimen-
sions, and thus the anisotropy seems to be more uniform in
volume changes for alleviating the strain concentration. In the
previous work by An et al., anisometric morphologies of the solid
c-Si structures were designed and simulated by FEM to manifest
the mitigation of lithiation-induced fracture.35 However, the
serious fracture issue still occurred in the anisometric solid c-Si
electrodes. Therefore, anisometric-hollow single-crystalline
silicon arrays with hexagonal prism microstructures were
designed and fabricated in this work (Fig. 2c and S4b†). Inter-
estingly, the anisometric hollow c-Si conguration exhibited to
J. Mater. Chem. A, 2017, 5, 12793–12802 | 12799
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counteract the anisotropy during partial lithiation (Fig. 7a and b).
The kinetic deformation behaviour of the anisometric-hollow
electrodes was also investigated by in situ OM under the same
electrochemical conditions, which showed no obvious fracture
except for larger structural distortion. This result indicates that c-
Si electrodes with anisometric structures are helpful to alleviate
fracture and reduce the capacity loss due to the mechanical
stability. In order to compare the electrochemical properties
Fig. 6 (a) Plots of PEEQ vs. lithiation dimensionless time s obtained by
the FEM simulation. Here, the PEEQ of a smaller thickness–radius ratio
t/R is more delayed in reaching the hypothetical critical PEEQ below
which no cracks occur. (b) Capability to alleviate fracture (CAF) vs.
thickness–radius t/R during first lithiation for single-crystalline silicon
micropillars based on experimental observations (Fig. 5), simulated
results (a). Here, CAF is defined as the normalized lithiation time of
initial fracture (s*¼ Ti/Tt/R¼1) belowwhich no cracks can be generated.
Ti is the lithiation time of initial fracture of electrodes with different t/R
values, while Tt/R¼1 is the lithiation time of initial fracture of electrodes
with t/R ¼ 1. The lithiation time of initial fracture in simulated results is
when the PEEQ value is up to the hypothetical critical PEEQ (a). The
tendency of CAF according to the conservative critical PEEQ is in good
agreement with experimental results under experimental limitations in
this work. Here, the magenta line is an inferred line based on the
experimental observation of electrodes with t/R ¼ 0.23.

Fig. 7 SEM images of single-crystalline silicon micropillars with
hexagonal prism structures (a) before lithiation and (b) after lithiation at
150 mA cm�2 for 5 hours. The anisometric parameter is defined as l ¼
a/b (inserted graph in figure). The parameter l changes to 1.17–1.33
from l ¼ 0.66 after lithiation, which confirmed that anisometric
structures circumvented the anisotropy. Here, the scale bars are 10 mm
(a and b). (c) Charge (delithiation) capacity (GCC) and relative
coulombic efficiency (CE) of anisometric electrodes and isometric
electrodes with t/R ¼ 0.23 galvanostatic discharge/charge cycled at
the same current density demonstrated better electrochemical
properties than solid structures. The relative CE is defined as the
computed CE divided by CE of solid electrodes at each cycle (i.e.CE of
solid electrodes is deemed to a basis). Top-view SEM images of (d)
solid electrodes and (e) anisometric hollow electrodes after the three
cycles. Here, the scale bars are 200 mm (d and e).

12800 | J. Mater. Chem. A, 2017, 5, 12793–12802 This journal is © The Royal Society of Chemistry 2017
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(solid electrodes, isometric-hollow ones with t/R ¼ 0.23 and
anisometric hollow ones), galvanostatic charge (delithiation)
capacity and coulombic efficiency of these electrodes are plotted
in Fig. 7c for the rst three cycles. The anisometric hollow single-
crystalline silicon electrodes had the largest galvanostatic charge
capacity and highest coulombic efficiency at the rst charge/
discharge cycle, which is attributed to the alleviation of the strain
concentration and maintenance of the mechanical integrity (ESI
Movie S8†). The isometric hollow electrodes with t/R ¼ 0.23 had
greater electrochemical properties than solid electrodes, which
was consistent with the analysis of fracture behavior in the
previous section. It is noticeable that anisometric and isometric
electrodes suffered from extreme over-discharge (lithiation)
conditions, especially aer the rst cycle, because the silicon
substrate (the part under the etching micropillars) was accom-
panied by serious lithiation and delithiation (Fig. S5†). However,
under severe electrochemical conditions, the anisometric and
isometric hollow c-Si electrodes still showed much enhanced
coulombic efficiency. Therefore, the strategy of migrating the
fracture behavior by geometric design is valid for micron-sized
single-crystalline silicon electrodes. Additionally, the morpho-
logical changes aer three charging/discharging cycles were
probed by SEM (Fig. 7d and e). A larger fraction of solid c-Si
micropillars were delaminated from the substrate, while abun-
dant lithium-silicide phases were detached from the micropillars
(ESI Movie S6†), which leads to lower capacity retention, ineffi-
cient utilization of active materials and poor coulombic effi-
ciency. In the contrary, the isometric electrode with t/R ¼ 0.23
and the anisometric electrode had very few micropillars
delaminated from the substrate. The volume shrinkage of these
two structures during delithiation was observed in ESI Movies S7
and S8†. Therefore, higher coulombic efficiency was attributed to
the less irreversible capacity loss and higher mechanical integ-
rity. Consequently, geometric design that enables to alleviate the
strain concentration due to anisotropic deformation provides
a new strategy to fabricate more durable single-crystalline silicon
electrodes.

Conclusion

In summary, the fracture behavior of a single-crystalline silicon
electrode with micropillar arrays was investigated by using an in
situ optical microscope. The whole processes of anisotropic
volume expansion, crack initiation, crack penetration, crack
deection and delamination at the a-Si/c-Si interface are
observed. With analysis by experiment and simulation, the
results suggest that the anisometric design has a signicant
impact on the mechanical integration and electrochemical
performance of the silicon electrode arrays, which highlights
a novel platform for rationally designing high-performance
micron-size silicon anodes for LIBs.
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