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a b s t r a c t

The application of silicon (Si) as potential anode material in Li-ion batteries provides a more than nine-
fold increase in gravimetric storage capacity compared to conventional graphite anodes. However, full
lithiation of Si induces the volume to increase by approximately 300%. Such enormous volume expansion
causes large mechanical stress, resulting in non-elastic deformation and crack formation. This ultimately
leads to anode failure and strong decrease in cycle life. This problem can be resolved by making use of
structured anodes with small dimensions. Particularly honeycomb-shaped microstructures turned out to
be beneficial in this respect. In the present paper, finite element modeling was applied to describe the
experimentally observed mechanical deformation of honeycomb-structured Si anodes upon lithiation. A
close agreement between simulated and experimentally observed shape changes is observed in all cases.
The predictive ability of the model was further exploited by investigating alternative geometries, such
as square-based microstructure. Strikingly, dimension and pattern optimization shows that the stress
levels can be reduced even below the yield strength,whilemaintaining the footprint-area-specific storage
capacity of themicrostructures. The pure elastic deformation is highly beneficial for the fatigue resistance
of optimized silicon structures. The obtained results are directly applicable for other (de)lithiating
materials, such as mixed ionic–electronic conductors (MIEC) widely applied in Li-ion and future Na-ion
batteries.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays the application area of rechargeable Li-ion batteries
expands rapidly. On the one hand,microelectronic sensors demand
micro-size batteries while, on the other hand, automotive applica-
tions and residential storage require battery packs on the kWh and
even MWh scale. Silicon is an interesting anode material for Li-ion
batteries because of its high storage capacity and fast charge trans-
fer kinetics. Though the development of Si-based anode materials
started already some while ago, considerable challenges are still
lying ahead.

Silicon shows huge volume changes during charging (lithia-
tion) and discharging (delithiation). Consequently, the Si anodes
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experience fast degradation during cycling [1,2]. Nano-structuring
has fairly been considered as a perspective way to improve the
cycling life of Si electrodes [3–5]. The simplest way to nano-
structure electrodes is in thin films. The cycling performance of Si
thin film anodes is good, but the storage capacity per footprint area
is rather low [6]. To increase this storage capacity per footprint
unit, 3D geometries can be applied, e.g. in the form of trenches,
pillars and nanowires [7]. Three-dimensional structuring leads to
large improvements in storage capacity. However, the stability of
materials remains a challenge. To improve the cycling stability
new, more robust, 3D architectures have to be developed.

Honeycomb structures have excellent mechanical properties
and are widely applied in many constructions from the middle of
the XX century onwards [8]. Honeycomb Si structures for Li-ion
battery applications have been manufactured and electrochem-
ically investigated, revealing remarkable ordered morphological
changes during reversible (de)lithiation (Fig. 1(a)) [9]. These mi-
crostructures may form the basis for the development of new 3D
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Fig. 1. (a) Morphology of honeycomb-structured Si anode before lithiation (left) and after lithiation (right) observed in experiments [9]; (b) overlay of experimental and
simulated (red) cell patterns: lithium loading of 45% (left) and 80% (right). (For interpretation of the references to color in this figure, the reader is referred to the web version
of this article.)

Li-ion battery concepts. The mechanical behavior of honeycomb-
structured electrodes is therefore interesting and scientifically
challenging to investigate in more detail.

In the present paper a finite element approach is used to model
the deflection of honeycomb-structured Si upon (de)lithiation. The
stresses and strains were calculated, taking the dimensions of
honeycomb cells and charging conditions identical to those used
in the experiments described before [9]. Subsequently, the original
honeycomb geometry was optimized to reduce stress levels and
eliminate plastic deformation. In addition, a new square-based
geometry was proposed and analyzed. The modeling results are
compared with experimental data from literature.

2. Theoretical background

The driving force for swelling and deflection of Si-based an-
odes is the insertion of Li-ions into the Si matrix. Li insertion
was modeled as a diffusional flow through the free surface of
the honeycomb cells. The further Li storage into the Si matrix
and related concentration rise has been modeled by Fick’s law,
using a diffusion coefficient of 5.1 · 10−4 µm2s−1 [10]. Isotropic Si
behavior has been assumed. The development of Li-induced linear
strain has been described by the linear function eLi = βLi · CLi
[11,12], where eLi is the Li-induced Hencky (logarithmic) strain,
βLi is the coefficient of linear expansion and CLi is the normalized
Li-molar concentration defined as CLi = x/xmax. xmax = 3.75 is
the maximal molar amount of Li, which can be stored per mole of
Si in the reported Li3.75Si phase [6]. Accordingly, CLi ranges from
0 before charging to 1 for fully charged anodes. The coefficient
βLi was determined by formula βLi = eLi = 1/3 · ln(VLi/V0),
where V0 and VLi denote the volume of the Si structure before
lithiation and after full lithiation when CLi = 1.0. Taking into
account the experimentally observed ratio VLi/V0 = 3.8 [13], the

value of βLi = 0.445 was found. The elastoplastic behavior of Si
was assumed and an incremental approach was implemented in
the structural part of the model. Thus, the total strain increment
(de) was defined as the sum of Li-induced (deLi), elastic (dee) and
plastic (dep) strain increments, i.e. de = deLi + dee + dep. The
Young’s modulus (E) and Poisson ratio (ν) are required to calculate
dee by Hooke’s law. According to theoretical considerations and
experimental observations, the Young’s modulus decreases with
increasing Li concentration [14,15]. The linear relationship for the
Young’s modulus E = 90 − 78 · CLi [GPa] was used based on a
previous experimental study on Li–Si thin films [15]. The Poisson
ratio is weakly affected by the Li content [14]. Therefore, a constant
value of ν = 0.28 was used in the present work. Information on
the inelastic behavior of lithiated Si is still limited. It is known that
with increasing Li concentration, Si exhibits a brittle-to-ductile
transition and a reduction in hardness and strength [16,17]. Both
the strength and ductility are strongly affected by the method of
material synthesis, obtained microstructure and the presence of
defects. In addition, experimental data show a large scattering,
even for the same material [16]. In this work we used a linear
dependence of the yield strength (σY ) on the Li concentration,
given by σY = 7.2−5.7 ·CLi [GPa]. This is in line with themodeling
results obtained by density function theory [17]. Similar results
were reported by first principles theoretical studies and molecular
dynamics calculations [18,19]. Using the frequently reported lower
values for the Si yield strength [16,20], considerable differences
between the modeled and experimentally observed shape of hon-
eycomb cell (e.g. the wall buckling) were found. Perfectly plastic
behavior or even softening of lithiated Si was previously theoreti-
cally predicted and confirmed by experiments [16–19]. Therefore,
the model of a perfectly plastic behavior of Si has been adopted
in the present work. The identical yield strength in tension and
compression was assumed.
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Fig. 2. Modeled evolution of a honeycomb cell with increasing lithium concentration, indicated by the numbers.

3. Modeling

3.1. Procedure

Themodelwas numerically implemented in ANSYS R⃝ 15.0 finite
element software (ANSYS Inc., Canonsburg, USA) as an APDL code.
The reference honeycombmicrostructure with a distance between
two vertexes of L = 2.9 µm, wall thickness of t = 0.25 µm and
wall height of h = 1.1 µm was adopted from the experimental
work of Baggetto et al. [9]. The fillet radius between the walls was
taken r = 0.3L. Themicrostructurewas supposed to be inmechan-
ical and electrical sliding contact with the underlying conducting
substrate. The frictionless displacement has been assumed in view
of in-plane loading and smallweight of the honeycomb structure. A
single representative 2D honeycomb cell with symmetric periodic
boundary conditions has been used to model the whole structure.
The finite element modeling was based on PLANE 223 element
with structural–thermal–diffusional analysis capability. The free
meshing option was applied. The geometrical nonlinearity was
considered by NLGEOM, ON command. The accuracy in the deter-
mination of large deformations was ensured by the incremental
FEM approach and by the use of Hencky strain measure on each
increment. The formal analogy between thermal and diffusion
analysis has been applied to include the concentration dependence
of mechanical properties for lithiated silicon.

Galvanostatic chargingwith a current density of 75µAcm−2 ge-
ometric footprint area has been implemented from the experimen-
tal work [9]. Prescribed levels of lithiation have been simulated by
variation in charging time. During charging, lithium distribution
was found to some extent inhomogeneous, with higher concen-
trations in the honeycomb walls and lower concentrations around
vertexes. However, interrupting charging followed by a subse-
quent resting period of 1 hprovided fully uniformLi concentrations
throughout the entire honeycomb structure in all simulations.
The honeycomb- and square-shapedmicrostructures are therefore
compared after complete homogenization in Li distribution.

3.2. Results

The simulated evolution of honeycomb deformation upon lithi-
ation is presented in Fig. 2. The honeycomb structure shows an
ordered deformation pattern with an increasing degree of bending

as the Li amount is augmented. Opposite walls are displaced and
curved in the same direction avoidingmutual contact. The distance
between two neighboring vertexes was found unchanged. This
finding is confirmed by experimental observations. Geometrically
stable positions of the vertexes provide additional electrical con-
tacts between the honeycombs and the substrate.

The stress and total mechanical strain (demech
= dee + dep)

distribution across the honeycombwalls is typical for bendingwith
tension and compression regions and neutral axis as shown in
Fig. 3(a) and (b). The ductility in tension usually is significantly
lower than in compression. Therefore only tensile stress and strain
are further discussed. The maximal tensile stress and strain arise
on top of the deformed honeycomb walls. Initially, the lithiation
induces the elastic strain (Fig. 3(c)). The plastic strain arises at
Li content of about 0.3. During further lithiation, plastic strain
increases up to a value of 0.076 at a Li content of 0.8. During this
stage the elastic part of strain remains nearly constant. At larger
lithiation, an additional increase in elastic strain and unchanged
plastic strain occurs. Plastic strains are mainly localized in the cen-
tral part on both sides of the honeycombwalls as shown in Fig. 3(d).
However, due to localized position and relatively low magnitude,
they hardly influence the overall honeycomb configuration. The
shape of the bent walls approaches the segmental arch and is
mainly determined by the Li amount and the distance between
the two vertexes. Nevertheless, subsequent delithiation leads to
small residual distortion of the honeycomb walls, residual plastic
strain and residual stress in their central part (Fig. 3(d)). During
(de)lithiation cycling, the ductility of Si varies considerably [17].
The initial inelastic strains may therefore result in micro-cracks,
leading to a progressive increase in structural damage, thereby
shortening the lifetime of Si anodes [21]. It is worthwhile to note
that at lower yield strength than used in this study much larger
plastic deformations penetrating the walls are predicted. This re-
sults in sharp kinks and buckling of the honeycomb walls (Fig. S1).
The critical value of the maximal plastic strain was estimated to be
0.1.

4. Discussion

The overlay of observed and simulated honeycomb cells shows
good agreement between the theoretical and experimental results
for 45% and for the maximal achieved experimental Li concentra-
tion of 80% (Fig. 1(b)). Full lithiation up to CLi = 1.0 was not
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Fig. 3. (a)–(b) Distribution of equivalent stress, GPa (a) and equivalent strain (b) across the wall of a fully-lithiated honeycomb; (c) Modeled variation of the maximal elastic
(Eel) and plastic (Epl) strains, and their sum (Emech) in the honeycombswith increasing lithium concentration; (d) Modeled honeycomb cell after full lithiation and subsequent
full delithiation. The contours show the residual maximal plastic tensile strain.

Fig. 4. (a)Modeled and experimental displacement ofmiddle point of the honeycomb (HC)wall vs. Li concentration; (b) Evolution ofmaximal tensile stress during lithiation of
Siwith various cellular architectures; (c)–(d) Schematic representation of single cell geometries used to calculate the storage capacity per unit footprint area: (c) Honeycomb-
based microstructure; (d) Square-based microstructure.

reached in the experiments, likely due to the use of amorphous
hydrogenated Si as the starting material (α-Si:H), leading to the
formation of the LiH phase and solid electrolyte interphase (SEI),
thus increasing the losses in charging kinetics [9]. In order to
quantify the agreement between modeling and experiments, the
displacement at the middle point of six honeycomb walls was
determined with respect to their original location by scanning
electronmicroscopy. The simulated and experimental values show

good agreement for lithiation of 45% and 80% (round markers in
Fig. 4(a)).

Lithiation of honeycombs results not only in wall deflection but
also in bending stress in the honeycomb structure. The maximal
tensile stress arises on the surface bent outward and at the middle
point of its top outer edge (Fig. 3(a)). This stress is responsible for
the maximal tensile strain and fatigue life. We found that maximal
tensile stress (first principal stress) is nearly equal to the equivalent
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Fig. 5. Modeled evolution of a square Si-cell with increasing lithium content, indicated by the numbers.

(vonMises) stress. Thus, the stress state at this position approaches
uniaxial tension. The variation of the maximal tensile stress with
lithium content is presented in Fig. 4(b). Themaximal tensile stress
increases rapidly with growing Li content up to approximately
CLi = 0.2, which is followed by a slow decrease. This development
is the result of a decrease in Young’smodulus for Si with increasing
Li content. The effect of diminishing the Young’s modulus is to
some extent counterbalanced by the increase in stress due to the
growing volume expansion. At CLi = 0.3 themaximal tensile stress
reaches the current yield strength. During further lithiation up to
CLi = 0.8, this stress remains equal to the reducing yield strength
and correspondingly diminishes with increasing Li content. At
larger lithiation themaximal tensile stress becomes lower than the
yield strength, leading to only additional elastic deformation.

When the distance between neighboring vertexes doubles (2L)
the maximal tensile stress is reduced below the yield strength
during thewhole lithiation cycle. The deformation becomesmerely
elastic and fully reversible even after full loading up to CLi = 1.0
(green curve with round markers in Fig. 4(b)). Nearly the same
result is obtainedwhen the honeycombwall thickness decreases to
0.5t . Thus, similar to triangular cellular structures discussed before
[22], the thickness-over-length ratio (t/L) is a non-dimensional
decisive factor for stress and strain in a swelling honeycomb mi-
crostructure. A decrease in t/L value leads to a reduction in stress
and strain. Besides, a diminishing of t/L factor causes a propor-
tional reduction in the honeycomb footprint-area-specific storage
capacity (Sf .a.). The corresponding value has been estimated from
the elementarymodel of a single honeycombcell shown in Fig. 4(c).
The volume of silicon in a single honeycomb cell is determined by
VSi = 1.5 · (L + f ) · t · h, in which f = L − t/

√
3. The footprint

area of such a cell is equal to Af .a. = 1.5 ·
√
3 · L2. Thus, the storage

capacity per unit footprint area is calculated by Sf .a. = VSi/Af .a. =

1/3 · (2 ·
√
3 − t/L) · t/L · h · CSi where CSi = 8303 mAh cm−3

is the volumetric storage capacity of Si [6]. Thus, the reference
honeycomb structure is characterized by Sf .a. = 88.65 mAh cm−2.
Both structures with size of 2L and 0.5t yield a storage capacity
of Sf .a. = 44.89 mAh cm−2. The loss of nearly one half of the
footprint-area-specific storage capacity can be compensated by a
proportional increase in height of the honeycomb wall.

Another way of looking at the optimization of microstructured
Si is to use a shape deviating from the honeycombs. A more ef-
fective structure should provide a larger distance between two

adjacent vertexes than the honeycomb-based structure with the
same specific storage capacity per footprint-area. An interesting
optionwas argued to be the use of square-based Simicrostructures
as shown in Fig. 4(d). The perimeter-to-area ratio (r) for a square is
equal to r = 4 · L−1, where L is the distance between neighboring
vertexes. This ratio is much lower for honeycombs: r = 2.31 · L−1.
This implies that a higher footprint-area-specific storage capacity,
which is approximately proportional to r , can be achieved for the
square patterns at much larger distances between the adjacent
vertexes than in the case of the honeycomb configuration. As noted
above, an increase in distance L leads to a favorable decrease in
stress during lithiation.

In the present work, we modeled the lithiation of square-
structured Si with the same footprint-area coverage, footprint-
area specific storage capacity and wall height as for the reference
honeycomb-based microstructure. The area of a single square cell
is A = L2. This area is assumed to be equal to the area of a
reference honeycomb cell. This results in the distance between
two neighboring vertexes in the square-based structure of L =

4.674 µm. The volume of Si in a single square cell is given by
VSi = (L + f ) · t · h, with f = L − t . Correspondingly, the
storage capacity per unit of footprint area of square structures is
calculated as Sf .a = VSi/A = (2 − t/L) · t/L · h · CSi. As the height
of the walls and the footprint-area-specific storage capacity for
both square- and honeycomb-based microstructures are assumed
to be identical, this results in a wall thickness of the square cell
of t = 0.233 µm. Remarkably, our FEM modeling showed that
the maximal tensile stress in the square cell is much lower than
that in the basic honeycomb cell. This stress level is also always
below the yield strength of lithiated Si (Fig. 4(b)). Therefore, the
absence of plastic deformation during the lithiation of a square-
based microstructure can be expected. The disadvantage of square
patterns is the large wall displacement, leading to collisions of the
opposite walls at Li contents slightly above 80% as shown in Fig. 5.
This value refers to the maximal allowable Li content, which can
be stored in square-structured Si, which is not a severe limitation
due to the high storage capacity of Si. The detailed development of
the square-patterned Si microstructure during lithiation is shown
in Fig. 5.

5. Conclusions

A finite element model is presented to describe the mechan-
ical behavior of micro-structured Si electrodes upon Li-storage.
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The model is based on a coupled structural–diffusional analy-
sis of elastoplastic deformation and reveals an excellent capa-
bility to predict the large patterned deflection of honeycomb-
structured Si. The stress distribution in the severely deformed
honeycombwall is typical for bending and approaches the uniaxial
tension/compression state. It was found that with the rise in Li
content, the maximal tensile stress at the top of the honeycomb
wall first rapidly grows and then diminishes due to the decrease
in elastic modulus and yield strength with increasing Li content in
Si. Depending on the cell design and material properties, plastic
deformation can occur. At high Li content, large plastic strain
can significantly influence the geometry of the honeycomb wall,
leading to wall buckling and structural collapse. The maximal
stress at the top of the wall and associated plastic strain can be
reduced by decreasing the honeycomb wall thickness-to-length
ratio. At the same time, the footprint-specific storage capacity of
the honeycomb-based cell decreases almost proportionally with
reduction of this ratio. The increase in thewall height can compen-
sate this loss in storage capacity. An alternativeway to decrease the
maximal tensile stress in structured Si is the use of square patterns.
However, in this case only approximately 80% Li loading can be
allowed due to the large wall displacement, inevitably leading
to collisions at higher Li content. This modeling approach can be
directly applied to other diffusional processes, which are accom-
panied with a large volumetric expansion of the host material. The
developed finite element method and the used ANSYS R⃝ software
are shown to be very suitable to simulate the large deformation of
ordered, patterned microstructures under extreme conditions.

Appendix A. Supplementary data

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.eml.2017.05.001.
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