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A B S T R A C T

Silicon microwires as anodes for Li-ion batteries may show good cycling performance over 100 cycles as
anodes for Lithium ion batteries without significant capacity losses. The life time of the anode, however,
strongly depends on the way the battery is charged. Overcharging or undercharging may have severe
negative consequences. This paper studies with the study of the operational voltage range of Si microwire
anodes and its dependence on the dimensions of the wires. Cyclic voltammetry is used to identify the
potentials for the different lithiation/delithiation events, while a modified cyclic voltammetry technique
is used to study the dynamics of those processes. Specially prepared anodes with Si wires of different
lengths and widths were used for the study.
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1. Introduction

Graphite is the most commonly used anode material for Li ion
batteries due to its low cost and large cycle life, although it presents
low capacities of around 370 mAh/g [1,2]. Nevertheless, this
capacity is not enough to satisfy the demands for higher capacity
of several applications. Besides being able to store large amounts of
charge, the anode has to withstand many cycles without being
damaged. Silicon, offering the highest gravimetric capacity for
anode materials, of 4200 mAh/g pulverizes when used in bulk state
due to volume expansions during cycling. However, if it is micro-/
nano-structured, it can withstand large volume changes during
lithiation/delithiation [3–5]. In particular, Si microwire array
anodes with wires of 1 mm in diameter have shown exceptionally
good performance [6,7]. To achieve this performance, it is
important to charge the batteries in the correct potential range.

Charging outside the proper operating range of the battery
produces large leakage currents that may lead to temperature
increase inside the battery, producing electrolyte decomposition or
an explosion of the battery in the worst case [1,8]. On the other
hand, Li-ion batteries in general suffer from memory effects, which
occur when a battery is charged within its voltage limits but in a
smaller voltage range. The system remembers the smaller limits
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and for the next charging cycles it can only be charged to these
limits [1], decreasing the usable capacity. All these factors affect
the life time of a battery. Therefore, it is important to find the
correct potential limits of the Si microwire anode.

It can be deduced from different reports of electrode materials
that the lithiation and delithiation voltages depend on the size and
geometry of the anode itself [9–13]. For example, for Si wires
thinner than 100 nm, the potential of fully lithiated wires is in the
range of 50 mV to 70 mV vs. Li/Li+ [9–12]. On the other hand, if the
wires are thicker than 100 nm, a shift to higher potentials has been
observed [11]. Up to now, no research has fully clarified how the
dimensions of the electrodes affect the lithiation/delithiation
potentials. In order to determine if variations of the size of the Si
microwires induce a voltage shift in the lithiation or delithiation
process, the diameter as well as the length of the wires have been
varied in this work, and have been tested by cyclic voltammetry. To
reduce the resistances outside the wires and to minimize process
differences (e.g. during deposition of the current collector), they
have been tested in a paste electrode configuration, with a large
amunt of conductive carbon. Compared to the highly-ordered array
anodes without any additives, paste electrodes as used in this
study show a ten times lower capacity when cycled under same
conditions. However, the objective of the work is not to present top
performing anodes, but to study some phenomena occurring in Si
wires using cyclic voltammetry. This technique is the method of
choice in this paper to estimate the size dependency. Additionally,
the current relaxation in the anode is studied with a special

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2016.09.088&domain=pdf
mailto:sn@tf.uni-kiel.de
mailto:equiroga@ieee.org
mailto:jc@tf.uni-kiel.de
mailto:hf@tf.uni-kiel.de
http://dx.doi.org/10.1016/j.electacta.2016.09.088
http://dx.doi.org/10.1016/j.electacta.2016.09.088
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


Fig. 2. Examples of wires with different thickness and length: Wires of a. and b.
have the same length of around 60 mm, and widths of 1.6 and 1.4 mm, respectively.
The wires of c. and d. have the same thickness of 1.4 mm, but different lengths of 46
and 36 mm, respectively.

284 S. Hansen et al. / Electrochimica Acta 217 (2016) 283–291
voltammetry method to determine the lithiation/delithiation
kinetics in relation to the size of the wires.

2. Experimental Details

The preparation of the Si microwires consists of a two-step
process starting with a pre-structured (100) p-type Si wafer with a
resistivity of 15–25 Vcm. The finished, pre-structured pattern on
the wafer is a quadratic array of inverted quadratic pyramids, with
a pitch of 3 mm; for details about pre-structuring see [3,14]. The
first step of the fabrication process is the electrochemical etching
of macropores (Fig. 1a-c). Fig. 1 shows a schematic of the process to
produce Si microwires, step by step, beginning with pre-
structuring of Si substrates.

The pores grow at the pits of the pyramids due to sharp tips
increasing the probability of nucleation at those points, as
described by the current burst model (see Fig. 1c-d) [15]. The
process is temperature controlled at 18 �C. The mixed aqueous and
organic electrolyte allows to control the pore diameter modulation
as well as the pore wall passivation, which is necessary to fine
control the wire thickness of the wires. By adjusting the current
density during electrochemical etching and due to the addition of
PEG into the electrolyte, the pores can be modulated [3,16]. The
etching current profile was optimized to get a homogeneous pore
diameter along the length of the pores. Depending on the current
profile, different pore lengths (translated in different wire lengths
at the end of the process) can be obtained. The second step is a
chemical over-etching process of the pore walls in an aqueous low
concentrated KOH-based solution at 50 �C (Fig. 1e). After this
process the Si microwires are obtained. Depending on the etching
time, wires with different thicknesses can be prepared.

For the voltammetric studies two sets of Si microwires were
produced: a) wires 60 mm long with thicknesses of 1.8 mm, 1.6 mm,
1.4 mm, 1.2 mm; b) wires 1.4 mm thick with lengths of 75 mm,
60 mm, 46 mm, 36 mm.

Examples of the produced wires with different thicknesses and
lengths are shown in the SEM images in Fig. 2.

Fig. 2a and b show wire arrays with two different thicknesses of
1.4 and 1.6 mm at a fixed length of 60 mm. In the figure, the wires
Fig.1. Schematic of the fabrication steps of the Si microwires. a. It shows the pre-structur
chemical pre-structuring process which are a requirement for the essential macropore etc
etching step, the interstices between the pores is dissolved and the wires remain free-
are still attached to the Si substrate. The wires show two diameter
modulations which are used as diffusional barrier and to stabilize
the diameter. Fig. 2c and d show wires with different lengths, but
with the same thickness, in order to systematically investigate the
influence of the thickness and the length of the Si microwires on
the peak potentials and with it on the voltage limits during cycling
experiments. With this electrochemical etching method, highly
reproducible and reliable anodes were produced, by step-by-step
adapting thickness or length of the wires.
ing via lithography with a highly ordered pattern. b. and c. It includes the dry and wet
hing step. The essential macropore step is shown in d in a top view. During the over-
standing.
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Battery cycling experiments with Si microwire anodes con-
nected to a copper plate indicate a good cycling stability but
experience noticeable ohmic losses along the wires [7,17]. Paste
electrodes are used in this study to avoid the series resistance
limitations and ohmic losses, allowing to test the intrinsic
properties of the wires inside the anodes. The paste electrodes
consist of an equal amount of Si microwires (active material) and
carbon black (CB, conducting agent) in a proportion 45 wt.%: 45 wt.
%. Fig. 3a and b show SEM images and the corresponding EDX
analysis for the paste electrodes containing Si microwires. The
images show how the wires are embedded and contacted with the
CB particles which form a high percolating network around the
wires.
Fig. 3. SEM and EDX analysis of Si Paste anodes. a. – b. The SEM images show how the Si m
Corresponding EDX maps showing the components of the paste, silicon and carbon (so

Fig. 4. a. Voltammograms of paste anodes with different concentrations of carbon black
paste is limited when increasing the amount of carbon black particles. b. Voltammogram
the behavior of a capacitor.
Although the amount of the carbon is rather high, the carbon is
electrochemically inert. The carbon in this paste is not lithiating or
taking up Li+-ions. Its only function is to enhance the conductivity
of the paste and reduce the ohmic losses. In order to exclude that
the CB takes part in the reaction between the Li ion and the Si
microwires, anodes without Si microwires (only CB and binder are
present) are tested as reference, as seen in Fig. 4b. The cyclic
voltammetry measurements showed no phase transformations
between CB and the Li atoms, indicating a “normal” charging
behavior of a capacitor (see Fig. 4b). The results were compared to
those ones with only binder (not shown here). They show all the
same results, with small differences given by the dielectric
constant of the material between plates.
icrowires are embedded and surrounded by the sperical carbon black particles. c. – d.
dium from the cellulose is negligible).

. The adhesion to the current collector is enhanced and the segregation within the
s of electrodes without Si microwires (with only CB and CMC). The curve resembles



Fig. 5. Profile for the modified cyclic voltammogram for studying relaxation
processes. a. The figure shows the constant steps at the peak positions and at two
additional positions where no peaks are present. Estart and Eend indicate the starting
and end potential of the scans, respectively. For reference, the length of the constant
voltage steps is 5 min., b. The figure shows a typical current-time profile where the
peaks indicate phase transformations The dashed lines indicate where the constant
steps are applied.
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Impedance spectroscopy data show that the only function of
the carbon black is to enhance the conductivity and to facilitate the
binding between CMC and silicon [18–22]. High amounts of carbon
black as conducting agents should enhance the conductivity of the
percolating network around and between the silicon wires.
Furthermore, the high amount reduces the extend of volume
expansion during lithiation. Reducing the carbon black to only
17 wt.% (Fig. 4a), the mixing and electrochemical properties
change. High amounts of conductive additives have the advantage
to form a percolating network around the silicon wires without
loosing the contact to the silicon during volume expansion, and
enable the possibility that all of the silicon wires are contacted to
the current collector. In samples with lower amounts of CB the
electric contact to the Si microwires could be lost. It is clear that
commercial electrodes maximize the amount of active material,
minimizing the amounts of conductive additives and binders to
reduce weight. The purpose of the test electrodes fabricated in this
work is specifially the characterization of the active material and
not of the electrode performance [19].

The remaining 10 wt.% is of sodium carboxymethylcellulose
(CMC), which was used as binder. As Obrovac et al. and Cerbelaut
et al. stated, the right choice of binder material could not only
influence the battery performance but also affect the interaction
between the active material and the conductive carbon [19–22].
The binder in paste electrodes has a large influence on the
electrochemical diffusion and kinetics. Additional Fast-Fourier-
Transform Impedance Spectroscopy measurements (not shown
here, published elsewhere) indicated that the type of binder
influences the segregation of the paste during lithiation and
delithiation, possibly hindering the kinetics inside the paste. Once
the wires are embedded in the paste with CMC around them, they
expand during lithiation, shifting the conducting material. Upon
delithiation, the silicon material shrinks back, moving CB back.
This depends on the elastic constant of the binder material. The
cellulose needs more time to reconnect to the active material,
leaving behind non-connected material which superimpose
diffusional losses on the system. The advantage of CMC, as in
the case of this study, is that it chemically binds on the silicon
surface in form of bridges or springs [21,23–27]. It can accom-
modates stresses during lithiation/delithiation better than other
binders. Without the chemical adsorption to silicon, as is the case
of PVDF [23,28], it comes to a complete segregation inside the
paste. This is also caused by the change in elastic properties of that
type of binder upon cycling.

Si microwires, CB, and CMC were mixed with water droplets in a
mortar to enable a homogeneous mixture. The paste was then
coated on a Cu current collector. Fig. 3 shows an example of the
paste anode produced. As can be seen in Fig. 3, the carbon black is
contacted equally from the sides to the Si microwires. On the top of
the wires, small fibres, known as the CMC material, can be seen.

Prior to assembly in an Ar filled glove box, the anodes were
dried at 85 �C for 10 h under vacuum. The Si anodes were tested in
half cells with electrolyte LP 30 (11.80 wt.% LiPF6 in ethylene
carbonate and dimethyl carbonate (1:1), BASF) and glass fiber
separators of Whatman, with a pore size of 1.5 mm and a thickness
of 1305 mm. A Li metal foil with a thickness of around 2 mm was
used as counter and reference electrode.

The voltammetry measurements were performed with a
potentiostat from ET & TE GmbH. All the measurements were
performed at room temperature. These experiments were done
over five cycles with a voltage sweep rate of 0.1 mVs�1 in the
voltage range from 1 V to 0.02 V to prevent lithium plating (see the
voltammogram of Fig. 6). The inset in the voltammogram shows a
typical potentiostatic profile where the typical scan is shown
between the voltage limits.
Additionally, to get information about the lithiation/delithia-
tion time constants, a modified cyclic voltammetry profile was
used. For these experiments, the parameters like voltage range as
well as the sweep rate of 0.1 mVs�1 remained the same. The slow
sweep rate was chosen to establish an electrochemical equilibrium
between the active species. Increasing the sweep rate would
increase the displacement current (current caused by a double
layer capacitor charging) making the identification of the peaks
attributed to phase transformations much more difficult. Fig. 5
shows the applied potential with the modified constant voltage
steps. Above that applied potential, a typical current-time profile of
a voltammogram is shown. The dashed lines indicate where the
constant steps were initiated/applied (correlation to the voltam-
mogram). The time for the constant steps is relatively short to
minimize changes in the state of charge (SOC), but long enough to
appreciate the shape of the current decay (here 5 minutes, see
Fig. 5). Experiments showed that longer constant steps shift the
SOC too much, influencing the peak potentials. If the voltage is held
constant for longer times, the SOC of the battery dramatically
changes and the voltammetric peaks can be shifted. As indicated in
Fig. 5 with red circles, besides keeping the potential constant at the
four peak positions, it was also kept constant at 0.8 V during the
reverse scan and at 0.170 V during the forward scan. The two
additional steps are applied to differentiate between the charge
transport mechanisms at the potentials of the peaks (see Fig. 5),
and the capacitive charging effects in forward and reverse voltage
sweeps. A typical result of such a modified step voltammogram
could be seen in Fig. 11. The aim of this kind of experiments is the
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analysis of the diffusional behavior of the Li+-ions when
incorporating into the Si anode. In contrast to “normal” voltam-
metric measurements, modified “step” voltammetry enables the
possibility to distinguish the relaxation times, also depending on
the geometry.

3. Results and Discussion

Cyclic voltammetry is a potentiostatic method commonly used
to analyze the charging/discharging mechanisms of electrodes for
Li-ion batteries [29–31]. The peaks occurring during these
measurements represent (possible) phase transformations, redox
reactions with the electrodes, or, as in the case of the present study,
formation of alloys of Li with the electrode components [29,30]. A
typical cyclic voltammogram obtained by analyzing the samples of
the present study is shown in Fig. 6. It shows four peaks; two
lithiation and two delithiation peaks at different potentials. The
inset in the figure shows the applied potential scan. As discussed
above, the voltage sweep rate is slow to allow recording peak
potential changes. The incorporation of Li+-ions is a fully reversible
two-step process. When the measurement starts, the (crystalline)
Si anode contains no lithium, which gets incorporated with the
ongoing measurement.

The first lithiation peak (Peak 1) represents the partial lithiation
of Si leading to amorphous Li13Si4 alloys [6,10,11]. Further lithiation
(going to reduced potentials) leads to the fully lithiated phase
Li22Si5, represented by Peak 2 [11], (althought there is a bit
controversy about the real composition of this phase). Obrovac
et al. reported that this fully lithiated phase has the composition of
Li15Si4 [5,10], but the investigations of other authors confirm the
existance of Li22Si5 [11,32]. In fact, for wires of around 1 mm in
diameter, as is the range of the wires of the present work, the
formation of Li22Si5 was shown by XRD [6].

For the delithiation, the reverse process occurs. First the
incorporated Li+-ions are partially removed to the LixSiy phase
(Peak 3) [6,10,11] and then fully delithiated Si is obtained (Peak 4)
[11].

3.1. Potentials for lithiation and delithiation

Fig. 7 shows the peak positions obtained by cyclic voltammetry
for the lithiation and delithiation (cycle number 3) for different
wire lengths, versus Li. The potentials can be translated into
voltage drops DV, that are the differences between the potential of
the peaks and the initial potential for the voltage sweep. For the
lithiation process, DV can be calculated as DV = open circuit
potential (3 V for the present anodes) � potential of the peak. For
the delithiation process it can be approximated to DV = potential of
the peak � reference potential (0 V, Li). These voltages are shown
on the right Y-axis in the plots of Fig. 7.

By comparing the potentials for the two lithiation peaks (Fig. 7c
and d, square symbols), both curves show a similar tendency. Both
potentials decrease when the wires are longer. The peak potential
shifts to smaller values. On the other hand, for the delithiation
peaks, the tendency is opposite (see Fig. 7a and b). The peak
position shifts to higher values as the wires become longer. Taking
the values of DV for all the peaks (triangle shaped curves, right Y-
axis) into account, it is clear that they all increase for longer wires,
independently of the process (lithiation or delithiation). According
to this, it can be said that the voltage needed for the incorporation
or removal of Li+-ions inside the Si wires is larger for longer wires.

The increase in DV when increasing the length of the wires can
be explained with a series resistance model. The schematic in Fig. 8
shows an example of the effect of the series resistances,
considering wires of two different lengths. The schematic shows
how the wires are contacted to the copper current collector. The
wires are embedded in a conducting matrix. The total electric
resistance of the wires can be seen as a series of resistances Rn. The
value of the resistances of two wires is the same if their dimensions
are exactly the same. If the thickness of the wires is exactly the
same, but their length varies, it is easy to understand that the wires
have more or less Rn elements in series (see Fig. 8). However, Li+-
ions may move through the solid � electrolyte interface and into
the anode from all sides, as depicted in Fig. 8. According to this, the
resistance for the electron transfer in the different paths could be
larger or smaller than the nominal resistance given by the
dimensions; even though, the average resistance Rave is directly
proportional to the length of the wires. As an example, Fig. 8 shows
wires Wire 1 and Wire 2 with lengths L1 and L2, respectively. The
depicted case is the simplest, where the current collector (carbon
black) is at one end of the wires. However, the model is similar if



Fig. 8. Series resistance of wires with different lengths L1 and L2. Li+-ions are
incorporated from all directions, thus the Li+-ions encounter different resistances
depending on their path, but the average resistance is Rave. Also here the dashed line
indicates separate samples.
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the current collector is in a different position; in any case, L is the
average length to the current collector. In Fig. 8, L1 > L2, since the
number of resistors in series is larger in Wire 1 than in Wire 2.
Consequently, Rave in Wire 1 is larger. The increase in DV of Fig. 7
with the increment in length corresponds to an increase in
resistance. The average resistance for shorter wires is smaller than
for longer wires.

Fig. 8 shows the peak positions for the lithiation and
delithiation for different wire thicknesses. The standard potential
of Li+-ions is taken as reference. The trend of the lithiation peak
positions is inverse to the trend observed with the length variation
(see Fig. 9c and d, curve of square symbols). The potentials for the
partial lithiation have smaller values for thicker wires, whereas the
potentials for the fully lithiation peak have higher values. On the
other hand, both delithiation peaks, in Fig. 9a and b, square shaped
Fig. 9. Peak potential dependency on thickness. The solid line is a guide for the eyes.
a. Peak 4, b. Peak 3, c. Peak 2, d. Peak 1.
dots, show the same tendency. The peak positions for the
delithiation decrease for thicker wires. In Fig. 8 the potentials
are also translated into voltage drops DV (right Y-axis), as in the
case of length variation, represented by the curves of triangular
shaped dots. Obviously, the thicker wires need more voltage for the
first incorporation of Li+-ions (see Fig. 9d, triangular shaped curve)
for the transformation of pure crystalline Si to partially lithiated Si.
Once the Li+-ions are incorporated into the anode, the transfor-
mation to the fully lithiated state does not require a higher voltage
in thicker wires, and DV even decreases (see Fig. 9c). In the case of
delithiation, the DV values all decrease for thicker wires (see Fig. 9a
and b). For the full lithiation and both delithiation peaks, the peak
positions and the DV values show the same tendency. This implies
that the incorporation and removal of Li+-ions in and from the
anode is easier in thicker wires (less voltage is needed), with
exception of the first lithiation event (Peak 1).

The decrease in DV for thicker wires can also be explained by a
series resistance model. Fig. 9 shows exemplarily two wires with
different thicknesses W1 and W2. Here R’n labels the resistance of
the thicker wires. Obviously, Rn > R’n reflects that the resistance is
inversely proportional to the size of the cross section. Similarly to
the case of length variation, the Li+-ions can follow different paths
with different resistances, but the average resistance varies with
varying cross section. This translates into Rave,1 > Rave,2 in Figs. 9 and
10. The reason for the decrease in potential in thicker wires (see
Fig. 9) lies in the lower resistances in thicker wires, since DV is
direct proportional to the resistance.

Quite astonishingly, the tendency of DV is reversed for the first
lithiation peak, which implies that there should be a second
phenomenon, but with opposite effect, also contributing to DV.
This second contribution may be associated with the energy
barrier for the first incorporation of Li+-ions. To overcome this
barrier, Si-Si bonds have to be broken and Li+-ions have to diffuse
into the Si matrix [13,33]. The covalent bonds between Si atoms are
stronger than those between Si and Li atoms [13,33,34]. More
energy has to be provided to disturb the Si network. Once the Si
bonds are broken and the first Si-Li alloys are formed, it is easier to
incorporate more Li+-ions.

Furthermore, the hight of the potential barrier for the partial
lithiation increases with increasing the surface area. This tendency
could be explained by diffusion-induced stress. The activation
energy for diffusion is highly dependent on the internal stresses. If
tensile or compressive stress are present in the sample, the
activation energy barrier is decreased or increased.
Fig. 10. Series resistance of wires of different thicknesses W1 and W2. Li is
incorporated from all directions, thus the Li-ions encounter different resistances
depending on their path, but the average resistance is Rave. Because the wires have
the same length but a different thickness, their resistances are labeled R and R’n. The
dashed lines between the particles indicate that the wires are on separate samples.
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The activation energy is an important factor for radial diffusion:
D ¼ D0exp �DEb=RTð Þ ¼ D0exp �aVsb=RT

� �
(1), where Eb is the

stress-influenced activation energy, V the molar volume, D0 the
diffusion coefficient without internal stress [35], and sb is
considered in cylindrical or spherical particles as circumferential
and axial stresses whereas in planar particles it is considered as
biaxial stress. The stress in cylindrical particles is proportional to
the inverse square of the wire radius [35].

If the internal stress becomes larger in the case of a larger
diameter of the wires, the activation energy and the diffusion are
limited [35]. In this state, more atoms migrate and accumulate at
the surface, leading to higher (compressive) stress. Thus more
energy is needed to overcome the stress and to enable the (atomic)
diffusion. When lithiating Si, there is a phase transition from pure
crystalline Si to LixSiy [36] producing larger compressive stress.
This stress decreases the diffusion of Li+ ions by increasing the
energy barrier. After partial lithiation (Peak 1), the stress is
released into tensile stress and the activation energy is reduced
[35,36]. This suggests why the full lithiation event and the
delithiation process of the wires seem to be unaffected by stress,
and their potentials decrease as expected from the series
resistance model.

The effect of compressive stress is only notorious in the
voltammograms when changing the thickness of the wires. For
wires with different lengths, the width of the wires is the same. The
activation energy for those wires is relatively the same. Even
though, in all cases presented here the energy for lithiation/
delithiation is the sum of two contributions: it consists of the
activation energy for each LixSiy phase and the ohmic losses.

3.2. Relaxation times for lithiation/delithiation

To improve the understanding of the size dependency of the
lithiation process, a special voltammetric technique consisting of a
combination of cyclic voltammetry with stepwise voltammetry is
applied. Stepwise scans have the advantage that they reduce the
non-faradaic current contributions of the system [29,37,38]. Non-
faradaic currents include the charging of the double layer capacitor
formed between the battery electrodes, and shunt currents (direct
electric paths between electrodes). They increase the amplitude of
the voltammetric peaks (given by the faradaic processes), and they
may shift their potentials. Faradaic currents, on the other hand,
include the flow of electrons which leads to electrode reactions.
These two currents have different time constants. The non-faradaic
current associated to double layer capacitors exponentially decays
to zero very fast and is negligibly small at the end of a constant
voltage step [29,37]. To keep the influence of the non-faradaic
currents small in cyclic voltammetry, it is always necessary to work
with low voltage sweep rates. Only then the unwantend current
contributions are negligibly small and the current output is mainly
coming from the chemical reactions at the electrodes. The ratio
between the faradaic and non-faradaic currents is then high.

Measurements with constant steps allow the determination of
relaxation times, because the system tends to shift back to
equilibrium. The relaxation time t describes the diffusion of ions
and is directly proportional to the resistance R through the relation
t ¼ R � C (2). In this case C is not the electrical capacitance, but is
related to the storage of charges electrochemically.

Fig. 11 illustrates an example of the resulting voltammogram
when using the voltage profile of Fig. 5. As can be observed, the
current decays at all four voltammetric peaks, and at the two
additional steps at 0.8 and 0.17 V. A fit of the current decay at the
first delithiation peak is shown in the inset.

At 0.8 V during the reverse scan, the current decreases linearly.
At 0.17 V during the forward scan, the current decays exponentially
but with a fast relaxation time constant of around 1 min. At these
steps no electrode reaction is taking place and therefore the
current is mainly non-faradaic.

During the constant steps at the peak positions, the current is
decaying exponentionally but with a slower relaxation time. The
decaying current i can be fitted with an exponential curve given by
the equation i ¼ i0 þ Aexpð�t=tÞ (3), where t is the relaxation
time, i0 is a current offset, A is the intensity of the faradaic current
at time 0, and t is the time. The same exponential fit can be used in
all cases. The current at the voltammetric peaks is mostly faradaic
which is built up due to reactions at the electrodes. Fig. 11 shows
the comparison of the relaxation times of all four peaks which are
orders of magnitude larger than those at 0.17 V, for wires of
different length. The relaxation time increases for all peaks for
longer wires. A larger value of the relaxation time for longer wires
means a slower relaxation mechanism. From the cyclic voltam-
metry measurements it is known that the resistance is higher for
long wires. According to equation (2), the larger the resistance, the
larger the relaxation time.

The relationship between the conductivity of a wire and the
diffusion can be explained/correlated with the Nernst-Einstein
equation [39]. According to that, a lower conductivity is in direct
connection to a small diffusion coefficient. The diffusion in longer
wires takes more time than in shorter wires. The ionic transport in
and out of the anode is hindered. The curves in Fig. 12 shift
therefore to larger time values when the wires are longer.

The modified step voltammetry was also performed varying the
thickness of the wires (see Fig. 13). The relaxation time for the
lithiation and delithiation peaks decreases almost linearly with the
thickness of the wires. This means that the relaxation time in
thicker wires is faster than in thinner wires. The lithiation gets
faster and easier as the thickness of the wires increases.

The relaxation time is faster in thicker wires due to their smaller
resistance. On the other hand, considering the Nernst-Einstein
model [39], it is easy to infer that as the conductance of thicker
wires increases, the diffusion of Li+ ions into and from the wires is
faster.

4. Conclusion

In this paper the dependency of the lithiation and delithiation
process on the different sizes of the Si microwires was proven. It
was shown that there is a big difference in the peak development
when analyzing thicker and longer wires. The thickness variation
indicates that thicker wires show enhanced electronic and ionic
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conduction due to a smaller resistivity and a faster relaxation time.
It has to be considered that it is necessary to overcome an energy
barrier to start lithiating, which gets larger in thicker wires.

In addition to that, shorter wires show smaller resistivities and
faster relaxation times. According to this, the incorporation of ions
in the wires is easier when the wires are shorter.

The minimum voltage observed in the Si microwires of the
present study ranges from 0.12 V to 0.082 V. In order to extend the
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life time of the Si microwire anodes in Li+-ion batteries, they have
to be charged according to the dimensions of the wires.
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