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Optimized Si wire anodes have been prepared by macropore etching in p-Si and subsequent chemi-
cal/galvanic processing. The anodes have been optimized with respect to capacity, cycling performance
and processing costs by fine-tuning the wire geometry. The optimized anodes have wires with ~1 wm in
diameter and length of 70 wm; they are as densely spaced as possible regarding volume expansion and

electrolyte penetration requirements. A stable capacity of 3150 mAh/g for 100 cycles has been reached
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during cycling to 75% of the maximum capacity. The operational range of the anodes is 0.11-0.7 V. Opti-
mal charging conditions were established by cyclic voltammetry measurements and battery cycling tests.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The capacity of an anode for Li ion batteries is given by the
amount of Li that can be incorporated into a unit mass or volume of
the anode material. Silicon offers a nominal capacity of 4200 mAh/g,
more than ten-fold [1] that of the 330 mAh/g of standard graphite
anodes [2]. Furthermore, when this material is delithiated, it has a
potential drop of only about 0.5V. Despite these obvious advan-
tages, bulk Si is useless as an anode, because the incorporation
of Li leads to a volume expansion of up to a factor of 4, result-
ing in stress-produced fracture and subsequent rapid fading of the
capacity.

In a groundbreaking paper Chan et al. showed in 2008 that
this problem could be overcome by using nano-structured Si in
the form of nanowires [1]. Si nanowires, while still increasing
their volume fourfold during the incorporation of Li, do not frac-
ture and show promising performance in battery tests. After this
report substantial progress has been made concerning the pro-
duction of nanostructured Si as anode material [3-9], often with
morphologies different from freestanding Si wires. Generally, most
Si anodes dealt with in the literature reach the maximum theoreti-
cal capacity of Si, at (slightly controversial) 4200 mAh/g [1,6,10] or
3574 mAh/g [11-13]. However, silicon wire anodes (SWAs) of sev-
eral competing groups experience high capacity fading, going for
example from the maximum capacity (first cycle) to 1700 mAh/g
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within 50 charging/discharging cycles while still showing coulomb
efficiencies above 90% [6]. Possibly the conductivity of the wires
decreases dramatically upon cycling, or the contacting with the cur-
rent collector is destroyed. The wires grown by vapor liquid solid
(VLS) methods, for example, are just contacted at their bottom; the
contact thus must be expected to support only small strains. New
approaches therefore focus on some post processing of the wires
[1,7], e.g. covering the wires with amorphous Si particles that act
as “easy access” active material [14]. To overcome the fading prob-
lems, other Si anode approaches have been tested. For example,
carbon nanofibers (electrical conductors) have been covered with
amorphous Si[15,16]. Mixing Si particles with conducting materials
[17], or mixing Si “wires” with carbon-based additives to improve
the conductivity [18,19], has also been tried.

As will be shown here, our SWAs live through more than 100
cycles with less than 1% fading, without (costly) post-processing
and with diameters (~1 m) far larger than the 300 nm deemed
critical in [20].

It is clear that the Si wire anodes (SWAs) of the previous reports
have not been optimized. An optimized SWA must meet the follow-
ing conditions:

e Wires as long as possible and as thick as possible with the
minimum of free space in between that is necessary to allow
for volume expansion and some solid electrolyte interface (SEI)
“coating”. Long wires are preferable because the anode capacity
must take into account the weight of the current collector and the
electrolyte. Thick wires are preferable because the ohmic resis-
tance is smaller and they are easier to make. A minimum of free



94 E. Quiroga-Gonzdlez et al. / Electrochimica Acta 101 (2013) 93-98

space maximizes the capacity per volume and the capacity per
weight, since it needs less electrolyte that contributes substan-
tially to the total weight!

¢ [t must be solidly connected to a current collector (preferably Cu)
in such a way that substantial current densities (1-10 mA/cm?)
can be run into and out of the anode uniformly.

e Considering applications in commercial batteries, SWAs must
have the potential of being mass-produced at reasonable costs.

From a performance point of view, freestanding Si microwires
with optimized geometry are superior to anodes involving Si in
other forms. From an application point of view, SWAs as reported
here can be mass-produced at reasonable costs (roughly compara-
ble to those of Si solar cells). The paper reports about the progress
made in optimizing free-standing SWA anodes along the criteria
given above.

2. Experimental details

Battery cycling tests were performed in half battery cells
(using Li as the counter electrode). The electrolyte was LP30
(0.5 mL), which consists of 1 mol/L of LiPFg salt in a 1:1 solution
of ethylenecarbonate and dimethylcarbonate. The separator was
a glass fiber microfilter from Whatman, with pores of 1 wm. If no
other specified, the lithiation/delithiation tests were done under
the following conditions: A current of C/10(the current is calculated
so that it takes 10 h to lithiate or delithiate) was used. For the lithi-
ation a voltage limit of 0.11V was given, while for the delithiation
the voltage limit was 0.7 V. When the voltage limit was reached,
the cycling was switched to potentiostatic mode, and this mode
finished when the current decreased to 10%, or the capacity limit
(4200 mAh/g) was accomplished. This is a standard way of charging
commercial batteries to protect them from over-charging.

For the cyclic voltammetry tests, the same half battery cells as
for the battery cycling tests were prepared.

3. Results and discussion
3.1. First generation optimized Si wire anodes

3.1.1. Production

The fabrication process of our SWA has been discussed in some
detailin previous reports [8,9]. Cursorily, the steps of the fabrication
process are:

(i) Anodically etching macropores into p-type (or n-type) Si
wafers. For the macropore etching, the surface of the Si sub-
strates should be pre-structured with “nuclei” (etch pits with
inverted pyramid shapes), using (cheap) standard contact
lithography and simple post processing. The main characteris-
tics of the pores is an optimized pore diameter profile with two
abrupt “diameter constrictions” and a diameter increase at the
tip region of the pores. While pore profiling is an established
technique by now, it should be mentioned that the relations
between pore diameter and etching conditions (current, volt-
age, temperature and possibly illumination as function of time)
are highly non-linear and not easily obtained.

(ii) Chemical over-etching of porous Si until the pores touch and
only the interstices = wires are left. The over-etching produces
the Si wires by reducing the thickness of the pore walls until
the pores merge. The etching of the pore walls is accomplished
with a KOH based etchant, which acts anisotropically. The
wires obtained are square-shaped in the cross section, with
flat walls. Si between the pores at the positions of the “diam-
eter constrictions” is not completely dissolved and provides

Cu (galvanic)

Cu seed layer

Support layers

Thin ending
(for detachment)

Fig. 1. Scheme of the Si wire anodes, indicating their main structural elements.

stabilizing planes that connect the Si wires in pre-selected
depths (see Fig. 1). This prevents wire collapse due to “stic-
tion” or the “wet hair effect” when the sample is taken out of
the liquid. The enlarged diameter around the tip of the pores
provides for very thin wires next to the remaining substrate.
This allows detaching the array from the substrate in an easy
way.

(iii) Deposition of a Cu current collector. Since stiction is avoided,
the surface of the wire array is still perfect and Cu can now be
deposited on top of the array. Electrochemical processes were
chosen because of general cost considerations, in addition to
issues of process flexibility and adhesion of the films. A pre-
condition for galvanic Cu deposition is electroless deposition of
aCuseed layer (see Fig. 1), since the Si wires behave as isolators
in this process. As shown in Fig. 1, Cu is deposited between the
wires down to the depth of the first support layer, allowing a
good electrical and in particular mechanical contact.

Using the described concept for SWA production, optimized
anodes were produced in a first iteration and described in [9].
Considering that the largest possible amount of active material is
desired, the wires were produced as thick as possible, with the opti-
mum lithographic structure for macropore etching for wires (3 wm
pitch). The wires had a diameter of 1.5 wm, as shown in Fig. 2,

24.03.2011 HV mag = = WD
15:04:44 110.00 kV 35 000 x 4.6 mm 7.31 um 9 °

HFW | tilt 2 pm
Helios D447

Fig. 2. Top view wires with thickness of 1.5 wm. In this case the space left for
expansion and SEI was marginally too small.
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Fig. 3. Capacity of the first generation optimized SWA. Fast fading due to wire
breakage is observed.

and were 150 wm long. By cyclic voltammetry it was evidenced
that the produced anodes could withstand 60 cycles, exhibiting the
lithiation/delithiation peaks characteristic for Si.

3.1.2. Battery cycling tests

In the battery tests the maximum theoretical capacity of Si of
~4200 mAh/g was easily reached in the first lithiation (see Fig. 3).
The large diameters of the wires together with limited space for
expansion had, as expected, a positive effect for the charge per area
and per volume, but a negative effect for cycle stability, where rel-
atively fast fading was observed. The problem could be traced to a
small but persistent loss of pieces of the anodes (loss of active mate-
rial), probably due to wire breakage because they touch when fully
loaded with Li. This first generation SWAs had a length of 150 um,
a pitch of 3 wm, and a diameter of 1.5 wum, leading to a very high
areal capacity of 33.7 mAh/cm?; this capacity is in fact very high for
good cycling performance due to the close-packing.

3.2. Second generation of SWAs with 1 um diameter

There are several ways to address the problem of cracking out-
lined above. Among them we have: (1) covering the wires with an
additional material which maintains them in one piece; (2) increas-
ing the space between wires; (3) reducing the diameter of the wires.
The first two possibilities require modifications of the structure
of the already optimized process, and additionally they could not
solve all the problems. The first solution requires finding an inac-
tive material that works as membrane, and has the plasticity of
polymers; afterwards its deposition should be optimized so that
the wires are fully and homogenously covered. This approach can
avoid that the wires pulverize; nevertheless it is very possible that
the cracks caused by stress will still exist, since the expansion is
limited. The second solution could give enough space to the wires
to “breath”, but a completely new lithographic structure and etch-
ing concept should be found. On the other hand, it is not known if
wires with so large diameters could stand the expansion stress. We
opted for the third solution, since is the easiest to achieve, and is
the most promising. The diameter of the wires was thus reduced to
1 pm.

3.2.1. Production

While the reduction of the wire diameter may appear to be a
straightforward process, this is not the case. Simply over-etching
the porous Si for longer times, for example, compromises the sup-
port layers and leads to wire collapse by stiction. This terminates
the processing because chemical/electrochemical deposition of Cu

INLETdLALL

il

Fig. 4. Second generation of optimized wires with 1 wm diameter. A complex etch-
ing current-time profile is essential for their production, plus control of some other
parameters.

on wire surface is no longer possible. Making the wires thinner
requires some pore profile engineering that must be realized in
many iterative optimizing steps. The support layer must stand
longer etching times, or the amount of Si to be etched for obtain-
ing thin wires should be small. For this purpose, the difference
in diameter between the “pore constrictions” and the rest of the
pores should be large. We have succeeded in making macropores
with larger diameters while keeping the diameter of the pores at
the constrictions constant. This was possible through the use of
polyethyleneglycol as surfactant in the etchant for electrochemi-
cal etching. A SEM micrograph of the wires obtained after chemical
etching is shown in Fig. 4. As can be observed, the wires have a
diameter of 1 wm, and the support layers are well defined, securely
avoiding collapse of the wires.

3.2.2. Determination of the SWA voltage operation range

Cyclic voltammetry tests were done with a scan rate of 0.1 mV/s
in the range of 0-2V for 3 cycles. Plots of the measurements are
shown in Fig. 5a. From this figure it can be observed that just one
peak, found at 1.17V during the negative voltage sweep of the
first cycle, is not repeated upon cycling. This represents a single
irreversible event, which could be attributed to SEI formation, as
will become clear later on. The rest of the peaks are found below
1Vv.

To better observe the rest of the peaks, voltammograms with the
same sweep rate, but in the range of 0-1V were done. The experi-
ment was performed for 10 cycles to test the stability of the anode.
For visual purposes, just data from selected cycles are shown in
Fig. 5b. Peaks labeled A and B are found during the negative volt-
age sweeps (sweep from high to low voltages) at around 0.23 V and
0.16V, respectively. These peaks are related to the lithiation of Si
and the formation of Li-Si alloys. Peaks C and D appear during the
positive voltage sweeps at around 0.37V and 0.53V respectively.
These two peaks are related to delithiation processes. The position
of all the peaks is consistent with the reported values in the lit-
erature with slight deviations [6,19,21,22]. The largest deviation,
most likely caused by size effects, occurs for peak B. For example,
Si nanowires of 50 nm in diameter present a voltammetric peak
below 35 mV, presumably due to the formation of Liy,Si5 [6,21].
But other reports indicate that the maximum lithiation produces
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Fig. 5. Cyclic voltammograms of half battery cells with a second generation SWA.
(a) Experiment performed in the range of 0-2V. An irreversible event (encircled
region) is observed during the negative sweep of the first cycle, at a voltage of
1.17V; it corresponds to SEI formation. The rest of the peaks are observed below
1V. (b) Experiment performed in the range of 0-1V, to better observe the lithia-
tion/delithiation events. The minimum operational voltage is around 0.11V and the
maximum occurs around 0.7 V. The lithiation peaks Aand Bat 0.23 Vand 0.16 V, and
the delithiation peaks C and D at 0.37V and 0.53V are observed.

a potential slightly below 50 mV, given by the formation of Li;5Si4q
[23]. For bigger particles it has been found that this potential limit
is 70 mV [24]. From this survey it is suggestive to assume that the
potential of the Si anodes in batteries depends critically on their
size, strain and the crystallization of Li-Si phases. The finding of
the same amount of peaks in the positive and negative sweeps may
indicate that the processes are reversible. These peaks appear all
the time, with small shifts upon cycling.

From cycle 2 it can be observed that the minimum voltage after
peak B, is around 0.11V. Below this voltage the negative current
increases rapidly, probably due to direct deposition of Li on the
current collector. The minimum voltage shifts upon cycling due to
a constant change of the electrical conductivity of the wires. The
maximum voltage after peak D is around 0.7 V. After this point no
processes related to the alloying/de-alloying of Si with Li occur.

In addition a galvanostatic lithiation/delithiation test at C/10
(the lithiation or delithiation takes 10 h) with no voltage or charg-
ing level constraints was performed. The resulting voltage behavior
with time is shown in Fig. 6a for the lithiation and in Fig. 6b for
the delithiation process. With a lithiation rate of C/10 it was
expected that the total charging of the anode (4200 mAh/g) could
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Fig. 6. Voltage vs time curves when lithiating/delithiating the second generation
SWAs with constant current of C/10, and without voltage limits. (a) First lithia-
tion. The minimum possible voltage is described with the plateau found at around
0.11V. An additional plateau is observed at 1.2V, in agreement with the cyclic vol-
tammetry experiments, corresponding to SEI formation. (b) First delithiation. The
inset presents the double derivative of voltage in respect to capacity, for an easier
identification of the changes in slope. Three peaks can be observed. The first two
peaks can be assigned to lithiation processes, and the third peak to the end point of
these processes.

be accomplished in 10 h, indicated by the voltage staying constant.
In our test a constant voltage of 0.11V is obtained after ~11h.
The additional charging time could be due to the charge used for
the SEI formation and/or small errors at weighting the anode to
calculate the capacity. After 0.11V has been reached, some current
continues to flow but appears to be mainly shunt current. In some
experiments we left this current flowing for additional 14h but
did not observe a reduction of the potential. This confirms that the
minimum voltage of the present SWA vs Li is 0.11V, in agreement
with the cyclic voltammetry experiments; it may change, however,
from cycle to cycle, as these last results also suggest. An additional
voltage plateau is found around 1.2 V. This event is confirmed by
a peak found at 1.17V during the first cycle in the cyclic voltam-
metry tests (see Fig. 5a). As this process occurs only during the first
negative voltage sweep, one may say that the involved process is
irreversible. This process can be associated to SEI formation, which
may be responsible for the irreversible losses during the first cycle
of battery cycling tests, presented in Section 3.2.3.

The voltage curve of the delithiation process exhibits two
changes in slope (see Fig. 6b). The voltage of the events is elucidated
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Fig. 7. Cycling performance of the optimized second generation SWAs with C/10
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cycles.

with the second derivative of the voltage in respect to the charge,
plotted as inset in Fig. 6b. The first two peaks of this last curve
indicate the starting points of the peaks found during the positive
voltage sweeps of the cycling voltammograms (Fig. 5b), corre-
sponding to delithiation events. The third peak, found at around
0.73V, represents the end of the delithiation process, and coincides
with the end of the delithiation peaks found by cyclic voltammetry.

Taking the results of cyclic voltammetry and galvanostatic lithi-
ation/delithiation together, it appears that claim our optimized
SWA anode operate in the range of 0.11-0.7 V. It is then prefer-
able to cycle the anode in this range to be sure that the current
flowing is charging the anode, and to not damage it.

3.2.3. Battery performance

Standard battery cycling experiments with the second gener-
ation optimized SAWs were performed in the operational voltage
regime of 0.11-0.7 V using a charging current of C/10 (0.63 mA/cm?)
during the first 4 cycles and a current of C/2 (3.15 mA/cm?) during
the following ones, always at ambient temperature. The lithia-
tion/delithiation was switched to a potentiostatic mode when the
voltage limits were reached, and this mode finished when the cur-
rent decreased to 10%, or the capacity limit was accomplished.
Fig. 7 shows a curve of the capacity of the anodes lithiated to
75% of their maximum capacity. As can be observed in the fig-
ure, the capacity remains constant for 100 cycles, with coulomb
efficiency of over 99% after cycle 2. An irreversible loss of 46%
is observed in the first cycle, probably due to the formation of
a SEI layer on the Si wires, and some base Si-Li phases, which
are an important structural part of the wires for the next cycles
(the wires are not totally delithiated). This SWAs exhibit the same
large gravimetric capacity as thinner SWAs. Surprisingly, they
have a good long term stability at relatively fast cycling rates,
although the wires are much thicker than the 300 nm assumed
to be the maximum possible dimension for good performance
[20].

The SWAs of second generation presented in this paper have a
length of 70 wm, which can easily be increased to at least 150 um
(as for the first generation SWAs). They have a pitch of 3 wm and
a diameter of 1 um, leading to an areal capacity of 6.3 mAh/cm?.
Increasing the length to 150 wm would result in a capacity of
13.5 mAh/cm?, presumably larger than any SWAs.

The slow charging rate for the first cycles is indicated to allow
a proper lithiation of the wires, and to minimize cracks produced
by rapid stresses. After the first cycles the wires probably become
amorphous, and attain a size that remains almost constant in the
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following cycles. Cycling to 75% of the maximum possible capacity
may be good for always keeping some Li in the wires, and thus a
base Li-Si alloy structure; this could minimize stresses caused to
phase transitions.

3.2.4. Operation under extreme conditions

To confirm the selection of the charging conditions of the
measurement of Fig. 7, other measurements at extreme condi-
tions were performed. Fig. 8 shows the charging performance
of the anodes under similar conditions to those of the test of
Fig. 7, with the only difference that the limit of capacity was set
to 100%. Under these conditions the anode performs very well
up to 50 cycles, but some fading starts to occur after then. As
can be observed from the figure, after cycle 51 there is more
charge going out from the anode than what goes in during
lithiation. One can infer that this behavior is due to increas-
ing massive shunts, maybe caused by the growth of dendrites.
Mass loss produced by wire fracturing could have some effect
too.

Fig. 9 shows a plot of the capacity with the cycle number, limiting
the capacity to 75%, but cycling with a rate of C/2 from the first cycle.
As can be observed, under these conditions some fading occurs
already after the first cycles, and losses remain at constant rate
upon further cycling. Some stress-induced cracks may have been
produced during the first cycle, due to the rapid lithiation, and con-
sequently rapid expansion of the wires. In summary, for the present
stage, measurement conditions exemplified in Fig. 7 are around the
optimum.
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Fig. 9. Cycling performance of the optimized second generation SWAs with C/2
current for all the cycles. The capacity was limited to 75%.
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4. Conclusions

Battery tests on first generation SWAs revealed several limita-
tions for good stability, which could all be overcome by changing
the pore geometry and implicitly the wire geometry after the chem-
ical overetching. For the second generation SWAs most importantly
the diameter of the wires had to be reduced while preserving the
mechanical stability given by support layers. The wire tips had to
remain large in order to allow for good embedding in a galvanically
deposited Cu layer serving as current collector. The length of the
wires can be easily controlled between 70 pm and at least 150 um,
allowing for capacities per area up to 13.5 mAh/cm?2.

Although literature results expect an upper limit of wire diam-
eter for stable SWAs of around 300 nm, our 1 pm thick wires show
aremarkable cycling performance. The capacity fade is almost zero
after 100 cycles, using a C/2 charging current. For this superior per-
formance to be obtained, of course optimized cycling conditions
had to be found. These results are real challenges for all other SWA
concepts.
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