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Abstract

Porous silicon (PS) negative electrodes with one-dimensional (1-D) channels have been successfully fabricated using an electrochemic
etching process. The peak current and the amount of charge transferred during cyclic voltametry (CV) increase with the channel depth of the P
indicating that the channel wall of the PS participates in the lithiation/delithiation process. The channel structure of the PS electrodes remain
essentially the same after 35 CV cycles in spite of the severe deformation of the channel wall during the repetitive lithium alloying/dealloying
process. The specific capacity of the PS depends critically on the degree of activation of the PS before the galvanostatic charge/dischart
experiment. For an exemplary PS electrode pre-activated by 20 CV cycles, the reversible specific capacity of the PS jeAdhen 43
After a subsequent activation by 10 CV cycles, the capacity increased by 4Q2A (66m~2). One-dimensional porous silicon appears to be
a promising negative electrode for rechargeable micro-batteries.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have active surfaces exposed to the electrolyte in three di-
mensions. Thus, the available volume of the active material
Conventional micro-batteries have a two-dimensional can be much more effectively utilized, as compared to pla-
(2-D) architecture with a parallel arrangement of a planar nar thin-film electrodes. More importantly, within the con-
thin-film cathode and anode separated by a solid electrolyte.straints of how uniformly the 3-D structure is created, the
Unfortunately, the energy density and power density of 2-D thicker the electrode, the larger will be the energy den-
batteries are mutually exclusive: with a decreasing thicknesssity (e.g., area specific capacity) without sacrificing power
of the electrode, the power density is increased since thedensity.
actual diffusion length of lithium through the thin-film Silicon can alloy with lithium electrochemically with up
electrode is reduced. However, the energy density is reducedo 4.4 Li per Si, yielding an extremely large theoretical spe-
because the fraction of the accompanying battery componentsific capacity of 4200 mAhgt [4,5]. Moreover, elemental
such as the current collector, separator, and electrolyte isSi shows a low voltage of <0.3 V versus LifL[6], and high
increased. lithium ion diffusion coefficient £7.2 x 10 °cn?s ! at
There has been widespread interest in three-dimensionak415°C)[7]. Therefore, itis not surprising that there is consid-
(3-D) electrodes for the next generation design of a lithium erable recent interest in Si-based electrode matgfals3].
micro-battery because of their great potential to achieve anRecently, we have explored the possibility of using porous
improvementin both energy density and power derj&i3]. silicon (PS) as the negative electrode in rechargeable lithium
Three-dimensional electrodes in lithium batteries typically batteries and have reported that the PS has a high reactivity
with lithium at room temperaturd 4]. Nevertheless, the de-
* Corresponding author. Tel.: +1 404 894 6114; fax: +1 404 894 9140, tailed characterization of the PS, including basic redox reac-
E-mail addressmelin.liu@mse.gatech.edu (M. Liu). tions, voltage profiles, and cycling stability has been lacking.
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Fig. 1. Top (left) and cross-sectional view (right) of porous silicon (PS) electrodes with different channel depths, created by an electrdchemgipedeess;
(a, b) was etched for 50 min; (c, d) and (e, f) are two separate regions of the same wafer etched for 40 min under the general conditions indicated in the
experimental section.
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In this work, we report the lithium storage characteristics of 02k _— - T ]
a variety of PS electrodes. Moreover, the critical factors af- A\

fecting battery performance (e.g., specific capacity) will be
discussed.

o
-

2. Experimental

For the majority of the experiments reported here, porous
silicon was prepared using an acetronitrile (18 mL), TBAP
(tetran-butylammoniumperchlorate, 1.2g), and 49% HF
(900p.L) solution placed in an electrochemical cell as de-
scribed previously15]. Silicon wafers (p-type; 1-2Q cm;
250-30Qum thick; 100 face orientation) were etched in a
5cn? cell at a current of 20 mA. Platinum and an aluminum ) ) ) . ) ) .
backing for the wafer were used as the counter electrode and 0 0.5 1.0 15 20
current collector, respectively. After etching, the wafer was @) Applied Voltage / V vs. LilLi’
rinsed with methanol, dilute HF, dilute NaOH, and methy-
lene chloride. It was then soaked for approximately 3h in
a 3M HCl-methanol solution and rinsed with methanol
again.

A two-electrode electrochemical cell (Hohsen test cell,
Hohsen Corp. Japan) was employed for all electrochemical
measurements. We used lithium foils as the counter electrode.
The working electrode was as-prepared PS. Copper foil was
mechanically bonded, as a current collector, to the backside
of the PS. A Celgard 2400 separator, wetted with a 1 M solu-
tion of LiPFg in a 1:1 mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC), was sandwiched between the work- ) ) .
ing electrode and counter electrode. The PS electrodes were 031 o c’éf;;rifpagi:ha:;'sﬁ's mve |
cycled between 0.0 and 2.0V versus Lifl.iusing cyclic 04 : ; - - - - Porous Si (Aspect Ratio = 1)

Aspect Ratio of Pore = 1
(Depth/Width)
Scan Rate: 0.5 mVs™”

Current Density / mAcm
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voltammetry. To evaluate the long-term cycleability of PS, === Porous Si (Aspect Ratio = 5)
the cells were galvanostatically charged and discharged in -05F
the voltage range of 0.1-2.0V versus LifLwith a current

density of 5Q.A cm~2. All the electrochemical experiments

were performed using a Solartron 1285 potentiostat. All cells (b)
were assembled and tested in a glove box (VAC, USA) filled
with purified argon gas.
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Applied Voltage / V vs. LilLi’

Fig. 2. (a) Typical cyclic voltammograms (CV) of the PS electrodes and (b)
variation of the CV with the channel depth of the PS.

3. Results and discussion the 35th cycle, the current density decreased. The shape of
the cyclic voltammograms and the activation process with
Shown inFig. 1are surface views of the PS samples, cre- cycling are consistent with a previous report on the cycling
ated by an electrochemical etching process under differentbehavior of a structured silicon electrode formed as pillar
etching conditions. Apart from the electro-polished Si sam- arrayg[16]. Considering that the lithium alloying/dealloying
ples Fig. 1a and b), the non-interconnected Si pores, formed process results in significant internal structural changes
perpendicular to the PS surface, were of order 1giSn (disorders) for the Si electrod¢g], the observed activation
diameter. We anticipate that these channels will allow the pen- phenomenon is attributed to the reconstruction of crystal
etration of liquid electrolyte and, therefore, that electrodes of structure near the Si surface. Since it is expected that the rate
this microstructure can facilitate a process producing high of the reconstruction process is governed by the transport rate

energy and power density. of lithium into crystalline silicon or the rate of amorphous
Shown inFig. 2a are the cyclic voltammograms of the PS Si-Li alloy formation, this kinetic bottleneck is likely to
electrode pictured in top and side viewhig. 1c and d. It lead to the gradual activation of the PS electrodes at each

is noted that the current density and hence the charge transCV cycle. On the other hand, the decrease in current density
ferred during the redox reactions increased (i.e., the electrodeafter approximately 35 cycles implies that the activation
was activated) with cycling up to the 35th cycle. Following process competes with a simultaneous degradation process
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Fig. 3. The morphological change of the PS electrodes, picturEdjirl after 35 CV cycles.
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—4 16r i deep-channeled PS (aspectratio = pore depth/diameter =5) is
Q 14t , - just slightly higher than the amount of charge transferred by
T , shallow-channeled PS (aspectratio =1). Thisindicates that, at
~ - B T . . .
Q i this point, only part of the deep-channeled PS takes partin the
10} ! . e ; : : L
8 . lithium aIonlng/d_eaIonlng process. Th|s_ postulation is sup-
>° 08} g . ported by the microscopic images obtained for post-cycled
5 06 S ] PS, as shown ifrig. 3. Whereas the entire pore structure of
O the shallow-channeled PS has undergone a severe structural
041\, [ istitecton port ) deformation during the repetitive lithium alloying/dealloying
“C1-.g. X — Afler 3 CV cycles . . e
02} el - - ~Afler 20 CV cycles process only the top region (i.e., near the orifice) of the deep-
%o, 2nd, . ) channeled PS was found to be morphologically deformed,
0 0.1 0.2 0.3 0.4 leaving the morphology of the deep region unchanged. One
(b) Cumulative Charge Density / C cm” possible reason for the low utilization of the available active

surface for the deep-channeled PS is the limited penetration
Fig. 4. (a) Cumulative charge density vs. applied voltage plots of the PS of a viscous organic electrolyte into the porous structure, due
electrodekig. lc and d), reproduced from the 3rd and 20th CVs (insert)and {4 5 strong capillary effect. From the SEM images, it is also
(b) voltage profiles of the PS samples after 3 and 20 CV cycles. noted that the porous structure of the PS electrodes remains
essentially the same after 35 CV cyclegy 3c and d) in spite

throughout the entire cycling process. AfteB5 cycles, the of the severe deformation of the channel wall. For those sam-
activation process is overwhelmed by the degradation pro- ples of electro-polished Si, CV cycling produces a significant
cess. Possible degradation mechanisms are (1) the mechaninumber of cracks in the surfacEig. 3a and b).
cal disintegration of the Si during a significantvolume change  Galvanostatic charge/discharge experiments were
and (2) the irreversible capture of lithiumions by a significant performed on the PS electrodes with two different electro-
number of insertion-generated defects inside the Si lattice chemical pre-treatments, 3 pre-CV cycles (sample A) and 20
[9]. pre-CV cycles (sample B). In order to avoid the catastrophic

ShowninFig. 2o are the cyclic voltammograms of PS elec- degradation of the PS electrodes accompanying the deep
trodes with different channel depths. It is noted that the peak charging process (or lithium alloying), the lower cut-off
current density increases with the PS channel depth, indicat-voltages were carefully selected: Deep charging experiments
ing that the channel wall of the PS participates in the lithia- have indicated that there is a very wide potential plateau
tion/delithaition process. However, the peak current as well asbelow 0.1V versus Li/LT after the second inflection point
the amount of charge transferred was notlinearly proportional on the voltage profile (data are not shown here). Therefore,
to the channel depth of the PS. In other words, the amount ofwe limited the lower cut-off for the potential to that point
charge transferred during the lithium alloying process with where the second inflection point on the voltage profile
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Fig. 6. Top (left) and cross-sectional view (right) of the PS electrodes with different pore densities, created by an electrochemical etchir(@,frpoes
etched in HF (20Q.L), TBAP (0.17 g), and MeCN (4.5mL) at a current density of 20 mAénfior 20 min and cleaned in dilute HF, ethanol, and doubly
deionized water; (c, d) was etched in HF (300, TBAP (6.66 g), and MeCN (5.5 mL) at a current density of 8 mA@for 60 min and then cleaned in dilute
HF and hydrazine; (e, f) was etched for 40 min under the general conditions outlined in the experimental section.
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begins to appear (typically around 0.1V versus Li/Li 4. Conclusion

as shown inFig. 4b. It is noted that the cathodic charge

transferred during the charging process to the selected lower Porous silicon created using an electrochemical etching
cut-off voltage coincides well with the cathodic charge process has been successfully used for the negative electrode
transferred at the local maximum (or inflection point) of the in rechargeable lithium batteries. The capability for lithium
cathodic branches of the CV, designated as solid circles instorage improved with the increasing channel depth of the
Fig. 4a and its insert. The initial specific charging capacities PS. Moreover, the porous structure remained essentially the

of the two samples A and B were 15 and 58hcm2, same after charge/discharge cycling in spite of a severe vol-
respectively. ume change. The specific capacifyAhcm~2) of the PS
The cycling stability of samples A and B is showrHig. 5. electrodes increases with the degree of pre-activation at the

Apart from the irreversible capacity fade during the first cy- expense of cycling stability, indicating that there is a trade-off
cle, there is a relatively small capacity fade during subsequentbetween specific capacity and cycling stability. Thus PS, cre-
charge/discharge cycles (0.5-1.0% per cycle). It is noted thatated by a relatively simple electrochemical etching process
the re-activation of sample B by 10 CV cycles (from 0.0 to (versus for example, pillar formation), presents a new possi-
2.0V versus Li/Li") increases the specific capacity by 40% bility for constructing a three-dimensional negative electrode
(60pwA hcm2). This result strongly indicates that a lithium  that has significant potential for a high performance lithium
alloying reaction, occurring below0.1V versus Li/Li", is micro-battery.
responsible for the reconstruction (activation) of the PS elec-
trodes for lithium storage. Nevertheless, the re-activation pro-
cess appears detrimental to cycleability because the capacityAcknowledgements
fade becomes somewhat more severe after re-activation. On
the other hand, the reversible capacity of the PS electrode This work was supported by the Office of Science, De-
is much higher than that of the electro-polished Si electrode partment of Energy under Grant No. DE-FG02-01ER15220.
(solid and open diamonds Fig. 5), consistent with the CV
results offFig. 2o.
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