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Silicon-air battery utilizing a single-crystal heavily doped n-type silicon wafer anode and an air cathode
is reported in this paper. The battery employs hydrophilic 1-ethyl-3-methylimidazolium oligofluorohy-
drogenate [EMI-(HF), 3F] room temperature ionic liquid electrolyte. Electrochemical studies, including
polarization and galvanostatic experiments, performed on various silicon types reveal the predominance
performance of heavily doped n-type. Cell discharging at constant current densities of 10, 50, 100 and
300 wA cm~2 in ambient atmosphere, shows working voltages of 1.1-0.8 V. The study shows that as dis-

Isieljl/:;?lr_ﬁr charge advances, the moist interface of the air electrode is covered by discharge products, which prevent
Battery a continuous diffusion of oxygen to the electrode-electrolyte interface. The oxygen suffocation, governed
Ionic liquid by the settlement of the cell reaction products, is the main factor for an early failure of the cells. Based on
Mechanism the results obtained from scanning electron microscopy, energy-dispersive X-ray spectroscopy and X-ray

photoelectron spectroscopy studies, we propose a series of reactions governing the discharge process in
silicon-air batteries, as well as a detailed mechanism for silicon oxide deposition on the air electrode

Limitations

porous carbon.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metal-air batteries have been attracting the electrochemistry
research and development community for the last 50 years. Their
attractiveness lies in the principle that the cathodic reaction is a
catalyzed reduction of oxygen consumed from the environment,
rather than stored in the system. This aspect results in high energy
densities (Wh1-1) and high specific energies (Whkg1) for the
metal-air batteries.

Most metal-air batteries, including Zn-air [1-3], Al-air [4,5]
and Fe-air [6] utilize aqueous alkaline solutions, mainly potas-
sium hydroxide (KOH), due to the high conductivity of such
electrolyte and the superb ability to regulate the reduced oxy-
gen ion into hydroxide anions [7]. Zn-air batteries has received
broad attention in the 1960s and 1970s, with the development
of commercialized primary cells, in coin type structure, for hear-
ing aids operation, although in the last 10 years there has been
an enormous effort to construct large scale Zn-air batteries for
electric vehicles (EVs) [8]. The Al-air couple has higher theoreti-
cal densities compared to its competitors (Zn-air, Fe-air) and was
under investigation as a suitable power source for vehicles and
some stationary application [9]. However, high open circuit cor-
rosion rates lead to the consumption of the Al metal anode without
any usable power output. The lithium-air battery presents the
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highest theoretical specific energy value (11,246 Whkg~1). How-
ever, Li suffers from severe corrosion in alkaline electrolytes [10]
and safety concerns are still unresolved with aqueous systems.
In 1996, Abraham and Jiang first reported [11] on a conduct-
ing polymer electrolyte based secondary lithium-air battery. This
battery showed open circuit potential (OCP) of about 3 V and work-
ing voltage in the range of 2-2.8V. Good coulombic efficiency
was kept for only a few cycles. Ever since the lithium-air cou-
ple has been introduced it has been a subject for rapidly growing
research.

In a recent communication, we have briefly discussed the
construction of new, silicon based, metal-air battery [12]. From
thermodynamic point of view, silicon exhibits attractive charac-
terizations as an anode in metal-air batteries [12]. Unlike lithium,
the world is ample with silicon (the second most plentiful element
on earth crust) and it does not exhibit any safety issues. Silicon
is non-toxic, and the reaction product with oxygen, SiO,, can be
handled and disposed without any special measurements.

Room temperature ionic liquids (RTILs) are a relatively new
group of materials that are being introduced as batteries elec-
trolytes. These electrolytes exhibit wide electrochemical window,
high chemical and thermal stability, high ionic conductivity, low
vapor pressure and low toxicity. Their non-flammability, high
thermal stability and low heat of reaction make them desirable
especially in lithium batteries [13,14]. The EMI (1-ethyl-3-methyl-
imidazolium, Fig. 1a) cation based RTILs group show as well low
viscosity, thus high conductivity. Hagiwara et al. [15] reported the
synthesis of EMI.(HF), 3F RTIL (Fig. 1) by a reaction of EMICI and
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Fig. 1. Schematic diagram of the EMI.(HF), 3F RTIL electrolyte chemical structure: (a) EMI cation, (b) H3F4 (30%) and H,F3 (70%) anions.

hydrogen fluoride. This RTIL possesses some interesting properties,
such as high conductivity (100 mS cm~1, the highest among RTILs of
its kind), low viscosity and chemical stability in air. Furthermore,
Raz et al. reported [16,30] on the anodic dissolution reaction of
EMI.(HF); 3F RTIL with n-type silicon and the formation of macro-
porous over the silicon surface, without illumination.

In the present work, we describe the study and develop-
ment of a silicon-air battery with the unique structure of [Si
wafer|EMI.(HF), 5F|air]. Detailed cell discharge mechanism and
in-depth study of Si-air battery electrochemical behavior and char-
acteristics are described, as well.

2. Experimental
2.1. Materials

Silicon single-crystal wafer anode electrodes were varied in
their doping level, dopant type and orientation. Heavily doped n-
type wafers, including (10 0) As-doped (0.001-0.005 2cm), (11 1)
As-doped (0.001-0.007 2cm), (111) Sb-doped (<0.02 2cm) and
(100) medium As-doped (0.1-0.6 2 cm) were supplied by Univer-
sity Wafer (USA). Heavily doped p-type wafers, including (100)
(0.001-0.005 2cm), (111) (0.005-0.01 €2 cm) and medium doped
(100) (1-3 2 cm) were supplied by Si-Mat (Germany). For cathode
purpose, commercial air electrode (designed and formulated for
alkaline Zn-air) was used, as supplied by Electric Fuel Inc. This air
electrode comprised a polytetrafluoroethylene (PTFE) powder and
carbon black (0.45-0.5 g cm~2 loaded) structure catalyzed by man-
ganese dioxide pressed onto a nickel 200 mesh. Teflon microporous
layer was attached to the air side of the electrode. RTIL EMI-(HF), 3F
served as the electrolyte. The IL was provided by R. Hagiwara from
Kyoto University, Japan, and was synthesized according to methods
described elsewhere [15].

2.2. Three electrodes cell preparation

Three electrodes cell configuration was used, with a single-
crystal silicon wafer or air electrode serving as the working
electrode, and platinum wires serving both as counter and
quasi-reference electrodes. Experiments were carried out in an
electrochemical cell containing a polypropylene holder of the sil-
icon specimen, supported with a screwed back contact stainless
steel plate. The exposed surface was 0.6 cm? (Fig. 2). Previous to
any experiment the silicon sample was immersed in HF solution
(1HF:5H,0) for ten seconds in order to remove surface native oxide
layer. The silicon was then rinsed with de-ionized (DI) water and
dried using a nitrogen stream. After the cell was assembled, 0.5 ml
of the ionic liquid was added.

2.3. Battery cell preparation

For silicon-air systems studies, a silicon single-crystal, air elec-
trode (important note: as mentioned above, the air cathode was
formulated to alkaline Zn-air) and ionic liquid were used. Schematic
view of cell assembly is shown in Fig. 3. The cell was comprised of
three plastic plates. Silicon wafers were cut to 1cm x 1 cm pieces
and were pressed into a viton O-ring, achieving 0.5 cm? exposed
surface area. Air electrodes were cut into circular sheets, with
0.5 cm? exposed area, and outer circle periphery for electrical con-
tact. Terminal contacts were established with Cu wires. Si wafer
anodes were pretreated before cell construction as described in
Section 2.2. Cells were held at OCP (open circuit potential) for dura-
tion of 4h prior to initiation of the discharge process. This was
performed in order to allow a proper wetting of the porous carbon
(at the air cathode) with the RTIL electrolyte.

2.4. Electrochemical measurements and characterization

Silicon cyclic voltammetry, potentiodynamic and linear polar-
ization studies were performed with EG&G Princeton Applied
Research potentiostat/galvanostat 2273. Discharge experiments
were carried out using Arbin BT2000 battery test equipment (Arbin
Inc.). All experiments were conducted under ambient conditions.
Surface morphologies of silicon electrode were studied using high
resolution scanning electron microscope (HRSEM, Hitachi S 4700).
SEM (FEI Quanta 200), equipped with energy-dispersive X-ray
spectroscopy system (EDX, Oxford Inst.) was utilized in surface
morphology studies and chemical analysis of the air electrodes.
XPS analysis was performed using a Thermo VG Scientific, Sigma
probe, X-ray photoelectron spectrometer with a base pressure in
the 102 Torr, fitted with a monochromotized Al Ko (1486.6¢eV)
X-ray source.

Platinum wire
(Reference electrode)

Platinum wire
(Counter electrode)

RTIL
(Electrolyte, 0.5ml)

Silicon wafer
(Working electrode, 0.6 cm?)

Fig. 2. Schematic diagram of the three electrodes electrochemical configuration.
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Fig. 3. Schematic diagram of the silicon-air battery cell and its components.

3. Results and discussion
3.1. Half-cell analysis

Our efforts regarding the development of Si-air battery were
actually initiated with a much simpler, intuitive electrolyte, namely
KOH. However, silicon undergoes an extreme fast corrosion pro-
cess in alkaline solutions [17,18]. Silicon etching rate is measured
to be in the order of tens of ummin~! and therefore, high rates
of self-discharge processes are expected. EMI.(HF), 3F RTIL was
chosen as an alternative electrolyte due to its special features, as
described in the introduction section and due to the anodic features
of Si revealed in previous study [16]. Table 1 presents Si corrosion
currents and corrosion rates recorded for different wafers types,
utilizing EMI.(HF), 3F RTIL electrolyte. The corrosion rates were
calculated using the corrosion currents, obtained with the use of
linear polarization experiments in the range of £20mV relative
to OCP. The result shows high stability and negligible corrosion
rates for silicon in EMI-(HF),3F. It should be stated that silicon
corrosion rates resemble corrosion rates of highly resistive metals
in extreme environments, e.g. titanium in strong reducing agents
[19].

In order to determine whether the coupling between
EMI.(HF), 3F RTIL electrolyte, silicon anode and oxygen cathode can
lead to reasonable battery performances, potentiodynamic exper-
iments were conducted. Cathodic polarization of the air electrode
and anodic polarizations profiles of several silicon wafers are shown
inFig. 4. It should be noted that the potentials difference at OCP con-
ditions between the two half cells is 1.25-1.5V, depending on the
silicon type (Fig. 4). As can be seen in Fig. 4, there is no major dif-
ference in the anodic behavior of the various heavily doped n-type

Table 1
Silicon electrodes corrosion currents (rates) in EMI-(HF), 3F.

Silicon type Corrosion current (wA/cm?) Corrosion rate (nm/min)
n100 (As) 8.71 0.16
n** 100 (As) 4.23 0.08
n** 111 (As) 4.22 0.08
n**111(Sb) 3.71 0.07
p100 1.29 0.02
p* 100 0.54 0.01
p*111 0.42 <0.01

++ is designated for heavily doped silicon wafers.

silicon (n**) electrodes, i.e. no effect of dopant type and orientation.
All heavily doped n-silicon electrodes showed no anodic passivity
up to 1.3V (vs.Pt)during the anodic polarization. On the other hand,
the medium doped n-type curve (cyan curve, ¢ symbol in Fig. 4) (For
interpretation of the references to color in this sentence, the reader
is referred to the web version of the article.) does exhibit a passi-
vation region along the whole anodic potential range. OCP values
for the p-type silicon are 0.25-0.3V more positive (anodic) than
the corresponding n-type. This is in agreement with overall more
negative OCP value for n-type than for p-type silicon [20].

The results shown in Fig. 4 and Table 1 present the difficulty in
deciding which Si type should be further studied. In the low cur-
rent density region (<1 mA cm~2), n** Si exhibits a wider potential
window than the p** silicon, with regard to the air electrode poten-
tial. However, once higher current densities are being considered
of above 1 mA cm~2, the resulting potential difference for p** Si is
the higher one; 1.05V compared to 0.9V for n** silicon. Consider-
ing the self-corrosion rates, the choice becomes much complex: p**
silicon exhibits lower corrosion rates than n**, hence longer shelf
life. The decision was to continue the study primarily with n** sil-
icon, as the potential that the system can produce is the key issue
in optimizing cell performance.
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Fig.4. Polarization voltammograms recorded with EMI-(HF),3FRTILat 5mVs~! for
various electrodes: silicon single-crystal anodes and air cathodes.
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Fig. 5. Galvanostatic polarization of (100) heavily As-doped n-type silicon in
EMI.(HF),5F (red curve, O symbol in Fig. 4). Polarization conducted with current
density of 100-1000 p.A cm~2 and back to 100 pwAcm=2, in 100 pAcm~2 intervals,
each for 20 min.

3.2. Galvanostatic discharge behavior

Fig. 5 shows galvanostatic polarization curve for n** silicon
electrode. The electrode was polarized against Pt counter elec-
trode at different current densities, starting from 0.1 mAcm~2 up
to 1mAcm—2 and back to 0.1 mAcm~2, with 0.1 mA cm~2 step for
20 min, resulting in up and down staircase curve. As expected, the
obtained half-cell potential value is more positive as the current
density increases. However, frequent fluctuations are observed in
each step of the 20min constant current polarization. The fre-
quency of these fluctuations depends on the current density; as the
current density increases the fluctuations detected in the specific
measured potential appear in higher frequency. The fluctuations
are attributed to the electrochemical formation of gaseous SiF,,
(as was already reported in Ref. [22]) as a product of the anodic
reaction between EMI-.(HF),3F RTIL and silicon. Each alteration
in the potential-time profiles during a specific constant current
step indicates a build-up and release of SiF4 at the silicon sur-
face. Thus, the anodic electrochemical dissolution of highly doped
silicon EMI.(HF);, 3F RTIL is preformed according to the following
suggested reaction sequence:

Si+ 12(HF),F~ — SiFy + 8(HF);F~ + e~ (1)

Thus, anodic dissolution of silicon involves the formation of SiF,,
while 12 dihydrogen-fluoride anions of the IL transformed to 8 tri-

16 v T v T T T d T T T T T

144
12
10}

0.8

Voltage / V

0.6

| % 1 ]
04l 300 pA cm” 100 A cm® 50 pAcm® 10 pA om™]
' 26.7 mAhr 1525 mAhr 125 mAhr 3 mAhr
02} .
00 I 1 1 s 1 L 1 s 1 L 1 L 1 ]

0 100 200 300 400 500 600 700
Time / hr

Fig. 6. Discharge plots of silicon-air cells using EMI-(HF), 3F RTIL electrolyte at dif-
ferent constant current densities.

hydrogenerated-fluoride anions, also constitute the IL. It should
be noticed that pristine IL is composed of a mixture of di-and tri-
hydrogenated fluoride anions in a ratio of 7:3.

3.3. Silicon-air cell discharge performance

Silicon-air battery discharge performances under several cur-
rent densities in ambient temperature, are shown in Fig. 6. The
discharges were carried out in the cell configuration presented in
Fig. 3. Data was collected using n** As-doped silicon anode (red
curve, O symbol in Fig. 4). Prior to any discharge, the cell was held
at OCP for 4 h, allowing the electrolyte to properly wet the porous
carbon constitutes the air electrode. Discharge was terminated in a
cut-off voltage of 0.5 V. As expected, the cell voltage decreases with
increasing current density, due to polarization losses. The discharge
potential is quite stable and relatively extended, with potential
plateaus of 0.8-1.1V, depending on the current density loads. The
capacity values obtained for the Si-air battery discharges presented
in Fig. 6 are 6, 25, 30.5 and 53.4mAhcm2 at current densities of
10, 50, 100 and 300 A cm—2, respectively (shown in Fig. 6 in cell
capacity of 3, 12.5, 15.25 and 26.7 mAh). It could be expected that
the discharge time (and hence the capacity) obtained at a current
density of 10 A cm~2 would be as high as 10 times than the time
(capacity) recorded for silicon-air battery discharged at a current
density of 100 wA cm~—2. However, the results presented here show
that this is not the case. It can be deduced from the above numbers
that there is no correlation between the discharge current and dis-

Fig. 7. SEM images of the air electrode surface (a) before and (b) after discharge at 0.1 mA cm~2 for 260 h.
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charge time (capacity), i.e. the discharge process is not controlled
by the anodic silicon dissolution only. It is interesting to note that
the battery is more efficient once it is being discharged at high rates
(100 and 300 p.A cm~2), compared with low battery efficiency at the
slower rates (10 and 50 wA cm~2). A suggested explanation for this
unique behavior will be given in the next section.

In-course of SiF, formation at the silicon-electrolyte interface
(Eq. (1)), we can suggest a complete description of the cell discharge
reactions at the cathode side, by the following set of reactions:

0, + 12(HF);F~ + 4e~ — 2H,0 + 16(HF),F~ 2)
SiF4 + 2H,0 + 4(HF),F~ — SiO, + 4(HF);F~ 3)

Oxygen is being reduced in the presence of 12 tri-hydrogenated
fluoride anions to produce water and 16 di-hydrogenated fluoride
anions and 2 water molecules, which further reacts with the SiF,4
produced during the anodic reaction to yield Si-dioxide and 4 tri-
hydrogenated fluoride anions.

As was investigated before [21], the anion is the main charge
carrier in the EMI(HF), 3F RTIL. Therefore, no cation is written in
the above reactions. The overall expected cell reaction, based on
the two half-cell reactions discussed above, is therefore:

Si+ 0y — SiOy (4)

It should be noted that despite the general custom to present the
capacity of a battery with units of mAhg-!, in this case we prefer
to present the discharge time as a capacity comparable. As in the
case of Li-air batteries, non-soluble reaction products are deposited
at the porous air electrode [23,24]. Therefore the level of carbon’s
porosity in the air electrode and the size of the exposed inter-
face surface area have a significant influence on the cell capacity.
Since no investigation has been done yet on the exact relation-
ship between those two parameters and the capacity in such Si-air
cells, we present actual discharging length rather than capacity or
pseudo-capacity.

3.4. Discharge products

3.4.1. Air cathode side

3.4.1.1. Morphological studies. Since the battery utilizes silicon
wafers, we expected the battery system to run as long as there was
available silicon for the anodic reaction. However, that was not the
case; After the sudden drop in the potential (see for example, cur-
rent densities of 10 and 50 wA cm~2, Fig. 6) and completion of the
discharge to a cut-off potential of 0.5V it was revealed that the sil-
icon wafer was almost intact; At the most, only ~10% of the total
theoretical silicon capacity was utilized. Such behavior, where the
limiting factor is not the anodic fuel, may serve as a clear indication
for a severe performance limitation at the air cathode. Such phe-
nomenon was already observed in Li-air batteries [23,24], where
the reaction products (Li;O and Li;O,) are insoluble in the non-
aqueous electrolyte. As a consequence, the reaction products are
deposited at the porous carbon, preventing further reduction of O,
molecules, leading to discharge termination. We suggest the same
mechanism for the silicon-air battery; the reaction product, SiO,,
accumulates at the surface of the carbon air electrode, decreas-
ing the available area for the reduction of oxygen and reducing
the cell voltage. At the final steps of the discharge process, the air
electrode is completely clogged, leading to suffocation and finally
to pre-matured termination of the battery life. SEM micrographs,
shown in Fig. 7a and b, support the above mechanism. The micro-
graphs present the surface of the air electrode being exposed to the
electrolyte, before discharge (Fig. 7a) and subsequent to discharge
process of 260 h at a constant current of 0.1 mA cm~2 (Fig. 7b). It is
evident from Fig. 7b that during discharge the air electrode is being
covered with a residue layer.
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Fig. 8. XPS spectra obtained from the “wet” side of an air electrode: (a) Curve fitting
of the Si 2p XPS spectrum after discharge at 0.1 mA cm~2 for 260 h; (b) Wide scan
XPS spectrum after discharge at 0.1 mA cm~2 for 260 h; (c) Wide scan XPS spectrum
of clean air electrode.

3.4.1.2. Surface chemistry at the air cathode. Energy-dispersive X-
ray spectroscopy (EDX) analysis performed on the previously
discussed air electrode sample showed the presence of Si over the
air electrode surface. Silicon traces were assumed to be, accord-
ing to Eq. (4), in the form of the reaction product SiO,. In order to
confirm the presence of silicon oxide at the air electrode, chemical
bonding at terminal silicon was identified by the use of X-ray pho-
toelectron spectroscopy (XPS). Fig. 8 shows the XPS spectra of an
air electrode after discharge in a constant current of 0.1 mA cm—2
for 260 h, having n** silicon as the anode. The Si 2p spectrum signal
(Fig. 8a) can be de-convoluted into two separate peaks at 103.5 and
102.4eV. The high binding energy peak corresponds to reported
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Fig.9. A model for SiO, reaction product deposition on porous carbon air electrode.
(a) Low discharge currents and (b) high discharge currents.

values of Si in the bonding of SiO, [25,26]. The low binding energy
peak can be attributed to SiOx (0<x<2), with a chemical shift of
the SiO, peak towards lower binding energies. However, the ratio
between the two peaks areas, with the SiOy peak area twice as the
SiO,, may suggest other contribution to the 102.4 eV peak rather
than SiO,. A possible explanation may be due to the RTIL used,
containing F~ ions. The low vapor pressure of the RTIL makes the
drying of the air electrode highly difficult after it has been wetted.
Therefore, residues of RTIL can still be present in the porous air
electrode even after the drying process (90 °C in vacuum for 24 h).
The presence of electronegative F- ions in the air electrode results
in the formation of Si-F or Si-O-F bonds, which shifts the XPS sig-
nal towards lower binding energies. Wide XPS scan recorded for
the same sample is shown in Fig. 8b. The lines of F 1s and O 1s
signals can be clearly identified in the spectrum. In addition to the
presence of residues of the RTIL in the porous carbon, which con-
tributes to the large magnitude of F 1s peak, F ions are also present
in the PTFE binder mixed (with the active carbon). These F ions
enhance the F 1s signal intensity. The effect of discharge process
on the amount of oxygen at the air electrode can be understood
once comparing the wide scan spectrum obtained subsequent to a
discharge process (Fig. 8b) with a scan obtained from a pristine air
electrode (Fig. 8c). In both spectra the O 1s peak is present, however
the relative amount of oxygen is increased: 3.65at.% in the pris-
tine electrode, while subsequent to a discharge process the atomic
percentage is almost doubled 6.37 at.%. Moreover, the Si 2p peak
presented in Fig. 8b (enlarged in Fig. 8a) is missing from the spec-
trum taken from a fresh air electrode (Fig. 8c). Therefore, it can be
concluded that the reaction product is indeed SiO,, which is being
deposited during discharge on the moist surface of the air electrode,
eventually leading to a termination of further battery operating.
As was discussed earlier and can also be seen in Fig. 6, the dis-
charge capacity is strongly related to the discharge current density.
As mentioned before, no opposite correlation is observed between
the discharge current and discharge capacity. Usually, one would
expect from a battery a higher discharge capacity at a lower current
density. The opposite results shown here, along with SiO, deposits
at the air cathode (shown in Fig. 7b), can be explained in the fol-
lowing manner: activated carbon in the air electrode consists of
different pore sizes, from micro (0.7-2 nm)-, to meso (2-50 nm)-
and macro (>50 nm)-pores (Fig. 9) [27]. These pores structures, and
the relative amount of the different pores sizes, determines the sur-
face area of the air electrode. The surface area is comprised of both
the surface area of the micro-pores and of the meso- and macro-
pores. However, the actual surface area is determined mostly by the
micro-pores surface. These surface areas are the available sites for
oxygen reduction reaction, necessary for the cell operation. There-
fore, it would be expected that electrodes with high surface areas

would result in cells having an increased capacity. However, as
was already shown before, this assumption is not valid [24,28,29].
The critical factor, determines the cell capacity is the distribution
and percentage of the different sized pores. During discharge, the
pores are being filled with deposits of the reaction products. The
size and volume of the deposited particles is mostly affected by
the discharge current density. Discharge process performed at high
current densities would lead to the formation of coarse and bulky
deposits, while discharge process at lower current densities would
produce finer solid deposits. As a consequence of this divergence in
the size of the oxides, the sites where the deposition takes place are
diversed as well. The finer particles, formed at low current densi-
ties, are deposited at the micro-pores surface sites, as described in
Fig. 9a. With the advance in the discharge process, the micro-pores
are filled with the small particles, decreasing the path for oxygen
diffusion and reduction. Those areas are no longer active and thus
do not contribute to the cell operation. Therefore, low capacity val-
ues (even though long discharge times) are obtained at low current
densities discharge, as shown in Fig. 6. The accumulation of small
oxide particles at the surface of the micro-pores blocks the path for
oxygen diffusion, with only a relative small amount of consumed
silicon anode, i.e. low capacity.

On the other hand, when high current densities are applied the
micro-pores are not being filled with discharge reaction products.
Since the deposited particles are much coarser and thus not being
deposited and accumulated at the micro-pores, oxygen diffusion is
still available through the micro-pores, while the deposition takes
place at the meso- and macro-pores sites. This process now enables
increased capacities while discharging the cell at relatively high
current densities. The discharge continues with high rate, achieving
higher capacities, until the entire surface is blocked for good, with
a continuous silicon oxide layer, as describes in Fig. 9b. An image of
the amount and distribution of the silicon oxide particles on the air
electrode, subsequent to different discharge profiles, was obtained
with the use of back-scattered electrons (BSE) micrographs and
EDX element distribution map (K-line) of silicon at the air elec-
trode. Fig. 10 presents the silicon distribution after discharging in
current densities of 100 wA cm—2 (Fig. 10a and b) and 300 p.A cm—2
(Fig. 10c and d). It can be easily observe that with increasing cur-
rent densities, the amount of silicon dispersed on the air electrode
is increased (brighter dotes) and more surface area is being cov-
ered. With the highest current density of 300 WA cm~2, the surface
is almost completely covered with coarse oxide particles covering
the air electrode carbon surface. On the other hand, discharge at
low current density of 100 wA cm~2 provides a fine coverage of the
air cathode. The mapping shows that the amount of the oxide is
significantly higher once discharge is being performed at higher
current density. Thus the cartoon presented in Fig. 9 reflects well
the unique situation of silicon-air batteries utilizing non-aqueous
electrolytes, where the reaction zone occurs at the electrolyte-air
cathode interface. Overall, this layer prevents any further reac-
tion involving oxygen from the backside of the air electrode and
electrolyte in the front.

3.4.2. Silicon anode side

Fig. 11 presents HRSEM images obtained from silicon anodes
(100 n** As-doped) subsequent to a partial discharge of Si-air
cells at different current densities and different discharge lengths.
Micrograph 11a shows silicon anode surface after short discharge
(135 h) at low current density of 10 wA cm~2. It can be seen that the
dissolution of silicon proceeds initially inconsistently, forming pits,
as well as preserving the pristine wafer surface integrity at some
locations. Increasing the current density 20 times to 200 WA cm~—2,
while preserving the discharge time (micrograph 11b), resulted in
increased termination of the smooth silicon surface, and the for-
mation of 1 wm diameter shallow craters. However, lowering the
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Fig. 10. BSE micrographs and EDX element distribution maps (K-line) of silicon on the air electrode taken after discharge at (a and b) 100 wAcm~2 for 300h, and (c and d)
300 wA cm~2 for 150 h.

Fig. 11. HRSEM micrographs of silicon surface evolution during battery operation: (a) 135 h at a current density of 10 wA cm~2, (b) 140 h at a current density of 200 A cm=2,
(c)450h at a current density of 100 wAcm~2, and (d) 114 h at a current density of 400 pA cm2.



4970 G. Cohn, Y. Ein-Eli / Journal of Power Sources 195 (2010) 4963-4970

current density to 100 wAcm~2 yields an expansion of the dis-
charge to 450 h and the producing of a deep porous silicon structure,
with pore size distribution of 300-600 nm (Fig. 11c). Micrograph
11d shows silicon surface after discharge at the same capacity
as micrograph 11c, however with a discharge current density of
400 wA cm—2 for 114 h. This discharge resulted in the formation of
finer pores (100 nm) with much denser distribution, relative to the
structure shown in micrograph 11c. Such porous silicon structure
formation during battery discharge operation can further support
high current loads, as more active silicon anode surface area is
progressively exposed upon cell discharging.

3.4.3. Silicon anode surface chemistry

Recently, Raz et al. have published a detailed study on the sur-
face films formed on silicon upon anodic polarization [30]. It was
established that the formation of porous silicon (PS) is possible due
to successive cycles of Si-F bond formation at the silicon surface and
silicon etching. Competitive etching and pore formation are respon-
sible for both the dissolution and the formation of the obtained
porous structure. Dissolution/etching during anodic polarization
proceeds due to a branching process along the pores, which causes
the upper pore structure to peel-off, exposing the bottom’s pore
surface. As the discharge time or increase in current density or both
ofthese two occurs, wider and deeper porous structures are formed,
as well as deeper etching, leading to increased silicon discharge. The
formation and existence of Si-F compounds were reported pre-
viously in earlier studies, studying the formation of PS from p-Si
under anodic polarization in EMI(HF), 3F solution using in situ FTIR
and XPS [16,22,30]. Therefore, it is reasonable to assume that the
anodic dissolution of n-type silicon anode in the battery is accom-
panied by the formation of SiF4. The high dissolution ability of
silicon in the specific IL is attributed to the ability of the room
temperature molten salts to form Si-F bonds in course of anodic
polarization taking place during battery discharge. It is postulated
that Si dissolution can occur due to unique conditions existing in
this electrolyte, providing a high concentration of fluoride anions
under battery discharge operation.

4. Conclusions

This paper describes the efforts in studying and developing
rather unique non-aqueous primary silicon-air battery. This sys-
tem is comprised of single-crystal silicon wafers as the anode
and EMI.(HF); 3F room temperature ionic liquid as the electrolyte.
Prime objective of the research was to identify the most appropri-
ate silicon type to serve as the anodic active material. From the
suggested types of silicon wafers, heavily doped n-type was found
to be the most potent, as it combines negligible self-corrosion rate
together with cell potential varies from 1.1 to 0.8V, with current
densities of 10-300 wA cm~2, accordingly. The anodic dissolution
of silicon and the formation of SiO, as the reaction product are
being described in multi steps reaction process. The formation of
SiF4 during discharge is accompanied with periodic brief decrease
in the silicon potential, a phenomena that can be observed in half-
cell galvanostatic experiments. EDX and XPS examination confirm
the sedimentation of SiO, over the air electrode. This deposit is con-
sidered to cause pore clogging in the active carbon layer of the air
electrode and decrease of available active sites for oxygen reduc-

tion. These results show that the battery capacity is limited by the
air electrode rather than anodic material. Thus, it is highly impor-
tant to study and develop a robust air cathode capable of extending
the battery life.

Further studies will enhance the practical specific energy and
power densities of the new silicon-air battery, as materials and
engineering optimization are required. Continuous study should
examine improvements in silicon type selections, developing a
suitable air cathode, while electrolyte modification should be bear
in mind. However, the enormous range of applications for this new
air battery, starting from MEMS (Micro-Electro-Mechanical Sys-
tems) and up to mechanically rechargeable batteries for EVs, will
contribute to a growing interest in this technology.
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