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Abstract
Very high theoretical specific energies and abundant resource availability have emerged interest in primary Si–air batteries 
during the last decade. When operated with highly doped Si anodes and EMIm(HF)2.3F ionic liquid electrolyte, specific ener-
gies up to 1660 Wh  kgSi

−1 can be realized. Owing to their high-discharge voltage, the most investigated anode materials are 
⟨100⟩ oriented highly As-doped Si wafers. As there is substantial OCV corrosion for these anodes, the most favorable mode 
of operation is continuous discharge. The objective of the present work is, therefore, to investigate the discharge behavior of 
cells with ⟨100⟩ As-doped Si anodes and to compare their performance to cells with ⟨100⟩ B-doped Si anodes under pulsed 
discharge conditions with current densities of 0.1 and 0.3 mA cm−2. Nine cells for both anode materials were operated for 
200 h each, whereby current pulse time related to total operating time ranging from zero (OCV) to one (continuous discharge), 
are considered. The corrosion and discharge behavior of the cells were analyzed and anode surface morphologies after 
discharge were characterized. The performance is evaluated in terms of specific energy, specific capacity, and anode mass 
conversion efficiency. While for high-current pulse time fractions, the specific energies are higher for cells with As-doped 
Si anodes, along with low-current pulse fractions the cells with B-doped Si anodes are more favorable. It is demonstrated, 
that calculations for the specific energy under pulsed discharge conditions based on only two measurements—the OCV and 
the continuous discharge—match very well with the experimental data.
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1 Introduction

Increased demand on new battery technologies for electri-
cal energy storage devices, possessing very high-theoretical 
energy densities and being abundant in terms of resource 
availability motivate the ongoing research on metal–air bat-
teries progressively [1–9]. Among the resource-efficient 
anode materials, the highest theoretical energy densities can 
be realized with aluminium and silicon; specific energies are 
8091 Wh  kgAl

−1 and 8461 Wh  kgSi
−1 while energy densi-

ties are 21,845 Wh  LAl
−1 and 19,715 Wh  LSi

−1. Considering 
the resource efficiency, aluminium and silicon are also most 
favorable with respect to their crustal abundance, which 

amounts to  104.9 and  105.5 ppm [10] and to their availability, 
as indicated by the annual production. The world produc-
tion of aluminium and silicon were 57,600 and 7200 metric 
tons in 2016, respectively [11]. In addition to high-specific 
energy and resource effectiveness, future energy scenarios 
based on fluctuating renewable energy supply require stor-
age devices to be capable of being operated under dynamic 
conditions [12].

Long run continuous discharge of primary Si–air batter-
ies has already been demonstrated along with non-aqueous 
EMIm(HF)2.3F ionic liquid electrolyte in cells with static 
electrolyte supply [13] and in cells refilled by a pumping 
system using aqueous KOH electrolyte [14]. Regarding the 
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performance point of view, it is advantageous to use the 
ionic liquid electrolyte which provides current densities one 
order of magnitude higher with corrosion being one order 
of magnitude lower than for the cells operated with KOH. 
In spite of the lower performance, cost effectiveness of the 
KOH electrolyte makes this system competitive to the non-
aqueous Si–air system. Moreover, the aqueous Si–air bat-
teries are in a very early stage of development, so there is 
still a wide scope of improvements for this system [14–17].

Due to possessing properties such as high conductivity, 
low viscosity, wide electrochemical window, stability in air 
[18–20], and in particular the capability to dissolve native 
oxide films from surfaces (e.g. silicon [21] and aluminium 
[22]), EMIm(HF)2.3F electrolyte is favorable for application 
in metal–air batteries. The development of Si–air batteries 
with EMIm(HF)2.3F electrolyte started in 2009, when the 
proof of concept was established [23] and, subsequently, the 
discharge capacities up to 26.7 mAh from a cell with 0.5  cm2 
anode surface area were corroborated [13]. Since then, focus 
of the further research was on electrochemical mechanisms, 
on factors influencing the end of discharge [24, 25], and—
with respect to material selection—on performance inves-
tigations depending on silicon anode type [26]. In general, 
pore clogging by silicon oxide deposits at the cathode side 
[13, 25] and enhanced resistivity at the anode interface [24] 
were identified as factors contributing to the discharge limi-
tations. However, the mechanisms that lead to the discharge 
termination are still under discussion.

Considering the chemical characteristics of the ionic 
liquid, the EMIm(HF)2.3F electrolyte contains two types of 
anions (HF)2F− and (HF)3F−, which play a crucial role in 
the electrochemical mechanisms according to the following 
reactions [13]:

where  SiF4 is a gaseous specie which reacts with water and 
di-hydrogenated fluoride anions at the cathode side to pro-
duce the end product, silicon dioxide.

Until now, Si anodes employed in the Si–air batteries 
were highly doped single-crystalline Si wafers. The nature 
of Si as being a semiconductor makes doping an essential 
process to improve the electronic conductivities of Si elec-
trodes. Investigations of the dopant types have already been 
provided by potentiodynamic polarization experiments 
[13, 23, 26] and galvanostatic discharge experiments [26]. 
According to the potentiodynamic polarization experiments, 
the OCP and the anodic potentials are substantially higher 
for As- than for B-doped Si wafer anodes. These trends were 

(1)Anodic: Si + 12(HF)2F
−
⇄ SiF4 + 8(HF)3F

− + 4e−,

(2)
Cathodic: O2 + 12(HF)3F

− + 4e− ⇄ 2H2O + 16(HF)2F
−
,

(3)SiF4 + 2H2O + 4(HF)2F
−
⇄ SiO2 + 4(HF)3F

−
,

confirmed by further investigations in the intermediate term 
discharge behavior; however, the analysis of mass losses in 
these experiments revealed substantially lower corrosion 
rates for the B-doped Si anodes [26]. Nevertheless, the 
specific energies under continuous discharge were higher 
for the ⟨100⟩ As-doped Si anodes, because their higher cell 
voltages overcompensated the effects from corrosion mass 
losses [26].

Since corrosion is a parasitic process that is also pre-
sent under OCV, intermittent discharge would influence the 
specific energies for both anode materials. The quantitative 
effects on the specific energies ws depend on discharge volt-
ages Edis, discharge capacities Qs, mass changes from dis-
charge Δmdis, corrosion under discharge Δmcorr,dis and OCV 
Δmcorr,OCV. With OCV corrosion being more severe in ⟨100⟩ 
As-doped Si compared to ⟨100⟩ B-doped Si anodes, the uti-
lized specific energies for the latter would be higher under 
intermittent discharge conditions. Therefore, an investigation 
on operating conditions which might provide higher specific 
energies for the ⟨100⟩ B-doped Si anodes over the ⟨100⟩ As-
doped Si anodes is addressed.

Specifically, in the present work, the intermittent dis-
charge behavior of Si–air cells with ⟨100⟩ oriented As- and 
B-doped Si anodes is analyzed based on experiments with 
current densities of 0.1 and 0.3 mA cm−2 over 200 h opera-
tion time. For each material and current density, the cur-
rent pulse time related to the total operation time is varied 
in nine experiments which are evaluated with respect to 
time-dependent cell voltage profiles, corrosion and specific 
energy. To understand the behavior of individual electrodes, 
additional discharge experiments are studied in half-cells 
and compared to corresponding full-cells. The corrosion 
behavior under different pulse conditions is reported in 
terms of corrosion masses and corrosion rates. Moreover, the 
morphologies of the anode surfaces after discharge are char-
acterized by scanning electron microscopy (SEM). It is dem-
onstrated, that the specific energies under pulsed discharge 
can be predicted based on calculations that use the data sets 
from an OCV and a continuous discharge experiment.

2  Experimental

2.1  Materials preparation

Highly As- and B-doped single-crystalline silicon wafers 
(University Wafer, USA) with specifications as listed in 
Table 1, were cut into 12 × 12 mm sized squared pieces to be 
used as anodes. Before the electrochemical measurements, 
the anode surfaces were treated with plasma (PICO, Diener). 
A two-step plasma treatment was applied to Si wafers to 
volatilize organic contaminations and to remove the native 
oxide layer on the silicon surfaces. First, a treatment with 
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oxygen/argon plasma (60%  O2/40% Ar) was employed, 
which was followed by an argon/sulfur hexafluoride plasma 
(50%  SF6/46% Ar/4%  O2). A room temperature ionic liquid 
EMIm(HF)2.3F from Morita Chemical Industries, Japan was 
used as an electrolyte without further treatment. Commercial 
air-electrodes (E4b type, Electric Fuel Ltd., Israel) consist-
ing of a stainless-steel mesh embedded into carbon black 
with manganese dioxide catalyst were used for air cathodes. 
The air side of these cathodes is covered with a Teflon layer.

2.2  Electrochemical setups

Si–air full-cells for discharge experiments were assem-
bled using a silicon wafer as anode, the ionic liquid 
EMIm(HF)2.3F as electrolyte and a porous carbon-based air-
electrode as cathode. The cell setup made from poly(methyl 
methacrylate) was constructed following the design by 
Technion [13]. The setup provides a geometric surface area 
of 0.44  cm2 for both anode and cathode electrodes with an 
electrolyte volume of 0.6 ml. A three electrode setup used 
for the half-cell experiments was assembled by the same 
components with a silicon wafer or an air-electrode as work-
ing electrode, a platinum wire as counter electrode, and a 
self-prepared  FeCp2/FeCp2

+ gel-based reference electrode 
(see [27] for further details on reference electrode). All 
experiments were carried out in a climate chamber (Binder 
KMF115) at 25 °C and 50% relative humidity. The elec-
trochemical measurements were controlled via a Bio-Logic 
VMP3 potentiostat and the experimental data were evalu-
ated by the EC-lab software. The pulsed discharge experi-
ments were set up for a total operating time of 200 h with 
current densities of 0.1 and 0.3 mA cm−2. The operating 
conditions for different pulse durations were characterized 
by the current pulse time fraction p = tdis/(tdis + tOCV), where 
tdis and tOCV correspond to total discharge and open-circuit 
voltage times during the experiments, respectively. OCV 
(p = 0), continuous discharge (p = 1), and the current pulse 
time fraction (p = 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875) 
experiments were carried out for each current density.

2.3  Corrosion rates

The corrosion rates of Si anodes were determined via the 
mass loss method. The silicon wafers were weighed before 
assembling the cell (mi) using a micro balance with an 
accuracy of 0.01 mg (XA205, Mettler Toledo). After the 

experiments, the cells were directly disassembled, the silicon 
wafers were rinsed with deionized water, dried, and weighed 
again (mf) to obtain the total mass loss during the discharge 
runs. The total mass loss (Δmtot = mi − mf) was afterwards 
used to calculate the mass loss due to corrosion (Δmcorr) by 
Δmcorr = Δmtot − Δmdis = Δmtot − ((Idis·tdis)/(n·F/MSi)) where 
n is the number of charge carriers (4e−), F is the Faraday 
constant and MSi is the molecular mass of silicon. The anode 
mass conversion efficiencies were obtained by Δmdis/Δmtot.

2.4  Surface characterizations

SEM was used to characterize the morphology of the sur-
faces of Si anodes after discharge experiments. The images 
were recorded with a Quanta 650 (FEI, USA). Applied 
acceleration voltage in the SEM imaging measurements 
was 5 kV.

3  Results and discussion

3.1  Time evolution of cell voltages under pulsed 
discharge

The intermittent discharge performance of Si–air cells under 
various current pulses with 0.1 and 0.3 mA cm−2 are shown 
in Figs. 1 and 2 for As ⟨100⟩ and B ⟨100⟩ Si anodes, respec-
tively. In these figures, the voltage profiles for 200 h OCV 
(p = 0) and 200 h continuous discharge (p = 1) are also dem-
onstrated. As a general trend, the time evolution of the cell 
voltages during intermittent discharge and OCV intervals 
follows the decay of the voltages for the continuous dis-
charge and the continuous OCVs, respectively.

On switching between OCV and discharge during inter-
mittent cell operation, there are only minor effects from 
polarization dynamics for cells with As-doped Si anodes. 
In contrast to that, following the switching off the current, 
cells with the B-doped Si anodes show pronounced over-
shooting of the voltages and subsequent relaxation effects 
back to voltages close to continuous OCV. This behavior 
does not induce any marked polarization dynamics on the 
cell voltages during the consecutive current pulse periods.

Considering the trends of the mean voltages during 
discharge and OCV periods under pulsed operation com-
pared to those under 200 h continuous discharge or OCV, 
there are clear correlations related to the current pulse time 

Table 1  The physical properties 
of Si wafers used in this study

a Doping concentrations are obtained by the calculator from the website of the provider (University Wafer)

Type Dopant Orientation Thickness (µm) Resistivity (Ω cm) Doping  concentrationa  (cm−3)

n As ⟨100⟩ 625 0.001–0.007 9.0 × 1019–0.74 × 1019

p B ⟨100⟩ 525 0.001–0.005 1.26 × 1020–2.05 × 1019
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fraction and the current densities for both cells with As- and 
B-doped Si anodes. In cells with As-doped Si anodes under 
low-current pulse time fractions, the mean voltages during 
their OCV periods are close to those for the 200 h OCV 
operation, whereas the mean voltages during the discharge 
periods are significantly higher than those under continuous 
discharge (Fig. 1a). In contrast to that, intermittent discharge 
with high-current pulse time fractions results in mean dis-
charge voltages very close to those for the continuous dis-
charge, while the mean voltages during the OCV periods are 
considerably lower than those for the 200 h OCV measure-
ment (Fig. 1c). These features are more pronounced along 
with higher discharge currents (Fig. 1a, c vs. 1b, d). Similar 
behavior is also found for the cells with B-doped Si anodes 
considering the time profiles of the voltages after relaxa-
tion from the overshooting effects (Fig. 2a–d). The data for 
the time-averaged mean voltages during OCV and discharge 
periods depending on the current pulse time fraction are 

summarized in Fig. 3 for the cells with As- and B-doped 
Si anodes.

There is clearly a distinct influence of the dopant types 
on the electrochemical behavior of Si–air cells. Figure 3 
demonstrates the comparison of the overall effects of the 
As- and B-dopants on the mean cell voltages over 200 h. The 
differences on the figure are solely related to dopant types as 
the cell setup (electrolyte, air cathode) was kept same in all 
experiments. Doping of Si electrodes with As yielded higher 
cell voltages under OCV and discharge in comparison to 
B-dopant. The large difference under OCV (≈ 400 mV) was 
lowered to 150 mV for continuous discharge experiments. 
Similar results have also been reported previously by poten-
tiodynamic polarization experiments in half-cells [13, 26]. 
As confirmed by both, galvanostatic discharge and potentio-
dynamic polarization experiments, B-doped Si electrodes in 
EMIm(HF)2.3F electrolyte reveal more “passive-like” elec-
trochemical behavior, which is reflected as lower cell volt-
ages on the discharge profiles. The mechanisms underlying 

(a) (b)

(c) (d)

Fig. 1  Discharge profiles of the Si–air cells with ⟨100⟩ As-doped 
Si anodes during 200 h pulsed discharge under a current density 
of 0.3  mA  cm−2 with current pulse time fraction p = 0.125, b cur-

rent density of 0.3  mA  cm−2 with p = 0.875, c current density of 
0.1 mA cm−2 with p = 0.125, and d current density of 0.1 mA cm−2 
with p = 0.875
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(a) (b)

(c) (d)

Fig. 2  Discharge profiles of the Si–air cells with ⟨100⟩ B-doped 
Si anodes during 200  h pulsed discharge under a current density 
of 0.3  mA  cm−2 with current pulse time fraction p = 0.125, b cur-

rent density of 0.3  mA  cm−2 with p = 0.875, c current density of 
0.1 mA cm−2 with p = 0.125, and d current density of 0.1 mA cm−2 
with p = 0.875

(a) (b)

Fig. 3  Mean voltages of cells with As- and B-doped Si anodes during OCV and discharge periods under 0.3 mA cm−2 depending on pulse time 
fraction p. a As-doped Si anodes and b B-doped Si anodes
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the passive-like behavior is, however, not well understood 
in the investigated ionic liquid.

The origin of the potential difference (at OCP) between 
As- and B-doped Si wafers can be understood by consider-
ing the energy band diagrams. Unlike for metals, the Fermi 
level of semiconductors lies between valence and conduc-
tion bands. Excluding the degenerated-case, position of the 
Fermi level within the energy band gap is determined by the 
concentration and type of dopant. In case of n-type Si (doped 
with Group V elements e.g. As), the Fermi level is located 
close to conduction band whereas it is close to valence band 
for p-type Si (doped with Group III elements e.g. B). The 
theoretical electrochemical potential of Si is defined by the 
Fermi level. Hence, for an ideal case in the same electrolyte, 
the difference between the Fermi levels of n-type Si and 
p-type Si results in variations on the open-circuit potentials. 
Detailed explanation on energy band diagrams can be found 
in [28–31].

3.2  Analysis of overshooting

To gain insights to the origin of the pronounced overshoot-
ing of the voltages during intermittent discharge profiles for 
cells with B-doped Si, half-cell experiments with B-doped 
Si, As-doped Si and carbon-based air cathode as the working 
electrodes are performed. Intermittent discharge experiments 
in half-cell setups are operated for 24 h under a discharge 
current density of 0.3 mA cm−2. The half-cell potentials are 
measured versus the self-prepared  Cp2Fe/Cp2Fe+ gel-based 
reference electrode. For further investigations, full-cell 
experiments in two and three electrode configurations are 
also conducted under the same operating conditions.

In the half-cell with carbon-based air-electrode, the OCP 
drops from initially 0.3 V to 0.0 V approximately after 24 
h intermittent operation (Fig. 4a, b). There is no significant 
decay of the potentials during the individual OCP steps; on 
the contrary the potentials gradually tend to equilibrate at 
higher values when switching to OCP. Also, the voltage drop 
of approximately 0.1 V on switching from actual OCP to dis-
charge remains the same for each step. The time-dependent 
decay of the potentials occurs mainly during the individual 
discharge steps where the potentials decrease continuously. 
No overshooting effects when switching back from discharge 
to OCP are observed for this type of half-cell with carbon-
based air-electrode.

The overall evolution of potentials for half-cells with As-
doped Si electrodes shows a slight trend toward less negative 
OCP along with the operation time. In these cells, the OCP 
starts at − 1.4 V, increases during the initial OCP step in the 
positive direction to − 1.3 V and stabilizes around − 1.28 V 
after the 24 h intermittent discharge experiment (Fig. 4a). 
Subsequent to switching on the discharge current, the 
cell potential raises by 0.25 V after which the discharge 

potentials stabilize. On switching back from discharge to 
OCP there are no overshooting effects in half-cells with As-
doped Si electrodes.

Quite different behavior is observed for the half-cells con-
taining B-doped Si wafers regarding the overall develop-
ment of the OCP during the operating time as well the over-
shooting behavior after switching to OCP (Fig. 4b). For the 
B-doped Si half-cell the OCP starts at − 1.1 V and increases 
in the positive direction to − 0.9 V during the first step. 
When initiating the discharge after this first OCP period, the 
potential rises by 0.15 V and remains constant at − 0.74 V 
during the discharge. Along with switching back to OCP 
after the discharge, a large potential drop of around 0.6 V 
in the negative direction is observed. The OCP shows only 
slight relaxation and stabilizes at − 1.3 V; thus, being almost 
0.4 V more negative than right before the first discharge. 
The initial and subsequent discharge steps seem to activate 
processes that lead to more negative OCP in the following 
periods. However, the effects of this activation are limited 
to OCP since the potentials remain at the same level during 
all the discharge steps. In contrast to that, the OCP becomes 
slightly more negative in the following periods.

To compare the discharge profiles of the half-cells to 
those of the corresponding full-cell experiments, the results 
from half-cells with Si and carbon-based air electrodes are 
combined by subtracting the anodic potentials (Si elec-
trodes) from the cathodic potential (air-electrode). The time 
profiles of the voltages for As-doped Si–air full-cells in a 
two-electrodes setup and those calculated from the half-cell 
experiments (Fig. 4c) are qualitatively very similar. Quanti-
tatively, differences of 50 mV during the discharge and OCV 
periods are observed. In contrast to that, for the B-doped 
Si electrode, the behavior of the experimental voltages for 
full-cells vs. those calculated from half-cell show marked 
qualitative differences (Fig. 4d). Although in both types of 
cells the application of a discharge current pulse leads to a 
pronounced increase in subsequent OCV period, there are 
substantial differences with respect to the time behavior of 
the changes in OCV. While for the full-cell the enhanced 
OCV is only temporary, decaying to the previous value after 
approximately 2 h at the end of the intermittent OCV peri-
ods; in the half-cells, the higher level for the OCV is main-
tained permanently. Consequently, in voltage profiles for the 
full-cell experiments, the enhanced OCV after the discharge 
steps appears as an overshooting whereas in those of the 
half-cell experiment, the OCV remains almost constant at 
higher levels in comparison to initial OCV.

The analysis of the half-cells indicates that enhanced 
OCP and overshooting after discharge periods requires the 
presence of B-doped Si electrodes because overshooting of 
OCP is not observed in half-cells with As-doped Si elec-
trode or air electrode. Moreover, the comparison with full-
cell experiments leads to the conclusion that the effects 
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are different depending on presence or absence of air-
electrodes in the setup. The findings are further confirmed 
by two experiments with full-cells in three electrode con-
figuration that are assembled with a B-doped Si anode as 
working electrode and an air-electrode as counter electrode 
while measuring the potential of both electrodes versus the 
gel-based reference electrode. The potential profile of the 
air-electrode in the full-cell (Fig. 5a) is almost identical to 
the one obtained from the half-cell experiment (Fig. 4a). 
For the B-doped Si electrode in the full-cell, the discharge 
potential is stable at − 0.74 V which is the same as in the 
corresponding half-cell experiment. However, the OCP of 
the B-doped Si electrode after the discharge steps does not 
stabilize at − 1.3 V as in the half-cell level but relaxes back 
to − 0.85 V approximately after substantial overshooting 
to − 1.3 V. Very similar behavior of the potentials is also 

observed for a cell assembled in a three-electrode setup 
with a B-doped Si as working electrode, Pt counter elec-
trode in which carbon powder retrieved from the air-elec-
trode is added to the electrolyte (Fig. 5b).

The changes in potentials and the overshooting are, 
therefore, related to processes that modify in first instance 
the B-doped Si anodes. In the absence of carbon in the 
system during the discharge period, modifications of the 
B-doped Si-anode cause a permanent increase in the sub-
sequent OCV (Fig. 5a). This modification might be due to 
the formation of a surface layer containing Si–F–B ele-
ments as shown in Fig. 5c (2nd state) [26]. In presence 
of carbon, the modifications are temporarily and seem to 
be counteracted by carbon (3rd to 4th state). The effects 
on OCV are fading with time and showing up in the form 
of overshooting effects. In both cases, the modifications 

(a) (b)

(c) (d)

Fig. 4  Potential profiles during 24  h pulsed discharge experiments 
under 0.3  mA  cm−2 for a half-cells with As-doped Si and carbon-
based air cathode as working electrodes, b half-cells with B-doped Si 
and carbon-based air cathode as working electrodes with arrow indi-

cating the amount of overshooting. c Comparison of the full-cell vs. 
half-cell discharge profiles for As-doped Si electrodes, d comparison 
of the full-cell vs. half-cell discharge profiles for B-doped Si elec-
trodes
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affect only subsequent OCV, but not subsequent discharge 
potentials.

3.3  Corrosion

The corrosion rates for ⟨100⟩ As- and B-doped Si anodes 
under pulsed discharge at current densities of 0.1 and 
0.3 mA cm−2 during 200 h operating time are depicted in 
Fig. 6. According to the corrosion analysis, the As-doped 
Si wafers readily corrode during the OCV periods while the 
B-doped Si wafers show almost no corrosion behavior; the 
corrosion rates under 200 h OCV are 3.1 nm min−1 for the 
former and 0.1 nm min−1 for the latter electrodes. Along 
with discharge, on the other hand, both types of electrodes 
reveal enhanced corrosion rates at longer pulses. Particu-
larly for the higher current density, the increase is more 
pronounced. Under continuous discharge (p = 1), the corro-
sion rates for As-doped Si anodes amount to 4.6 nm min−1 
and 7.9  nm  min−1 at 0.1  mA  cm−2 and 0.3  mA  cm−2, 

respectively. In case of B-doped Si anodes, the corrosion 
rates increase linearly with p for both current densities. The 
corrosion rates under continuous discharge are 2.2 nm min−1 
at 0.1 mA cm−2 and 6.2 nm min−1 at 0.3 mA cm−2 current 
densities.

For the B-doped anodes, almost perfectly linear depend-
ence of the corrosion rates on current pulse time fraction 
(p) suggests that the OCV corrosion rates and corrosion 
rates under discharge are weighed by the time under these 
regimes. The precondition for such behavior is that the cor-
rosion rates are constant with time. In comparison to previ-
ous study [26] which reports corrosion rates for As- and 
B-doped Si wafers after 4 h OCV + 20 h discharge experi-
ments (corresponding to p = 0.83) at various current densi-
ties, the corrosion rates of B-doped Si wafers within the 
current work match perfectly even though the total operation 
time is 200 h.

In contrast to that, compared to the reported OCV cor-
rosion rates for As ⟨100⟩ Si anodes over 24 h [26], the 

(a) (b)

(c)

Fig. 5  Discharge profiles of Si–air cells with half-cell potentials 
of B-doped Si anodes and carbon-based air-electrodes during 24 
h pulsed discharge with 0.3  mA  cm−2. a Half-cell vs. full-cell with 
three electrode configuration, b half-cell with carbon powder additive 

into electrolyte vs. full-cell with three electrode configuration, and c a 
proposed scheme of Si surfaces at different operation times as shown 
in b 
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corrosion rates during OCV increase significantly when the 
operating time is extended to 200 h; 1.6 nm min−1 for 24 h 
vs. 3.1 nm min−1 for 200 h. This relatively high corrosion 
rate during OCV is the reason for the enhanced corrosion 
rates observed for As-doped Si anodes for short pulses since 
the overall corrosion rate is mainly determined by the corro-
sion rate during OCV. At longer current pulses, however, the 
corrosion is strongly influenced by the corrosion rate during 
discharge because of short OCV durations. The resulting 
corrosion rates are only slightly increasing with p; because, 
the corrosion rate under current is almost constant with time 
as confirmed by the comparison to previous report [26].

According to the comparison of corrosion rates for 
B-doped and As-doped Si electrodes, the corrosion behavior 
of Si is clearly altered by the type of dopants and operation 
conditions. The lower corrosion rates are mainly achieved 
either by B-doping or low discharge current densities. At 
longer discharge durations (at higher p), especially for 
higher current densities, the corrosion rates are significantly 
enhanced for both dopants. This phenomenon somehow 
resembles the unusual feature of magnesium (or sometimes 
aluminium) in aqueous media known as the negative differ-
ence effect (NDE) [32–36]. According to this theory, in con-
trast to most metals, both the anodic reaction rate (oxidation 
of Mg) and cathodic reaction rate (hydrogen evolution)—
hence the corrosion rate—are enhanced with an increase of 
the applied potential in the anodic direction. Consequently, 
there is a significant difference between the corrosion rates 
calculated with Faraday’s law and the corrosion rates deter-
mined gravimetrically. Considering the previously reported 
corrosion rates of Si in both aqueous [17] and non-aqueous 
[26] media, a similar mechanism to NDE might also be pos-
sible for Si.

The corrosion (etch) rate reduction for highly doped Si 
electrodes has been widely investigated for semiconductor-
related applications [30, 37–39]. The key factors, in this 
regard, are the concentration of dopants and the solutions by 
which Si is being etched. For example, the etch rate reduc-
tion of Si is mainly achieved in aqueous alkaline solutions 
[30, 39] while it is not observed in HF-based aqueous solu-
tions [37, 38]. The critical doping concentration for B-doped 
Si (p-type) is around 2 × 1019 cm−3 whereas higher doping 
concentrations are needed for n-type Si at which the etch rate 
reduction occurs [39]. Until now, the mechanisms respon-
sible for etch rate reduction of Si have not been understood 
well although several different models have been proposed 
[28]. In case of EMIm(HF)2.3F electrolyte, the lower cor-
rosion rates for B-doped Si electrodes (doping concentra-
tion > 2 × 1019 cm−3) evidence that etch rate reduction also 
takes place in this non-aqueous solution even though it is 
HF-based. This is confirmed by the potentiodynamic polar-
ization experiments as B-doped Si electrodes resulting in 
lower corrosion rates and open-circuit potentials [13, 26]. 
Contrary to HF-based aqueous solutions, the etch rate reduc-
tion for B-doped electrodes in EMIm(HF)2.3F could origi-
nate from the lack of water or from surface layers that con-
sist of Si–F–B species. Further investigations are needed for 
better understanding of the behavior of Si in EMIm(HF)2.3F.

3.4  Microstructure of anode surfaces 
after discharge

SEM images of the As- and B-doped Si anode surface mor-
phologies after pulsed discharge with 0.3 mA cm−2 are 
shown in Fig. 7. There are marked differences between the 
As- and B-doped Si surfaces for all pulses. In particular for 

(a) (b)

Fig. 6  Corrosion masses and corrosion rates for ⟨100⟩ oriented As- and B-doped Si anodes after 200 h pulsed operation a under a discharge cur-
rent density of 0.1 mA cm−2 and b under a discharge current density of 0.3 mA cm−2
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the As-doped Si, even the pulse condition reveals quite pro-
nounced effects on the surface morphologies.

Figure 7a illustrates a randomly textured rough surface 
full of hillocks for the As-doped Si anode after 200 h OCV 
(the analysis of the line and surface roughness parameters 
can be found in Fig. S1 and Table S1). Discharging the 
cell under p = 0.125 increases the roughness slightly; the 
area between the hillocks becomes larger (Fig. 7c). A pro-
nounced difference on the surface morphologies appears for 
employing p = 0.875 pulse as shown in Fig. 7e. The surface 
is mostly covered with squared shallow pits while the bor-
der between them resembles pyramid-like structures. Along 
with the continuous discharge, the size of those shallow pits 
decreases while revealing the border structures more clearly 
(Fig. 7g).

Under the same cell operation conditions, B-doped Si 
anodes show much smoother surface morphologies even 
after the continuous discharge. Figure 7b depicts formation 
of few small pits while most of the surface remaining smooth 
after 200 h OCV. The surface becomes slightly rough when 
discharged under p = 0.125 (Fig. 7d). Under discharge with 
p = 0.875 and 1, the surface roughness is similar; however, 
few small dimples and many small pores appear along with 
longer current pulses (Fig. 7f, h).

Considering the nature of the electrolyte, one might 
expect isotropic etching behavior during OCV and for-
mation of porous surface under anodic dissolution due to 
the single crystallinity of the silicon. The formation of a 
porous surface in conventional aqueous HF and non-aqueous 
EMIm(HF)2.3F solutions is mainly achieved under high-
anodic current densities and/or potentials for both n- and 
p-type Si electrodes during relatively short operation times 
[28, 40–45]. Specifically for the EMIm(HF)2.3F solutions, 
different pore morphologies with widths ranging from 15 to 
200 nm and depths up to 20 µm could be produced depend-
ing on the Si specifications and experimental conditions 
[43–45].

The EMIm(HF)2.3F electrolyte is a unique room tem-
perature ionic liquid which provides high concentrations of 
fluoride anions. The fluoride anions, if exceeding a critical 
concentration, may react with the positively charged Si sur-
face and initiate pit formation [45]. According to Raz et al., 
[45] the formation of porous surface on an n-type Si initi-
ates once the anodic polarization starts. Polarizing Si anodi-
cally results in generation of Si–F bonds at the local spots 
which may cause a local increase in concentration of surface 
states on the Si surface. Surface states usually exist at small 
amount on Si surfaces at OCP and they are associated with 
the dissolution of silicon in acidic fluoride solutions [28]. 
Due to enhanced Si–F bonds at local spots, the dissolution of 
Si starts most likely in the form of pitting. The formed local 
pits initiate the porous surface formation and etching under 
anodic potentials. In the present study, due to the relatively 

low applied current densities (in comparison to previous 
studies [43, 45]), the surface of As-doped Si electrodes only 
possesses the squared pit formation in a microscale without 
any visible porous structures under SEM—formation of such 
large squared pits on Si electrodes are being reported for 
the first time in EMIm(HF)2.3F solutions. There could still 
be some nano-pores formed as shown in [26], or as shown 
for B-doped Si surfaces (Fig. 7), however, at much smaller 
dimensions comparing to the previous studies [43–45].

3.5  Experimental results on specific energies

Based on the results on mean voltages during discharge Edis, 
discharge currents Idis and times tdis, and mass changes Δmtot, 
the specific energies ws delivered by the Si–air cells under 
pulsed operation can be calculated according to

The specific energies depending on the current pulse time 
fraction for cells with As- and B-doped Si anodes are illus-
trated in Fig. 8. Regardless of the applied current density, 
B-doped Si electrodes provide remarkably higher specific 
energies at low-current pulse time fractions. For example, 
at p = 0.125, specific energies of 860 and 950 Wh  kgSi

−1 are 
realized under 0.1 and 0.3 mA cm−2, respectively; while 
cells with As-doped Si anodes result in 250 and 350 Wh 
 kgSi

−1. At high-current pulse time fractions, however, both 
Si types reveal almost the same discharge-specific energies 
for 0.1 mA cm−2 whereas application of higher current den-
sity leveled the values for As-doped Si electrodes even at 
relatively lower current pulse time fractions.

During the OCV periods, anode material is oxidized 
without delivering electrical energy owing to corrosion reac-
tions. Thereby, on the one hand the specific energies tend to 
become lower with decreasing current pulse time fractions 
(longer OCV); on the other hand the higher discharge volt-
ages along with short current pulse time favor an increase 
of specific energies. Quantitatively the impact on specific 
energies depends on the extent of OCV corrosion rates and 
therefore is quite different for As- and B-doped Si anodes. 
For the As-doped Si, the OCV corrosion rates are around 65 
and 40% of the corrosion present under continuous discharge 
at 0.1 and 0.3 mA cm−2, respectively. Consequently, there is 
a marked reduction in specific energies when operating the 
cells in pulsed mode, e.g. 350 Wh  kgSi

−1 with p = 0.125 vs. 
950 Wh  kgSi

−1 with p = 1 under 0.3 mA cm−2. In contrast to 
that, negligible OCV corrosion in the cells with B-doped Si 
anodes results in quite similar-specific energies for most of 
the pulse fractions with a slight tendency towards enhanced 
specific energies at shorter current pulse time fractions.

In general, the shift in the ranking of the anode materi-
als is mainly originating from the differences in the OCV 

(4)ws = (Edis ⋅ Idis ⋅ tdis)∕Δmtot.
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Fig. 7  Surface images of the Si anodes after 200 h pulsed discharge 
with 0.3  mA  cm−2. a As-doped Si with p = 0, b B-doped Si with 
p = 0, c As-doped Si with p = 0.125, d B-doped Si with p = 0.125, e 

As-doped Si with p = 0.875, f B-doped Si with p = 0.875, g As-doped 
Si with p = 1, and h B-doped Si with p = 1
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corrosion rates. Operating the cells at moderately low-
current pulse time fractions decreases the specific energies 
for the As-doped Si anodes substantially; whereas those for 
the B-doped Si anodes are slightly dependent on p. Along 
with continuous discharge, however, the differences in the 
discharge voltages compensate the OCV corrosion effect in 
favor of the As ⟨100⟩ Si anodes especially under higher cur-
rent density.

3.6  Approach for calculation of specific energies 
under pulsed discharge

Considerable efforts are required to provide a compound 
view on cell performance under pulsed discharge operating 
conditions based on merely experimental work. Therefore, 
an approach to establish the most essential information on 
specific energies by combining a reduced number of experi-
ments with calculations is addressed.

Point of departure is the formulation of specific energies

In the experimental approach Edis and Δmtot have to be 
measured in individual experiments for each current pulse 
time fraction. Assuming that (i) the mean discharge voltages 
under current pulses Edis can be approximated by the mean 
voltages under continuous discharge E* (ii) the corrosion 
under pulsed discharge is a linear combination of the corro-
sion under OCV and under continuous discharge weighed 
by the time in the respective states, and (iii) the corrosion 
rates are constant with time; the expression for the specific 
energy can be reformulated to

(5)ws(p) = (Edis(p) ⋅ Idis ⋅ tdis(p))∕Δmtot(p).

where cdis and cocv are the corrosion rates under continu-
ous discharge and OCV while Δmdis is the amount of active 
mass required to generate desired electrical energy. For a 
given specification of the pulsed discharge experiment Idis, 
tdis, tocv and Δmdis are defined by the experimental setup. 
According to assumption (i) and (ii), E* is evaluated from 
the continuous discharge profile, while the corrosion rates 
cocv and cdis can be determined from an OCV and a continu-
ous discharge experiment. Thus, an estimation of the specific 
energies depending on current pulse time fraction based on 
only two experiments—the OCV and the continuous dis-
charge runs—can be provided.

The results of the calculations for the specific energies 
for the cells with As-doped Si and B-doped Si anodes are 
depicted and compared to the experimental data in Fig. 9a, 
b. The specific energies calculated for the As-doped Si 
anodes match the data determined in the experiments quite 
well. Good agreement between experimental and calculated 
specific energies is also obtained for the pulsed discharge of 
the cells with B-doped Si anodes under current densities of 
0.1 mA cm−2. However, under operation at 0.3 mA cm−2 the 
calculations underestimate the specific energies for these 
types of cells by approximately 15% in the range of low to 
medium current pulse time fractions. In terms of specific 
capacities (Fig. 9c, d) and anode mass conversion efficien-
cies (Fig. 9e, f), the calculated data for B-doped Si cells 
show a good agreement with the experimental data while 
there is approximately 10% difference in the comparison of 
the As-doped Si data for 0.3 mA cm−2 discharge pulses. The 
anode mass conversion efficiencies (utilization efficiencies), 

(6)
ws(p) = (E∗

⋅ Idis ⋅ tdis(p))∕(Δmdis(p) + cdis ⋅ tdis(p) + cocv ⋅ tocv(p)),

(a) (b)

Fig. 8  Influence of the current pulse time fractions on the discharge-specific energies of Si–air cells with As- and B-doped Si anodes after 200 h 
cell operation with a discharge current density of 0.1 mA cm−2 and b discharge current density of 0.3 mA cm−2
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within this context, correspond to the ratio between the 
mass loss due to electrochemical discharge reaction and 
the total mass loss of the Si electrodes. It can be clearly 
seen from Fig. 9e, f that, B-doped Si electrodes with up to 

46% surpass the As-doped Si electrodes in terms of anode 
mass conversion efficiencies under any pulse conditions. 
Originating from the same reason—lower corrosion rates—
the specific capacities as high as 1790 mAh  gSi

−1 obtained 

(a) (b)

(e) (f)

(c) (d)

Fig. 9  Experimental vs. calculated values of Si–air cells depend-
ing on current pulse time fraction for a specific energies for 
0.1 mA cm−2, b specific energies for 0.3 mA cm−2, c specific capaci-

ties for 0.1 mA cm−2, d specific capacities for 0.3 mA cm−2, e anode 
mass conversion efficiencies for 0.1 mA cm−2, and f anode mass con-
version efficiencies for 0.3 mA cm−2
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from the cells provide the same trend in favor of B-doped 
Si electrodes.

The analysis of the specific capacities and anode mass 
conversion efficiencies demonstrate that the discharge condi-
tions affect the performance of cells with B-doped Si only 
slightly—especially at higher current densities—whereas 
cells with As-doped Si are highly dependent on the mode of 
operation. Hence, employing Si electrodes with B-dopant 
provides robust batteries which are also flexible in terms of 
operating conditions. However, in comparison to theoretical 
specific capacity of Si, 3820 mAh  gSi

−1, the practical spe-
cific capacities (up to 1790 mAh  gSi

−1) and mass conversion 
efficiencies (up to 46%) indicate that there is still room for 
further improvement. Nonetheless, among other resource-
efficient metal–air batteries, 1790 mAh  gSi

−1 is one of the 
highest specific capacities that is reported practically.

Considering the comparatively simple approach for the 
calculations, the overall matching of the experimental data 
is good; however, limitations of the method become apparent 
when comparing the calculated vs. the experimental results 
for the specific capacities (Fig. 9c, d). For the cells with the 
B-doped Si anodes under 0.3 mA cm−2 pulsed discharge, 
the experimental vs. the calculated specific capacities cs are 
quite close, whereas the specific energies ws are underesti-
mated by the latter. The relation ws = E · Qs implies, that the 
approximation of Edis (mean voltage under current pulse) 
by E* (mean voltage under continuous discharge) has to 
be reconsidered. Moreover, differences in experimental vs. 
calculated specific capacities for the cells with As-doped 
Si anodes under 0.3 mA cm−2 can be attributed to the OCV 
corrosion rates being non-constant over time.

Overall, there are indeed limitations existing for this 
simple approach used in the calculations which might be 
improved by further modifications. Nonetheless, the present 
approach provides the cell discharge parameters such as spe-
cific energy, specific capacity, and anode mass conversion 
efficiency under pulsed operation conditions with at least 
85% accuracy while requiring minimum experimental effort. 
Furthermore, this method can also be applied to other simi-
lar type of metal–air batteries (e.g. zinc, iron, aluminium, 
etc.) as long as the assumptions are approximately met.

4  Conclusions

The discharge performance of Si–air cells with ⟨100⟩ ori-
ented As- and B-doped Si anodes under dynamic conditions 
were studied basing on pulsed discharge experiments. Both 
anode types could be discharged with 0.1 and 0.3 mA cm−2 
over 200  h under current pulse time fractions varying 
from p = 0.125 to 1. In general, As-doped Si anodes pro-
vide higher OCV and discharge voltages than B-doped Si 
anodes. The latter reveal overshooting behavior during the 

OCV periods following each discharge pulse steps. In half-
cell experiments, it was proposed that each discharge step 
activates surface processes that lead to higher OCPs in the 
following periods while the effects of activation do not influ-
ence the subsequent discharge potentials. The stability of 
the activated surface processes are highly dependent on the 
presence of carbon-based air electrode. Under OCV condi-
tions, B-doped Si anodes showed negligible corrosion rates 
which were increased almost linearly with current pulse time 
fractions. The lower corrosion rates observed for B-doped 
Si are possibly caused by etch rate reduction originating 
from high doping concentrations. As-doped Si anodes, on 
the other hand, readily corrode under OCV and the rates 
depend on the total OCV duration. For both cells, impos-
ing anodic discharge currents enhances the corrosion rates 
depending on the current levels. Although differences on 
the surface microstructures influenced by the current pulse 
time fraction were observed for As-doped Si, there was no 
significant effect on the electrochemistry. Evaluation of the 
discharge-specific energies revealed that at low to medium 
current pulse fractions B-doped Si anodes provided higher 
values (up to 1000 Wh  kgSi

−1 at p = 0.25); in case of As-
doped Si anodes, continuous discharge or medium to high-
current pulse fractions are necessary to reach or slightly 
surpass the specific energies of B-doped Si. Concerning the 
specific capacities (up to 1790 mAh  gSi

−1) and the anode 
mass conversion efficiencies (up to 46%), B-doped Si anodes 
surpass As-doped Si for each current pulse fraction. A gen-
eral approach was proposed to calculate the most essential 
battery parameters—specific energy, specific capacity, and 
anode mass conversion efficiency—by basing on only two 
experimental values obtained from continuous OCV and 
discharge profiles. The experimental results for pulsed dis-
charge battery operations could be predicted with at least 
85% accuracy.

Overall, both As- and B-doped Si anodes provide 
advantages depending on the requirements of specific 
applications. For a dynamic mode of operation, where 
cells are discharged at moderate currents from time to 
time with different durations or they are kept at storage 
for relatively long times, B-doped Si electrodes should 
be the choice of anode material for non-aqueous Si–air 
cells. Nonetheless, more investigations are required on 
the corrosion inhibition in order to improve the discharge 
performance and shelf-life of Si–air cells.
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