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Air batteries are promising energy storage technologies that have gained continuous attraction due to
their high energy densities. At present, investigations on anodes of air batteries are usually focused on
various metals such as Li, Zn, Al In contrast, the semiconductor anodes like Si and Ge are less inves-
tigated. Si-air battery possesses a high theoretical energy density and Ge-air battery has a high actual
power density and ideal safety. Besides anodes, air cathodes where oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) are also the key components in air batteries. To further promote the
discharging performance and facilitate energy conversion/storage, semiconductor materials have been in-
troduced in electrochemical cells like Li-O, and Zn-air batteries. This review briefly summarizes semi-
conductor materials utilized in various air batteries, including the progress of Si-air and Ge-air batteries
and recent advances in semiconductor cathodes catalysts. Finally, the remaining challenges and further

Catalysts perspective are discussed.
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1. Introduction

During the past few decades, greenhouse-gas concentration has
dramatically increased with severe consequences like the global
warming [1]. Fortunately, opportunities still exist if the consump-
tion of fossil fuels is decreased. Although fossil fuels still play a
significant role in the global energy demand, the world is gradu-
ally heading for green energies for the betterment of the environ-
ment [2]. Nowadays, from portable electronic devices to automo-
tive vehicles, lithium ion batteries (LIBs) have been widely applied
given their high energy efficiency and long working life [3-5]. It
is predicted that the market size of LIBs will reach $99.98 billion
in 2025 [6]. Such huge demand will inevitably result in enormous
consumption of raw materials, especially lithium and cobalt [7,8].
The average price of Co was $75,991.27/t in 2018 and for battery-
grade Li,CO3 the export price reached $12,514/t in 2019 [6]. More-
over, because of fundamental chemical limitations, the available
LIBs technology cannot entirely meet the improving requirements
of electric vehicles in the future [9]. Therefore, researches on po-
tential next-generation batteries with higher energy density and
lower cost are urgent demands [10-16].

In recent years, air batteries as kinds of promising energy stor-
age technologies have gained continuous attraction owing to their
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high energy densities [17-21]. Since they can utilize O, from the
atmosphere, the traditional cathode chamber can be discarded,
resulting in theoretical energy densities 3-30 times higher than
those of LIBs. Generally, an air battery is composed of an anode
with suitable electrolyte and a porous air cathode containing oxy-
gen electrocatalysts. At present, explorations on air batteries are
usually focused on the cells with various metal anodes such as
Li, Na, Zn, Al, Mg and Fe, which have been systematically and
profoundly discussed in recent reviews [22-41]. Reversible metal-
air batteries are supposed to meet some requirements such as a
high recharging efficiency, a high anode utilization and a long cy-
cling life. Most challenges of developing metal-air batteries are re-
lated to metal anodes. In some kinds of metal-air batteries (e.g.,
Li-O, and Zn-air batteries), the dendrite problem has attracted
most attention. The metal dendrites would result in degradations
in Coulombic efficiency, specific capacity, stability, and so forth.
Meanwhile, the influence of H,0, CO, and N, on metal electrode
stability cannot be neglected when cells are operated in ambient
air. Corrosion is also ubiquitous in aqueous metal-air batteries that
brings about self-discharge. Additionally, the anode passivation re-
duces the depth of discharge and practical energy density.

In contrast, the semiconductor anodes like Si and Ge are less
investigated. Silicon is the second most abundant element on earth
and the Si-air battery possesses a high theoretical energy density
(8461 Wh/kg) [41,42]. Meanwhile, Ge-air battery has a high actual
power density (757.7 pW/cm?2) and ideal safety [43].
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Fig. 1. Multi-measure radar chart of the properties of various air batteries.

A comparison of the properties of various air batteries is shown
in Fig. 1. Si-air and Ge-air batteries have larger volumetric capacity
than most of the metal-air batteries. Meanwhile, Li-air and Si-air
batteries have outstanding gravimetric capacities among all the air
batteries. Mg-air and Li-air batteries have advantages in cell volt-
age. What makes Si and Ge special is that they are compatible with
the fast-growing micro/nano-electro-mechanical system (M/NEMS)
technologies [44-47]. Consequently, the Si-air and Ge-air battery
would be feasibly integrated with other micro/nano-electronic de-
vices.

Besides anodes, air cathodes are also the key components in
air batteries [48-51]. The ORR or OER catalysts (e.g., noble met-
als, metal oxides and carbon materials) in the cathode determine
the durability and efficiency of the air batteries, which have been
summarized in previous reviews [52-58]. More recently, to further
promote the discharging performance and facilitate energy conver-
sion/storage, increasing interests have been focused on applying
photocatalysts based on semiconductor materials in electrochem-
ical cells like Li-O, and Zn-air batteries [59-61]. The photoelectric
effects endow the air/oxygen batteries with photo-responsive func-
tions for potential applications in electronic/optoelectronic devices.

Some excellent reviews relative to Si-air, photo-assisted Li-
oxygen and Zn-air batteries have been published of late [41,59,60];
however, as far as we know, few works specially concentrated on
the semiconductor materials in air batteries including both anodes
and cathodes have been conducted yet. Thus, in this report, we
render a brief description of semiconductor materials utilized in
various air batteries, including the progress of Si-air and Ge-air
batteries and recent advances in semiconductor cathode catalysts.
Finally, the remaining challenges and further perspective are dis-
cussed.

2. Semiconductor anodes in air batteries
2.1. Si-air batteries

2.1.1. Overview

Silicon was first adopted as the anode of an air battery by Ein-
Eli's group in 2009 [62]. In that attempt, planar Si (100) wafers
doped by As and B were employed with the electrolyte of room
temperature ionic liquid (RTIL) EMI-(HF), 3-F, yielding an average
working potential of 1-1.2 V and a discharge time of more than
300 h. Encouraged by that, various investigations on Si batteries
have been reported since then as summarized in Table 1. As a
semiconductor, it is essential to introduce dopants to enhance the
conductivities of silicon anodes. Hence researches on the dopant
types and concentrations have been conducted by galvanostatic
discharge and potentiodynamic polarization experiments. Usually,
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Si anode

Fig. 2. The representation of the discharging processes of a typical Si-air battery
with the EMIm(HF),3F electrolyte.

the application of the promising Si-O, redox-couple relies on the
reactions between Si anodes and non-aqueous electrolytes RTIL or
aqueous alkaline electrolytes KOH [41]. RTIL exhibits some unusual
properties like low viscosity and chemical stability in air and KOH
solutions own superior ionic conductivities and less cost that have
been extensively used in divalent and multivalent metal-air bat-
teries such as Zn-air, Fe-air and Al-air batteries [17,39]. The same
fundamental mechanisms that the silicon is oxidized at the an-
ode and oxygen is reduced at the cathode are presented in both
non-aqueous and aqueous electrolytes. However, their concrete re-
actions are absolutely different. Taking it into consideration, the
developments of Si-air batteries will be reviewed individually clas-
sified by those two systems in next sections.

2.1.2. Non-aqueous batteries

The non-aqueous batteries are composed of three key parts:
the anode of Si wafer, the electrolyte of RTIL and the cathode of
carbon-based air electrode, as shown in Fig. 2. During the dis-
charge process, Si is oxidized to Si** at anode while H,0 and di-
hydrogenated fluoride anions are produced via the oxygen reduc-
tion in the presence of tri-hydrogenated fluoride at the cathode.
Furthermore, SiF, initially formed at the silicon-electrolyte reacts
with water to form silicon dioxide as the end discharge product
at the electrolyte-air electrode interface [41]. The electrochemical
reactions are proposed below Egs. 1-4:

Anode: Si + 12(HF),F~ = SiF4 + 8(HF)3F~ + 4e (1)
Cathode: 0, + 12(HF);F~ + 4e~ = 2H,0 + 16(HF),F (2)
SiO, formation : SiF4 + 2H,0 + 4(HF),F~ — SiO, + 4(HF)3F~
(3)
Overall cell reaction: Si + 0, = SiO, (4)

The feasibility of the RTIL EMI-(HF),3F as the electrolyte in a
Si-air cell was evaluated by conducting potentiodynamic polariza-
tion measurements of the RTIL-Si and RTIL-oxygen couples individ-
ually [62]. With the theoretical cell voltage of around 2.2 V calcu-
lated by applying the Gibbs free energy formula (AG = —nEF) to
the overall cell reaction, the potential difference of 1.25-1.5 V was
found between the anode and the cathode. During those measure-
ments processes, compared with both n*+ and p™ heavily doped
Si (100) wafers only n medium-doped Si (100) wafers were passi-
vated. Meanwhile, there was a dilemma that n-type silicon-based
cell produce higher voltages at current densities < 1 mA/cm? while
the p-type Si anode was favored at higher current loads. Subse-
quently the discharge properties of the n**-Si as anode in a full
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Table 1
Summary of performances of semiconductor-air batteries.
Type of battery Type of anode Electrolyte Current density Open circuit Working Discharge Ref.
(nA/cm?) potential (V) potential (V) time (h)
Si-air battery n*+ Si (100) EMI-(HF), 3F 100 1.55 ~ 1.1 350 [62]
Si-air battery n*+ As-doped Si (100) EMI-(HF),3F 10 1.4 ~ 1.1 600 [63]
Si-air battery As-doped Si (100) EMI-(HF), 3F + H,0 300 1.45 - 0.7 ~200 [66]
Si-air battery As-doped Si (100) EMI-(HF),3F + HEMA 100 1.45 0.6 850 [67]
Si-air battery n-type nanostructured Si KOH 100 1.3 1.2 days [68]
Si-air battery B-doped nanoporous Si KOH 10 1.05 0.9 ~13 [69]
Si-air battery As-doped Si (111) EMIm(HF),3F 50 1.5 1.2-14 20 [64]
Si-air battery As-doped Si (100) KOH 50 1.4 1.2 1100 [71]
Si-air battery As-doped Si (100) KOH 10 1.4 135 24 [70]
Si-air battery As-doped Si (100) EMIm(HF),3F 100 1.6 0.9 200 [65]
Ge-air battery p-type nanoporous Ge KOH 500 0.8 0.42 200 [72]
Ge-air battery ptt Ge KOH 50 0.8 0.6 650 [74]
Ge-air battery Ge (100) KOH 1 0.95 0.92 24 [43]
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I — 1 mAh/cm? was obtained at the current density of 300 pA/cm? while
0.4 | er Al slsctrods =& / ) the capacity value was only 6 mAh/cm? at 10 pA/cm?2. That phe-
0.2 | —o—n"* As-doped (100) 1 ] nomenon may result. from different ch.a.racterlstlcs of the dlscharge
—n"* As-doped (111) A / products SlO? at various current densities. At lower current densi-
£ 0.0 T Sb-doped (111) \x‘, . tl.es finer solid deposits would be produced on t.he porous carl?on
# 52 _ n As-doped (100) ) \‘,;I ; ~ air electrode that bloc}(ed Paths for oxygen dlffusllon and reduction.
S 0™ (100) /\ [ ] In contrast, oxygen dlffl.lSlOl‘l. would .Stlll be available vyhen much
T: 04F o411 R ER 4 coarser particles were deposited at higher current densities.
b= L p (111) PR ™ 4 The effects of doping and orientation of Si anodes on the prop-
2 -06 P (100) ’ s erties of the air batteries with EMIm(HF), 3F electrolyte were fur-
[ ‘ IR - 1 ther investigated by Durmus’s group [64]. The discharge abilities of
08 g " /-' ‘ T anodes prepared from <100> and <111> oriented silicon wafers
10k 4 doped by As, Sb or B were evaluated under discharge current den-
 ——r— k=2 sities from 0.05 mA/cm? to 0.5 mA/cm?. Si anodes with the As
12 bl bttt dopant exhibited the highest OCP of 1.5-1.6 V and discharge poten-
107 10°  10° 10 100 10° 10’ 10°

Current density (A/cm?)

Fig. 3. Potentiodynamic polarization curves of As-, Sb-, and B-doped <100> and
<111> oriented Si wafers and air cathode in EMIm(HF)2.3F solution. Copied with
permission [63]. Copyright 2010, Elsevier.

cell were investigated by the galvanostatic polarization. The Si-air
battery with an open circuit potential (OCP) of ~1.5 V discharged
initially at 100 pA/cm? for 10 h and 50-300 pA/cm?2 for the next
120 h. Additional discharge process of 230 h was conducted at 100
pA/cm? exhibiting potential values of 1.25-0.9 V and a total ca-
pacity of 21 mAh. The discharge product was assumed to be SiO,
which would deactivate the air cathode and terminate the dis-
charging.

To further investigate the influences of the doping types and
crystal orientations to battery performances, various silicon wafers
named as n 100 (As), n** 100 (As), n*+ 111 (As), n** 111 (Sb),
p 100, p** 100 and p** 111 were tested by potentiodynamic ex-
periments [63]. Potentials differences of 1.25-1.5 V were found be-
tween the air electrodes and Si anodes as shown in Fig. 3. The
n** (heavily doped n-type) silicon electrodes behaved similarly;
however, the medium doped n-type anode exhibited the passiv-
ity. For p-type Si, the OCP values were 0.25-0.3 V more positive
than the n-type anodes. In agreement with the previous work,
n** Si showed a larger potential distinction in the low current
density region while the potential window was wider for p™ Si
when the current density was > 1 mA/cm?2. What made the choice
more complex was that p** Si displayed lower corrosion rates
hence longer life than the n** type. The n*+ 100 (As) Si was fi-
nally chosen to continue the research as the potential was cru-
cial to optimize the battery characteristics. During the battery dis-
charging, due to polarization losses the cell voltage dropped from
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tials regardless of the crystal orientation. Si anodes with B dopants
independent of the orientations showed the lowest OCP of ~1.2 V.
The Sb-doped Si anodes provided similar potentials under OCP and
at low current densities with those of the As-doped; however, the
behaviors approached the B-doped Si anodes at high current den-
sities. With respect to the discharge potentials, the ranking of the
Si anodes was shown below as:

ASlOO > ASH] ~ SblOO > Sb]]l » B]go > B]]l at 0.05 [TIA/CI'H2 and
Asip0 > ASqq1 » SblOO > Bigo > B111 > Sbll] at 0.5 mA/CIle.

The surface microstructures of the discharged anodes were also
characterized, revealing the pronounced differences between the
<100> and <111> oriented n-type Si anodes. Detailedly, the sur-
faces were rather homogenous for <100> oriented As- and Sb-
doped Si, whereas the Si (111) electrodes produced visible polygons
structures. For B-doped Si (100), the surface was smooth with only
a few small pores after discharging with 0.1 mA/cm?; in contrast,
the <111> orientation or higher current densities would result in
less smooth surfaces. The corrosion studies by mass loss measure-
ments disclosed that the corrosion mass losses including chemical
corrosion, electrochemical corrosion and other side reactions rise
with the current density for both n- and p-type anodes. For n-type
Si anodes, the mass losses of Si (111) were much lower (20% ~ 30%)
than those of Si (100). Moreover, B-doped Si electrodes displayed
lower losses compared with n-type Si anodes with <100> orienta-
tion. Considering anodic mass conversion efficiencies, the ranking
was given as Bigo ~ B111 = Asy1 > Sb]l] » SblOO ~ ASqgo-

Furthermore, the As-doped Si anodes exhibits the highest dis-
charge energies contrast to the B-doped Si anodes and the highest
specific energy of 1660 Wh/kg was realized for As-doped Si (111)
anodes. Therefore, the corresponding ranking for specific energies
was Asiyp » Asigo > Sbyi1 > Bigo > Bing & Sbioo-

Besides the operation of continuous discharge, pulsed discharge
conditions were also conducted to investigate the behaviors of air
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Fig. 4. The representation of the discharging processes of a typical Si-air battery
with the alkaline electrolyte. .

batteries with <100> As-doped Si and <100> B-doped Si anodes
[65]. Generally, the As-doped Si anodes had the advantages of open
circuit voltage (OCV) and discharge voltages over B-doped anodes
probably resulting from the variations on the Fermi levels. By the
corrosion analysis, the Si anode doped by As corroded more read-
ily than the B-doped Si during the OCV periods, and both kinds
of anodes had higher corrosion rates along with the discharging at
longer pulses, especially under a higher current density. At low to
medium current pulse fractions, B-doped Si wafers offered higher
specific energies (~ 1000 Wh/kg at p = 0.25). Correspondingly,
Si anodes with As dopant behaved slightly better at medium to
high current pulse. Overall, B-doped Si electrodes may be a better
choice if cells would be operated dynamically.

In other respects, the influences of the water and polymer in
ionic liquid (IL) electrolytes were investigated [66,67]. The water
addition caused the shift of SiO, generation zone and the 15 vol%
water led to the capacity increase of 40%. The capacity of the Si-air
cell would apparently drop when the water content surpassed 20
vol%. The mixture of 10 vol% water-IL electrolyte exhibited a max-
imum in the ionic conductivity. The gel polymer electrolyte (GPE)
containing 70 mol% IL and 2-hydroxyethyl methacrylate polymer
showed a discharge voltage of 0.6 V over 850 h that would be ben-
eficial for powering low power devices.

2.1.3. Aqueous batteries

Similar to non-aqueous batteries, the aqueous batteries consist
of three main parts including the Si anode, alkaline solution elec-
trolyte and carbon-based air cathode, as illustrated in Fig. 4. Dur-
ing the cell discharging, Si is oxidized to silicic acid (Si(OH),) via
a four-electron process and then the reaction products would be
probably ionized to SiO,(OH),2~ depending on the pH level.

In weak alkaline or neutral solutions, Si(OH)4 would transfer
into SiO,. Concomitantly, the ORR occurs at the cathode generat-
ing hydroxide ions [41]. The whole electrochemical reactions are
described as below Eqgs. 5-8:

Anode: Si + 40H- = Si(OH); + 4e—, E® = —1.69 V (5)
Formation of silicate: Si(OH)4 + 20H~ = SiO,(0OH),2~ + 2H,0
(6)

Cathode: O, + 2H,0 + 4e- = 40H, E* =04 V (7)

(8)

Theoretically, the alkaline Si-air cell has the voltage of 2.09 V
since the half-cell potentials of cathode and anode are 0.4 V and
—1.69 V vs. SHE, respectively. In practice, Duan’s group reported
the first alkaline Si-air battery which provided a working voltage
of ~ 1.2 V [68]. Compared with planar Si wafers used before, the
silicon surface was first modified by the metal-assisted electro-
less chemical etching method and silicon nanowire bundles with

Corrosion: Si + 20H~ + 2H,0 = Si0,(OH),>~ + 2H,
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1.5 pm thickness were fabricated on its surface. That kind of Si
anode can be continuously discharged until the Si source was ex-
hausted. In contrast, the cell using an unmodified wafer exhibited
a discharging time of less than 10 min resulting from the quick
surface passivation. The specific capacities with different current
densities and electrolyte concentrations were analyzed and it can
be concluded that lowering the electrolyte concentration would
reduce the self-corrosion. The highest specific capacity of 1206
mAh/g can be reached with a diluted electrolyte concentration of
0.6 mol/L and current density of 0.1 mA/cmZ. In another work, Si
nanowire (NW) was fabricated by the metal-assisted chemical etch
process by Lee’s group [69]. It was found that Si NWs would trans-
form into Si nanopyramids (Si NPs) upon immersion in the alkaline
solution or during the discharge of Si-air battery. The enhanced
performance of the Si NW anode resulted from the formation of
Si NPs with (111) facets that were intrinsically resistant to passiva-
tion.

Another work on modified Si anode was reported by Lee’s
group as visualized in Fig. 5 [70]. Nanoporous silicon (nPSi) elec-
trodes were fabricated via electrochemical etching and the thick-
ness and pore size of the porous layer can be controlled by mod-
ulating the etching time and ethanolic HF concentration. The gal-
vanostatic discharge profiles showed that thicker porous layer and
smaller pore diameter would lead to improved discharge capacity.
It was demonstrated that more interaction between the Si surface
and electrolyte was allowed due to the enlarged surface area.

To further investigate the corrosion rates and corrosion mech-
anisms in KOH solutions, highly As-doped Si wafers were used
as anodes in Si-air cells [71]. At OCP, the corrosion mechanism
was mainly chemical rather than electrochemical in nature and
free H,O molecules played a significant role in the chemical path.
When in contact with KOH, Si corroded faster initially within the
first hour; only after 8 h the steady-state conditions were main-
tained. That phenomenon resulted from the surface morphology
evolution. As the activation energy for Si was 0.57 eV in 5 mol/L
KOH, the corrosion was considered to be surface-reaction limited
which was further assigned to be electron transfer. From the appli-
cation aspect, low concentrated KOH electrolyte was beneficial for
longer lifetime at OCP while higher concentrations were favorable
under continuous discharge. A precondition of the continuous dis-
charge process is to maintain the electrolyte in cells at an appro-
priate level, which was realized via a refill-type cell by Durmus’s
group [72]. The As-doped Si anode worked for more than 1100 h
until it was exhausted thoroughly.

2.2. Ge-air batteries

2.2.1. Overview

Ge-air batteries were first reported by Lee’s group in 2013 that
exhibiting the OCP of ~0.8 V and discharging time beyond 200 h
[73]. Encouraged by that work, Ge wafers with different doping
types and crystal orientations were investigated as anodes in air
batteries as summarized in Table 1. A typical Ge-air cell consists
of Ge anode, KOH electrolyte and air diffusion electrode as visual-
ized in Fig. 6. During the discharge process, Ge oxidation reaction
and ORR happens in the anode and cathode respectively, accom-
panied by the anode surface passivation due to the dehydration of
germanium hydroxide Eqgs. 9-11:

Anode : Ge +40H™ — Ge(OH)4 + 4e~ (9)
Cathode : O, 4+ 2H,0 + 4e~ — 40H, E°=04V (10)
Surface passivation : Ge(OH)4 — GeO, + 2H,0 (11)
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Fig. 6. The representation of the discharging processes of a typical Ge-air battery
with the alkaline electrolyte.

The standard electromotive force of the Ge-air battery is ~1.0 V
[73]. Besides experimental attempts, theoretical calculations on Ge-
air batteries were also carried out by Yu's Group that would assist
to comprehend the electrochemical properties fundamentally [74].
The researches on Ge-air batteries will be reviewed from experi-
mental and theoretical points of view individually.

2.2.2. Experimental researches

Nanoporous germanium (PGe) produced from heavily doped p-
type Ge (100) wafer was first used as an anode in the Ge-air bat-
tery [73]. The configurations of PGe were tuned by etching pa-
rameters such as the HF concentration, etching time and current
density. Meanwhile the ratios of Ge and GeOyx were also modu-
lated that would affect the discharge behavior. The OCP of com-
bined electrochemical and electroless etched porous Ge (EE-ELE-
PGe) was 0.8 V that was higher than that of pristine Ge (0.73 V).
The EE-ELE-PGe also showed obvious improvements on the dis-
charge time and working potential.

Besides the PGe, planar Ge wafers with different doping types
and levels were investigated as anodes in the semiconductor-air
cell [75]. The potentiodynamic curves showed that the n-type and
p-type Ge anodes behaved similarly throughout the whole range
of current densities, indicating their comparable discharge kinetics.
The n-type Ge worked at higher voltages as the electrolyte concen-
tration increased from 1 mol/L to 6 mol/L; in contrast, p-type Ge-
air cells exhibited the highest voltage with the 3.0 mol/L KOH elec-
trolyte. Compared with the flat discharge profile in p-type Ge-air
batteries, the observed fluctuations of n-type Ge were suggested
to arise from the interaction between the Ge(OH), dissolution and
surface passivation. From the Nyquist plots it can be concluded
that p-type Ge had a smaller electrical resistance than n-type Ge
after discharging for 8 h probably due to the lower rate of pas-
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sivation on the surface. Furthermore, it was found that p-type Ge
with heavier doping had better discharge kinetics. The understand-
ing on the molecular level is still needed with the help of density
functional theory (DFT) calculations. Lee’s group also reported that
discharge behaviors of the p-type Ge anodes were relevant to the
crystal orientation [43]. The most negative onset potential was ob-
served on Ge (111), followed by Ge (100) and Ge (110). The Ge-air
cell with the (100) orientation operated at higher potentials (e.g.,
0.92 V at 1 pA/cm? and 0.4 V at 500 pA/cm?), followed by Ge (111)
and Ge (110). After 24 h of discharge, Ge (111) had the lowest resis-
tance followed by Ge (100) and Ge (110), which was probably due
to the different packing density of Ge atoms. The Ge (100) showed
the highest maximum power density of 757.7 pW/cm? and the cor-
responding values of Ge (111) and Ge (100) were 519.9 uW/cm?
and 496.9 pW/cm?. The distinct performances may result from the
surface oxidation and electrons flow affected by the crystal struc-
ture.

Although metal-air batteries offer high capacities, the anode
utilization efficiencies in those cells (i.e., Zn-air battery) are lim-
ited to only 60%. The immediate passivation of the metal anodes
(e.g., Mg, Al) during the discharge process makes the rest of the
anode unusable. Actually, the capacity of Ge-air batteries is much
higher that of commercial Zn-air cells (650 mAh/gz,, Energizer)
and Al-air cells (320 mAh/g,;, Altek Fuel Group Inc.), respectively
[75]. In addition, the volumetric capacity of Ge-air batteries (7902
mAh/cm3) is higher than most of the metal-air batteries as shown
in Fig. 1 above.

2.2.3. Theoretical researches

To further understand the physics and chemistry of Ge-air bat-
teries, it is crucial to investigate the surface passivation theo-
retically. Aiming at that, Yu's group constructed atomic model
of Ge/GeO, interfaces with various crystal orientations and dop-
ing, and analyzed their properties by conducting DFT calculations
[74]. According to the calculated binding energies of GeO, on
the Ge (100) and Ge (111) surface, the surface passivation would
be restrained on Ge (100) and that may be further hindered by
the doping of anodes. Moreover, the I-V curves showed that the
Ge (100)/GeO, interface exhibited a higher current than the Ge
(111)/GeO, interface as visualized in Fig. 7.

3. Semiconductor cathodes in air batteries
3.1. Overview

Cathode is the other crucial unit in an air battery. The oxygen
utilization of the cathode is the main factor affecting the discharge
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Fig. 7. The I-V curves of Ge (100)/GeO, and Ge (111)/GeO, interfaces. Copied with
permission [74]. Copyright 2019, Royal Society of Chemistry.

efficiency, life span and actual specific energy of an air battery. The
ORR of the cathode is a complex 4-electron or 2-electron reaction
process with low reversibility, high overpotential and low current
density (10~ A/cm?), which largely hinders the process of battery
reaction and limits the efficiency of an air battery [17,58,76-78].
In most aqueous metal-air batteries using alkaline electrolytes and
metals such as Zn, Mg, Fe and Al, ORR reaction happens through
a 4e~ pathway producing OH~. In comparison, 2e~ ORR reaction
is the dominating way in certain nonaqueous metal-air batteries,
such as Li-O, batteries. Recently, a Zn-0,/Zn0, cell that proceeds
through a 2e~ ORR process in nonalkaline aqueous electrolytes
(Zn(OTf),) has been reported. That nonalkaline Zn-air battery not
only tolerates stable operations in ambient air but also shows ex-
cellent reversibility [79]. The OER, as the reverse reaction of ORR,
also plays a crucial role in a rechargeable air battery. Large amount
of energy will lose during the OER because this reaction proceeds
far from the equilibrium potential (1.23 V vs. NHE). Moreover, the
evolution of O, easily causes the peeling of catalysts from the elec-
trodes that would damage the electrochemical performance and
the cycling stability of rechargeable air batteries. Therefore, the op-
timizing of cathodes for efficient ORR/OER is demanded to develop
rechargeable air batteries.

Due to the slow kinetics of the ORR, the application of air
battery-based energy devices in practice is greatly restricted. Pt-
based catalysts can effectively accelerate the ORR rate and realize
four-electron transfer; however, the large-scale commercialization
of Pt-based catalysts is severely hindered by high-cost and lack
of resource reserves. Therefore, it is of great significance to de-
velop inexpensive catalysts with the ORR performance compara-
ble to commercial Pt-based catalysts. Semiconductors, such as TiO,,
graphitic carbon nitride (g-C3N4), Fe;03 and perovskites, have sta-
ble chemical and physical properties. They have been widely ap-
plied as cathodes in air batteries in recent years due to their nice
abilities of harvesting solar, energy conversion, stability and low-
cost [59,60,80-84]. Herein, we summarized semiconductors cath-
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odes materials without and with photo-assistance in air batteries
in recent three years.

3.2. Semiconductor cathodes without photo-assistance

Great progress has been made in the research and develop-
ment of semiconductors as bifunctional catalysts. However, the low
conductivity and agglomeration of metal oxide nanoparticles limit
their ORR/OER activity. It is found that the problems of small spe-
cific surface area, poor conductivity and insufficient active sites
of semiconductors can be handled by constructing nanostructures,
combining with carbon materials or doping heterogeneous atoms
[85-88]. For instance, Co304-doped Co/CoFe nanoparticles inte-
grated with graphitic shells exhibited both high catalytic activity
and stability due to the core-shell structure. The carbon shell ef-
fectively impeded the aggregation and further oxidation of Co/CoFe
nanoparticles [89].

TiO, is a kind of transition metal oxide semiconductor that
is usually adopted as the cathode materials for air battery due
to its unique physicochemical properties, low-cost, environmen-
tal friendliness and simple preparation process [90-93]. There are
three crystal types of TiO,: Anatase, brookite and rutile. Among
them, there are many studies on anatase, while brookite and rutile
are relatively few. In 2018, Wang et al. synthesized atomic-thick
TiO,(B) nanosheets decorated with ultrafine Co304 nanocrystals
and utilized them as cathode catalysts in Li-O, batteries. The Li-
0, batteries showed a high specific capacity of 11,000 mAh/g and
good cycling stability with low polarization [94]. In 2019, Zheng
et al. fabricated oxygen vacancy-rich TiO, nanoparticles in situ on
Ti3C,Tx nanosheets. It was found that oxygen vacancy can improve
the migration rate of electrons and Li* would act as the active sites
for catalyzing the ORR and OER. That Li-O, battery exhibited an
ultralow overpotential of 0.21 V, a high specific capacity of 11,487
mAh/g at the current density of 100 mA/g, and an excellent round-
trip efficiency (93%) [93]. g-C3Ny4, due to its advantages of high ni-
trogen content (57 at%), sheet-like framework structure and large
surface area, has focused much attention for ORR/OER in air bat-
teries. Although the semiconductive property of g-C3N,4 limits it to
be an excellent electrocatalysis, it can be addressed by coupling
with conductive substrates [94]. Besides, the pryridine-like N lig-
ands can provide rich active link for metallic species, thus exert-
ing synergistic effect between g-C3N4 matrix and metallic species
for ORR/OER [95]. In 2019, Han et al. constructed the hybrid ma-
terial of NiCo,S4 nanocrystal/g-C3N4 nanosheet/CNT for ORR/OER
in Zn-air battery. Experimental studies revealed the electronic in-
teractions between the abundant pyridinic-N species in underlying
g-C3N,4 and bimetallic Ni/Co active sites and identified the syner-
gistic effect with coupled conductive CNTs to ameliorate reversible
oxygen electrocatalysis [95].

Fe, 03 has been employed as the cathode material in air batter-
ies because it is abundant and cost-effective. Fe;03 has the sim-
ilar shortages with the other semiconductors, e.g., low intrinsic
electronic conductivity. Usually, coupling with conductive materi-
als like carbon materials has been demonstrated as an efficient
method to improve the electronic conductivity [96,97]. For exam-
ple, Jung et al. adopted carbon nanotube-bridged hollow Fe,04
nanoparticles as the cathode of lithium-oxygen battery. Herein,
hollow Fe;03 NPs anchored by multiple CNTs provided promoted
catalytic sites and fast charge-transport highway for facile forma-
tion and decomposition of Li,0,. The cell showed reversible cy-
cling properties for 250 cycles with a fixed capacity of 1000 mAh/g
at the current density of 500 mA/g. Besides, a module composed of
two pouch-type cells could power a light-emitting diode lamp op-
erated at 5.0 V stably [97].

The metal oxide of the perovskite crystal structure (ABO3) is a
commonly used bifunctional catalyst material, where A is gener-
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Table 2
Summary of photocathode in Li-air/O, battery/Zn-air battery in recent three years.
Type of battery Photocathode Electrolyte Current density Charge potential Cycle Total time  Year/Ref.
(V) under number (h)
irradiation
Li-0, battery ZnS-MWCNTs TEGDME/ LiTFSI 100 mA/g 2.2 150 300 2018/[101]
Li-O, battery WOs3 nanowires array ~ TEGDME/ LiClO4 60 pA/cm? 3.55 100 200 2019/[102]
Li-O, battery C3N4/CP TEGDME/ LiClO,4 100 pA/cm? 3.38 10 20 2019/[103]
Li-O, battery TiO, nanotube arrays =~ TEGDME/ LiCF3S03 50 pA/cm? 2.67 200 6+ 2020/[104]
and gold nanoparticles
Li-O, battery TiO,-Fe, 03 DMSO 10 pA/cm? 3.2 50 100+ 2020/[105]
Li-0, battery WO0;3@g-C3Ny NWA TEGDME/ LiClO,4 100 pA/cm? 3.69 100 200 2020/[106]
Li-0, battery Ru NPs LAGP 400 mA/g 3.5 50 2.5 2020/[107]
Li-O, battery Biologically TEGDME] LiClO4 100 mA/g 4.2 30 5 2021/[108]
synthesized TiO,
nanoparticles
Li-O, battery Co-TABQ LiTFSI/tetraglyme 100 pA/cm? 3.32 50 2021/[109]
Zn-air battery Ni;, Ps@NCNT KOH/Zn(Ac), 10,000 pA/cm?2 1.9 500 2018/[110]
Zn-air battery pTTh KOH 20 mA/g - - 3 2019/[111]
Zn-air battery pTTh KOH 100 pA/cm? 2 96 64 2019/[112]
Zn-air battery CBPCNT KOH 1000 pA/cm? 1.88 - 2019/[113]
Zn-air battery BiVO,4 or a-Fe; 05 KOH+Zn(Ac); 500 pA/cm? 1.2 or 143 9or75 6 or 50 2019/[114]
Zn-air battery PDTB/TiO, KOH 5000 pA/cm? 0.59 - 22 2020/[115]
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alysts are usually considered to be cations located at the B site. Discharge Charge

Related researches show that when the B site is Co or Mn ion,
the catalyst exhibits higher ORR/OER activity [98,99]. In 2018, Kim
et al. prepared a bifunctional catalyst compositing of perovskite
LaCoq gFeg,03 nanowires with reduced graphene oxide sheets for
lithium-oxygen battery cathodes. This catalyst exhibited an excel-
lent discharge capacity (ca. 7088.2 mAh/g) at the first cycle and
achieved a high stability of O,-cathode which over 56 cycles un-
der capacity limit of 500 mAh/g with a rate of 200 mA/g [100].

3.3. Semiconductor cathodes with photo-assistance

Adopting photo-responsive semiconductor as cathode can store
photo-energy in the discharge/charge process that would bring
down the overpotential and improve the reaction kinetics of air
batteries, achieving combination of solar to electric energy and
electric to chemical energy [59,60]. Based on this thinking, vari-
ous endeavors were paid for searching and constructing efficient
photo-responsive semiconductor cathodes in Li-air/O, and Zn-air
batteries [101-115]. Herein, we mainly summarized the up-to-date
photo-assisted semiconductor cathodes in Li-air/O, battery and Zn-
air battery (Table 2), stated the relative configurations and photo-
assisted working mechanisms and the merits of photo-energy dur-
ing charging/discharging process, and provided the latest reported
researches in this field.

3.3.1. Semiconductor cathodes in Li-air/O, batteries

The Li-air/O, battery has a high capacity and energy density.
According to the calculation of negative electrode lithium, its theo-
retical energy density can reach ~3600 Wh/kg [100]. Besides, the
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Fig. 8. Energy diagrams for the increased discharge voltage and decreased charge
voltage of the Li-O, battery in light. Copied with permission [103]. Copyright 2019,
Wiley-VCH.

theoretical value of the equilibrium potential of the organic Li-
air/0, battery is 2.96 V, and its discharge platform value can reach
ca. 2.7 V in practice. The ORR and OER in the charging and dis-
charging processes of Li-air/O, batteries occur at the three-phase
interface of electrode, electrolyte and O,. Ignoring side reactions,
the reaction equation for rechargeable organic Li-air/O, batteries
can be described in Eq. 12 [103]:
2Li + 0, = Liy0,, EO =296V (12)

However, due to the insoluble property and poor conductiv-
ity of Li,0,, the charging overpotential is high. Adopting photo-
responsive semiconductor as cathode and introducing solar irra-
diation during ORR process can efficiently reduce the overpoten-
tial [59,60]. The working mechanism of a photo-assisted Li-air/O,
battery without the redox reagent can be described as Egs. 13-18
and illustrated in Fig. 8 (taken C3N4 as an example) [103]. This Li-
0, battery consists of the Li metal anode, Lit-conducting organic
electrolyte and C3N4 cathode. The suitable energy levels (CB and
VB position) of semiconductor ensure the sufficient utilization of
photoelectrons and holes. Herein, the redox potential of O,/Li,0,
is located between CB and VB of C3N4. During discharging under
illumination, the photoelectrons reduce O, to O,", and it then un-
dergo a second electron reduction to 0,2 and combine with Li*
to produce Li,0,. Meanwhile, the holes in VB are reduced by the
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Fig. 9. (a) Schematic illustration of the synthesis procedure for the heterostructured
TiO,-Fe,03 composite fabricated on carbon cloth (TF/CC) cathode and the structure
of the photo-assisted Li-O, battery. (b) The SEM image of the TF/CC cathodes after
being initially discharged with illumination. (c) The discharge and charge profiles
of the Li-O, batteries with and without illumination at 0.01 mA/cm?. Copied with
permission [105]. Copyright 2020, Wiley-VCH.

electrons in the external circuit. The discharge voltage equals the
potential difference between VB and Lit*/Li that is higher than the
equilibrium of 2.96 V in Fig. 8. In the process of charging, the
decomposition of Li,O, is driven by the holes in VB and applied
charge voltage, which propels the photoelectrons to move in the
reverse direction via the external circuit to reduce Lit at anode.
The charge voltage corresponds to the potential difference between
CB and Li*/Li that is lower than the equilibrium, as shown in Fig. 8.
[103].
Discharge process:

Lithium electrode : Li — e~ — Li* (13)
Air electrode : 0, +2e~ — 03~ (14)
Overall : 2Li* + 03~ — Li,0, (15)

Charge process:

Air electrode : Semiconductor + hv — Semiconductor +e~ +h™

(16)
Li;O, + h*t — 2Lit + 0, (17)
Lithium electrode : Lit + e~ — Li (18)

Yu et al. first developed a photo-assisted dye-sensitized TiO,
photocathode for the Li-O, battery. By utilizing the photo-energy,
photo-responsive semiconductor TiO, and triiodide/iodide redox
shuttle, the charging overpotential was apparently reduced. This
pioneering work offered a strategy to improve the energy effi-
ciency and addressed the high charging overpotential issue for
non-aqueous Li-O, battery [116]. In 2020, Li et al. established a hi-
erarchical TiO,-Fe,05 heterojunction photocathode for the photo-
assisted Li-O, battery as visualized in Fig. 9. TiO, was adopted as
photocatalyst because of its excellent chemical stability and high
photocorrosion resistance. Moreover, Fe,03 with high chemical sta-
bility was chosen to regulate the electronic structure of TiO, for
improved photoelectrochemical properties via heterostructural en-
gineering. Due to the high light harvesting capability and electron-
hole separation rate of TiO,-Fe,O3 photocathode, the charging
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overpotential was largely reduced and the efficiency was obvi-
ously improved. The output and input energies of the battery pro-
vided an ultralow overpotential of 0.19 V between the charge and
discharge plateaus with outstanding cyclic stability (retaining a
round-trip efficiency of ~86% after 100 cycles) [105]. To tackle the
problem that the long-time illumination will inevitably aggravate
the degradation of the electrolyte, the super concentrated elec-
trolyte composed of contact-ion-pairs was introduced presenting
excellent stability against parasitic photocatalytic decomposition.
By tuning the photocatalysis and Li, 0, electrochemical oxidization,
the cycle life of rechargeable Li-O, batteries increased to 150 cycles
[101].

3.3.2. Semiconductor cathodes in Zn-air batteries

Compared with electrochemical energy storage technologies,
such as lithium-ion batteries, nickel-cadmium batteries, lead-acid
batteries, and metal hydride batteries, Zn-air batteries have the
advantages of high energy density (1086 Wh/kg in theory), high
safety, low price, and environmental friendliness [113]. The Zn-air
battery consists of the metal zinc negative electrode, electrolyte,
and air electrode positive electrode. For rechargeable Zn-air bat-
tery, the metal zinc electrode is dissolved during the discharging
process, and the discharge product is dissolved in the electrolyte
to generate zinc oxide. When charging, the zinc oxide is reduced
to metal zinc. With the help of the cathode catalyst, the O, partic-
ipate in the ORR/OER and completing the conversion of electrical
energy and chemical energy. The reaction equation for recharge-
able Zn-air battery can be described in Eq. 19 [113]:

Zn+ (1/2)0, — ZnO E°=165V (19)

The standard electromotive force of the Zn-air battery is 1.65 V.
However, due to the existence of polarization of ORR and the
four/two electrons transfer steps at the cathode, the attainable out-
put discharge voltage is 1.38 V at highest as well as the reaction
kinetics is slow [111]. Introducing photons into Zn-air batteries can
expedite the ORR process and improve the discharge voltage for
high energy density [111,113]. Fig. 10 illustrates the working mech-
anism of the photo-assisted Zn-air battery [113]. This Zn-air battery
consists of the Zn metal anode, alkaline electrolyte and a semicon-
ductor (BiVO,4 or Fe,03) air electrode. During discharging process,
electrochemical oxidation of Zn to Zn?* on the Zn electrode ac-
companied by the reduction of oxygen on the air electrode gives
electricity output. During charging process under light illumina-
tion, the photogenerated electrons produced from CB of semicon-
ductor rapidly transferred to the Zn electrode through the external
circuit, resulting in the reduction of Zn(OH)42~ to Zn. The photo-
generated holes simultaneously migrate to the photoelectrode sur-
face to oxidize OH~ to oxygen. The discharging and charging reac-
tions can be illustrated by Eqs. 20-26 [113].

Discharge process:

zinc electrode : Zn +40H™ — Zn(OH)Z~ +2e~, E°=-125V

(20)
Zn(OH);~ — ZnO + H,0 + 20H~ (21)
Air electrode : O, + 2H,0 +4e~ — 40H™, =04V (22)
Overall : 2Zn+ 0, — 2Zn0, E°=165V (23)

Charge process:

Zinc electrode : Zn(OH);™ + 2e~ — Zn +40H"~ (24)
Air electrode : Photoelectrode + hv — e~ 4+ h* (25)
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of the sunlight-promoted rechargeable Zn-air battery. (b) The proposed mechanism of the sunlight-promoted charging process under solar light illumination. Copied with

permission [113]. Copyright 2019, Nature Publishing Group.

40H™ + 4h* — 2H,0 + 0, (26)

In 2019, Liu et al. adopted semiconductor BiVO, and «-Fe,0 as
cathode in Zn-air batteries [113]. With photo-assistance, the bat-
teries achieved record-low charge voltages of ~1.20 and ~1.43 V,
respectively, which were lowered by 0.5-0.8 V compared with con-
ventional Zn-air batteries. The band structure and photoelectro-
chemical stability of the semiconductor cathode played an impor-
tant role in the photo-assisted Zn-air battery with a high energy
efficiency. In 2020, Du et al. used two semiconducting poly(1,4-
di(2-thienyl))benzene (PDTB) and TiO, cathodes to clamp a Zn an-
ode in the Zn-air battery [114]. During the discharging, the photo-
electrons in the CB of PDTB were donated to O, for its reduction to
0,+ that then converted to OH™, and the holes left behind in the
VB were transferred for the oxidation of Zn to ZnO. In the charge
process on TiO,, the holes were driven by an applied voltage for
oxidation of OH~ to "OH, and then it decomposed to produce O,.
A record-high discharge voltage of 1.90 V and an unprecedented
low charge voltage of 0.59 V were achieved in the photo-involved
Zn-air battery.

4. Conclusions and outlook

This review aims to summarize the developments of Si-air bat-
teries and Ge-air batteries briefly, and render a snapshot of re-
cent advances in semiconductor cathodes of air batteries. Despite
the intense researches on semiconductors, many efforts are still
needed for further advancement of these novel energy technolo-
gies of air batteries. The challenges of the semiconductor anodes
in the future application are discussed as below: (a) Pure Si wafers
that are commonly used in Si-air batteries as anodes have the
drawback of high corrosion rates. Consequently, the self-discharge
is not restrained and only ~30% of Si-air battery’s theoretical en-
ergy capacity has been reported in practice. (b) In both Si-air bat-
tery and Ge-air battery, anode surface passivation would happen
when Si(OH); or Ge(OH), transfers into SiO, or GeO, during the
discharge. The oxide layer may prevent the contact between the
anode and electrolyte and cease the discharge process. (¢) Com-
pared with metal anodes, the conductivities of semiconductor an-
odes (especially Si) are limited that may restrain the discharge ki-
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netics. (d) Si and Ge wafers are brittle and Ge wafer costs much.
(e) Currently, Si-air and Ge-air batteries are almost primary batter-
ies. Their application scenes would be extended if the cycling of
semiconductor-air batteries can be realized conveniently.

Prospective research directions of semiconductors in air batter-
ies could focus on the following:

For Si-air and Ge-air batteries, planar Si and Ge wafers are
currently most common anode materials. To further enhance the
performances, micro/nano-structure Si and Ge anodes should be
fabricated that may hinder the surface passivation and enhance
the discharge time. The formation of SiO, and GeO, passivation
layer on the anode surface can be further modulated to ensure
the sustained contact between the anode and electrolyte. The an-
ode surface modifications by additives may be effective solutions
to protect the anodes. To enhance the conductivity, semiconduc-
tor wafers with B, As and Sb dopants can be used as anodes;
semiconductor anodes can be composited by a conductive layer;
Si or Ge can be alloyed with some metals. Si-air batteries and
Ge-air batteries have distinct advantages. Si-air batteries have a
higher theoretical capacity (3822 mAh/gg;) than Ge-air batteries
(1477 mAh/gg.) and cost less. However, Ge-air batteries have a
higher actual specific capacity (1302.5 mAh/g¢.) than Si-air batter-
ies (1206 mAh/gg;). An extremely high anode utilization of ~88%
can be derived in Ge-air batteries. Compared with Si-air batter-
ies, Ge-air batteries have better discharge kinetics that result in a
much higher actual power density. Si-Ge composite anodes may
provide advantages which are inherent to each battery. Flexible Si-
air and Ge-air batteries are also desirable. Besides traditional Pt/C
catalysts, novel ORR catalysts should be synthesized and applied
in the Si- and Ge-air batteries to improve the kinetics of air elec-
trodes. Simulations of Si-air and Ge-air batteries like DFT calcula-
tions and finite-element analysis are also on urgent demands to
provide deeper comprehension of discharge mechanisms and opti-
mal designs of batteries.

For semiconductor cathodes, the stability of the catalyst mate-
rials should be improved. In traditional metal air batteries, to re-
strain the irreversible change of bi-functional catalysts during cy-
cling, many efforts have been paid to enhance the durability of the
non-noble metal based catalysts. The catalysts can be doped with
heteroatoms (e.g., Zn, Ni and S), as well as composited with other
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metal (oxides) such as MnO,, Co or carbon materials. The reported
cycle life of photo-assisted air batteries is still limited. One possi-
ble reason is the decomposition of electrolytes induced by illumi-
nation. Additionally, the stabilities of photocatalysts during cycling
conditions are still less investigated, especially the synergetic ef-
fects of electrolytes and photocatalysts under a long period of il-
lumination. Therefore, exploring durable photoelectrode and elec-
trolytes with excellent photostability and electrochemical stability
is critically important to photo-assisted air batteries. It is worth
noticing that solid-state electrolytes exhibit superior photostability
and safety. From this perspective, developing photo-responsive all-
solid-state batteries would be reasonable to achieve stabilized sys-
tems. Meanwhile, the cathode configuration should be optimized
with transparent and porous materials to guarantee sufficient ex-
posure of both light and oxygen. Moreover, test conditions such
as illumination wavelength and power density should be standard-
ized to compare the properties of different materials conveniently.
Finally, theoretical investigations on ORR/OER with different semi-
conductor materials are inevitably necessary.

In summary, the exploration of semiconductors in air batter-
ies is still in the early stage. With the help of semiconductors, it
is believed that air batteries will be widely applied in MEMS and
photo-electrochemical devices. The researches will be beneficial for
developing other novel energy storage and conversion systems as
well.
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