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Abstract: Metal-air batteries are considered one of the most promising next-generation energy storage devices owing to
their ultrahigh theoretical specific energy. However, sluggish cathode kinetics (O, and CO, reduction/evolution) result in
large overpotentials and low round-trip efficiencies which seriously hinder their practical applications. Utilizing light to
drive slow cathode processes has increasingly becoming a promising solution to this issue. Considering the rapid
development and emerging issues of this field, this Review summarizes the current understanding of light-assisted metal—
air batteries in terms of configurations and mechanisms, provides general design strategies and specific examples of
photocathodes, systematically discusses the influence of light on batteries, and finally identifies existing gaps and future

\priorities for the development of practical light-assisted metal-air batteries. )

~

1. Introduction

Constantly increasing energy needs and environmental
awareness have accelerated the transition from traditional
fossil fuels to clean renewable energy, especially for the
generation of electric energy. Various anticipated applica-
tion scenarios, such as portable electronics, electric vehicles,
and interstellar travel, also have already put forward higher
requirements for the necessary power supply systems. These
increasing demands make the mission of designing new
high-specific-energy batteries more urgent than ever before.
Lithium-ion (Li-ion) batteries have dominated the recharge-
able batteries market and have gradually penetrated every
aspect of our daily life since their commercialization in the
late 1990s.' At present, Li-ion batteries have gradually
approached their theoretical specific energy (387 Whkg™').”!
In the long run, although fully optimized, Li-ion battery
chemistry still cannot meet the needs for higher energy
densities owing to its inherent limitations.®* This thus
motivates intense research activities in alternative next-
generation energy storage devices.

Among various candidates, metal-air batteries are
receiving intense interest since their theoretical specific
energy is 3-10 times higher than that of commercialized Li-
ion batteries.**® The Li-O, battery gets the most attention
because its specific energy (~3500 Whkg') and output
voltage (=2.96 V) are the highest among non-aqueous
batteries. The Li-CO, battery also has aroused rising
attention because it can fix CO, and store energy to alleviate
the greenhouse effect and energy crisis.”'! Among the
aqueous batteries, the Zn-air battery captures the most
interest by virtue of its high specific energy (
~1086 Whkg ') and superior stability and low cost of the
Zn anode.

Despite great prospects, current metal-air batteries are
far from satisfactory, with poor electrochemical perform-
ances. Theoretically, O, (CO,) can be reduced and released
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reversibly during discharging and charging of metal-air
batteries. The battery then produces an output voltage
depending on the theoretical potential difference between
the air cathode and metal anode. However, O, (CO,)
reduction/evolution reactions (ORR/OER and CO,RR/
CO,ER) during discharging/charging often proceed with
high overpotentials and low round-trip efficiencies. There-
fore, electrocatalysts or electrolyte additives are always
needed to accelerate the cathode processes. In the past
years, considerable efforts have been made on developing
new cathode electrocatalysts' ¥ (e.g., noble metals,">""
metal oxides/sulfides," and carbon materials™2') and
soluble redox mediators (e.g., lithium halides,>¥
tetrathiafulvalene,®! and 2.2,6,6-tetrameth-
ylpiperidinyloxyl®). However, it is still difficult to obtain
catalysts to facilitate the discharge/charge process effectively
and the large polarized voltages remain. The poor selectivity
of catalysts and the inevitable migration of soluble media-
tors to the anode part result in serious side reactions,
impeding the lifetime of the battery.””! Moreover, many
cathode electrocatalysts and electrolyte mediators are un-
realistic and unsustainable because of expensive reactants,
complex synthesis, and low yields. Therefore, it is necessary
to propose new strategies to tackle the above issues.

In 2014, the first light-assisted Li-O, battery was
constructed by integrating an extra redox shuttle-coupled
dye-sensitized TiO, photoelectrode as the third electrode
into a conventional Li-O, battery.” Under illumination, the
charge voltage was sharply decreased to 2.72 V. Instantly,
this pioneering study provided a new paradigm and inspired
peer researchers to address the problems of metal-air
batteries with light. Gradually, utilizing light to drive slow
ORR/OER (CO,RR/CO,ER) has emerged as an increas-
ingly popular strategy to achieve high-efficiency metal-air
batteries. By designing novel semiconductor photocatalysts
matched with the targeted battery chemistry, researchers
have successfully constructed light-assisted Li-O, (air), Li—
CO,, zinc—air (Zn-air), and sodium-air (Na-air) batteries,
and record-high electrochemical performances are still being
achieved based on advances in materials and structures
(Figure 1). Photothermal materials also have been intro-
duced to the cathodes to accelerate battery reactions by
converting light into heat. In addition to developing new
materials and devices, researchers have gradually gained a
deeper understanding of light-involved cathode reactions.
The light-assisted strategy effectively improves the perform-
ance of metal-air batteries and also provides a new method
of utilizing and storing photoenergy. In contrast to conven-

© 2022 Wiley-VCH GmbH

351801 SUOWILLIOD BAERID 3 (edljdde U Aq pausenob 9. SN YO 88N JO SN 10} AZiq 1T BUIIUO AB]1M UO (SUOTIPUCY-PLR-SWLIBIALI0Y A3 | 1M ARRIq 1 BU1UO//SANY) SUORIPUOD PU. SWLB L 3 885 *[1Z02/2T/ZT] Uo ARIqI aulluo A8 A1SBAIIN Uepnd Aq 920€TZZ0Z 2 1Ue/Z00T OT/I0P/LI0D A 1M ARRIq jBu1[Uo//SaNY W1y popeo|umod ‘TG ‘2202 ‘ELLETZST



GDCh
~~

Reviews

An dte

Chemie

LiO,

N
o’ ® 0%
R
Au N-CaNe CAg ©Bi @ Mo O elLi
d \ R o ~ ~N P
First light-assisted Light-assisted Li-O, battery Light-assisted Light-assisted Plasmon-mediated More and more
Li-O; battery without redox mediators Zn-air battery Li-CO, battery Li-O, battery new photocatalysts
\. J % . % J 4 2 L b
| l I I ' '
| [
| | | L
[ | |
[ Ultra-low temperature ) (
Light-assisted Li-O, battery | All-solid-state light-assisted Li-air battel pwirh o Hybrid photo-enhanced Photo-assisted
with redox mediators Li-ions O, battery iery Li-O, battery Zn-CO, battery
L plasmonic air cathode )
T M usie—< Chmen T
gl o o et o brey
AT ¢ > Lihium meta node 4
LIVE-=-Lomm i W Cufim 4 Znt e 00;® »
CB o~ - .
4 0y/Li0, I R
OVeNm T A—rnf -_—--'—-/ Zn: ¢ Ii'._’(u. /

”,“m‘\f II'\f:E’ +0,

Potential

Anode  Solid interface ‘_[? \/
VBN /\-1,\1()1 (' U0 () Holes @ Flectrons

KOH ® KHCO,

Figure 1. Brief chronology of the development of light-assisted metal-air batteries. Reproduced with permission.”'*% Copyright 2016, 2020, 2022
Royal Society of Chemistry. Copyright 2018, 2020, Elsevier. Copyright 2019, Macmillan Publishers Ltd. Copyright 2020, 2022 Wiley-VCH. Copyright

2021, National Academy of Sciences of the United States of America.

tional integration systems including independent energy
models (solar cells, batteries, and supercapacitors) and
complex connections, photoenergy is directly converted to
electric energy and then to chemical energy stored in the
light-assisted metal-air battery. Despite significant progress,
many issues still exist waiting to be solved for the new
energy storage systems.
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Several reviews have been published in which the
configurations and working principles of light-assisted bat-
teries are briefly introduced.”>" For example, the applica-
tions of solar energy in different rechargeable batteries were
summarized in 2017,” and the advancements in integrated
photovoltaic-battery systems in two/three-electrode config-
urations were presented in 2018.5” Further, the structures,
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operating principles, and electrochemical performances of
light-responsive batteries have been summarized and
analyzed.’** The above reviews provide a comprehensive
introduction to various light-assisted energy-storage devices
(e.g., Li-ion, Li-iodine, Li-S, Li-O, batteries, etc.), but
rarely discuss the unique structures and properties of light-
assisted metal-air batteries. Recently, an inspiring tutorial
review introduced the fundamental photoelectrochemical
process of O, in the Li-O, battery,* but did not discuss Li—
CO, and Zn-air batteries. So far, the configurations and
properties of light-assisted metal—air batteries have not been
carefully reviewed, and the challenges and outlooks in this
rising field have not been systematically discussed.

In this Review, we will first introduce the typical
configurations and working principles of light-assisted met-
al-air batteries. Then, the design strategies and the latest
examples of photocathodes will be summarized and ana-
lyzed from the perspective of materials. We will further
systematically discuss the positive and negative influences of
illumination on the metal-air battery. Finally, the key
challenges and future perspectives for light-assisted metal—
air batteries will be discussed. This Review aims to
summarize the basic knowledge of the promising devices as
innovative paradigms and inspire more researchers to find
ways to create better light-assisted metal-air batteries.

2. Configurations and Principles

In this section, the fundamental principles of the photo-
electrochemical process will be first introduced. Then, the
typical configurations and working mechanisms of regular
and light-assisted Li-O, (CO,) and Zn-air batteries via the
photoelectric effect will be discussed in detail. Light-assisted
metal-air batteries via the photothermal effect will also be
briefly introduced as a supplement.

2.1. Basics of Photochemistry

Photochemistry encompasses photon-driven reaction proc-
esses including light absorption, charge carrier separation,
and reduction/oxidation reactions. The photocatalytic mech-
anism of a single-component semiconductor photocatalyst
mainly involves the following steps: When photocatalyst
absorbs incident photons with energy equal to or higher
than its band gap energy E, (also called the forbidden band
gap), the electrons in the valence band (VB) are excited to
the conduction band (CB), leaving the holes in the VB. The
photoelectrons in the CB are involved in the reduction
reaction, while holes in the VB participate in the oxidation
reaction. The band gap and CB/VB positions determine the
light absorption property and redox capability of semi-
conductors, respectively. After charge carrier separation,
photoelectrons and holes undergo the following three
possible processes: 1) they migrate to the surface of the
photocatalyst to drive the reduction or oxidation reaction;
2) they recombine and are converted to heat or photons;
3) they are captured by defect sites. Generally, around 90 %
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of photoelectrons and holes recombine after separation,
while less than 10 % of separated carriers are involved in
photocatalytic reactions.”” The full harvest of solar energy
and effective separation of photogenerated carriers are vital
in promoting photocatalytic efficiency. An ideal photo-
catalyst is expected to have broad light absorption, a suitable
band structure for the target redox reactions, rapid carrier
transfer, and efficient carrier separation. Many strategies
have been proposed to design better photocatalysts, such as
changing morphology/crystallinity, introducing defects, and
building junctions (heterojunctions, Schottky junctions, and
phase junctions). The photon-driven reactions of photo-
catalysts have realized many meaningful applications, such
as water splitting, CO, reduction, and pollutant
decomposition.5#!!

2.2. Basics of Metal-Air Batteries

A typical metal-air battery consists of a metal anode, an
electrolyte (separator), and a porous air cathode. The
electricity is generated by the redox reactions between the
metal anode and the air cathode. Depending on the type of
electrolyte, metal-air batteries are divided into non-aqueous
and aqueous systems, in which non-aqueous Li-O, and
aqueous Zn-air batteries receive the most research interest
due to their high theoretical specific energy.[**" The non-
aqueous Li-CO, battery has a similar configuration and
working mechanism to a Li-O, battery.[**! The working
mechanisms for typical Li-O,, Li-CO,, and Zn-air batteries
are described by the following equations.

2Li +0, = Li,0, E’=2.96 V
4Li+3CO, =2Li,CO,+C E'=2.80 V

27Zn +0, =27Zn0 E°=165V

For typical aprotic Li-O, (CO,) battery, O, (CO,)
molecules from the surrounding atmosphere diffuse and
dissolve into the electrolyte; O, (CO,) captures electrons
from the external circuit, combines with Li" ions in the
electrolyte, and forms solid discharge products at the porous
air cathode during discharging. These products are expected
to undergo oxidative decomposition and release O, (CO,) in
a thermodynamically reversible way during charging. For a
rechargeable Zn-air battery, O, is reduced to OH™ at the air
cathode and migrates to the Zn anode, where it reacts in the
alkaline electrolyte to generate Zn(OH),” which then
becomes insoluble ZnO at the anode as the process
proceeds during discharging. During charging, ZnO is
reduced to metallic Zn at the anode while the oxidation of
OH™ to O, takes place at the cathode. Metal-air batteries
often suffer from large overpotentials and low energy
efficiencies owing to sluggish ORR/OER (CO,RR/CO,ER)
processes; thus, electrocatalysts or electrolyte additives are
necessary to promote the discharge and charge processes of
metal-air batteries. A few reviews have discussed the design
strategies of cathode electrocatalysts.™*>
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2.3. Basics of Light-Assisted Metal-Air Batteries

The first light-assisted Li—O, battery comprised an extra
photoelectrode and redox mediator in the electrolyte.”® The
three-electrode configuration suffers from complex fabrica-
tion and operation, low safety, and high cost, while redox
mediators can aggravate parasitic reactions including anode
corrosion and electrolyte decomposition. Hence, the light-
assisted metal-air battery in a two-electrode configuration
(photocathode as photoelectrode and air cathode simulta-
neously) without redox mediators has become the major
research paradigm. In this review we will focus on light-
assisted metal-air batteries in the two-electrode configura-
tion. Depending on the photoactive materials at the
cathodes, the light-assisted mechanisms include photoelec-
tric and photothermal effects.

The configuration of a light-assisted metal-air battery
via the photoelectric effect is similar to that of a regular
metal-air battery, and mainly consists of a metal anode, an
electrolyte, and a porous cathode with photocatalysts. The
band structure of the photocatalyst should be designed
toward the target battery chemistry. The VB potentials of
photocatalysts should be lower than the oxidation potential
of O,/Li,O, for a non-aqueous Li-O, battery, CO,/(Li,CO;
+ C) for a non-aqueous Li-CO, battery, or O,/OH™ pairs for
an aqueous Zn-air battery. Correspondingly, the excited
electrons in the CB should show a higher chemical potential
than the equilibrium potentials of metal-air batteries,
namely a stronger reduction activity.

The working mechanisms of light-assisted Li-O, (CO,)
and Zn-air batteries are shown in Table 1 and Figure 2.
Under illumination, photocatalysts harvest photons of suit-
able energy and generate numerous photoelectrons/holes of
certain energy levels to promote the discharge/charge
reactions. For Li-O, (CO,) batteries, O, (CO,) molecules
from the environment first diffuse through the photocathode
and dissolve into the electrolyte. Then, the adsorbed O,
(CO,) molecules at the photocathode are reduced by photo-
electrons, combine with Li* in the electrolyte, and are
transformed into the discharge products Li,O, (Li,CO;+ C)
after several intermediate steps. Meantime, the holes are
neutralized with the electrons from the external circuit.
During the subsequent charging process, the holes oxidize
solid products and release O, (CO,) at a plus potential, and
the electrons migrate to the external circuit. Similarly, the
photocathode harvests photons and generates electron-hole
pairs for the Zn-air battery. O, is reduced by the excited
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photoelectrons to OH™ in an alkaline electrolyte, accompa-
nied by the electrochemical oxidation of Zn to Zn*". In a
reverse charging process, the holes migrate to the photo-
cathode to oxidize H,O to O,, and photoelectrons rapidly
migrate to the external circuit, accompanied by the reduc-
tion of Zn(OH),*” to Zn and OH".

Note that the above discussion assumes that the photo-
catalysts can simultaneously enhance discharge and charge
processes. Nevertheless, many photocatalysts only promote
either the discharge or charge process depending on the n-
type/p-type nature of the semiconductors. Here, it should be
noted that although the theoretical discharge and charge
voltages of a light-assisted battery are equal to the VB and
CB potentials of photocatalysts in values, the two concepts
are different in physical nature. The former is the potential
difference between Li*/Li (or ZnO/Zn) couples and the
redox pairs at the cathode, while the latter is the intrinsic
electronic energy state of photocatalysts, demonstrating the
thermodynamic feasibility of photoelectrons/holes for accel-
erating cathode reactions. In addition to the photoelectric
materials, integrating photothermal materials into cathodes
also provides a feasible strategy to enhance cathode kinetics
and broaden operating temperature by absorbing photons to
warm up the battery in order to reduce internal resistances,
enhance interfaces, and accelerate kinetics.

The main differences between regular and light-assisted
batteries lie in the design of cathodes and setup. Cathode
electrocatalysts in conventional metal-air batteries mediate
electrochemical reaction pathways and decrease energy
barriers mainly depending on their intrinsic chemical
structures. Due to the limited chemically driven force for
the cathode reactions, the discharge/charge voltages of
regular metal-air batteries are much lower/higher than the
theoretical equilibrium voltages, generating large overpoten-
tials. In contrast, with the photocoupled reaction pathways,
the actual discharge/charge voltages of light-assisted bat-
teries sometimes can be higher/lower than the thermody-
namic equilibrium limit of batteries, which is attributed to
the participation of photoelectrons/holes in the cathode
reactions. Therefore, light-assisted batteries can achieve
much higher round-trip efficiencies (even higher 100 %)
than conventional devices. However, light-assisted batteries
have higher demands for packaging and setup. Now, at a lab
scale, researchers already pay more for the special coin cells
with light-transmitting cathodes, the transparent sealed test-
ing boxes, light sources, and temperature control devices. In

Table 1: Working mechanisms of representative light-assisted metal—air batteries.

Li—O, battery
Photocatalyst — e;, + hy,

Discharge Anode Li — Lit4e
Photocathode O,+2e, +2Li* —Li,0,
Overall 2Li +0, —Li,0,

Charge Anode Li*+e — Li
Photocathode Li,O,+2h/}, —0O,+2Li"
Overall Li,O, — 2Li 40,

Li—CO, battery Zn—air battery

Li — Lit4e” Zn +40H —Zn(OH)Z +2e”
Zn(OH)? — ZnO+H,0 + 20H"

4Lit4- 3CO,+4e;, — 2Li,CO;4-C O,+4e;, + 2H,0 —40H"

4Li + 3CO, —2Li,CO;+C 2Zn +0, —2Zn0O

Lit+e — Li Zn(OH)* +2e”— Zn+40H"~

2Li,CO;+C + 4h, —4Li"+3CO, 40H™+4h/ —0, + 2H,0

2Li,CO;+C —4Li+ 3CO, 2Zn0O — 2Zn +0,
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Figure 2. Schematic illustrations of device configurations and working mechanisms of light-assisted a) non-aqueous Li-O,, b) Li-CO,, and

c) aqueous Zn-air batteries.
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comparison, conventional metal-air batteries cost less in the
packaging and testing process.

3. Design of Photocathodes

Photocathodes are vital in harvesting and utilizing photo-
energy to boost the performance of light-assisted metal-air
batteries. A photocathode, in general, comprises a photo-
catalyst and a current collector (e.g., carbon paper/cloth,
metal mesh/foam/fiber, and conductive glasses). At an early
stage, single-component photocatalysts (e.g., C;Ny, Fe,05)
were directly deposited at a current collector as a photo-
cathode. Subsequently, more enhanced designs have been
proposed to overcome the limited light absorption and
severe carrier recombination of single photocatalysts. Rep-
resentative photocatalysts include metal oxides (e.g., TiO,,
WO;, Fe,0;, Cu,0, and Co;0,), metal sulfides (e.g., ZnS,
MoS,, ZnlIn,S,, and In,S;), carbon nitrides (e.g., C;N,, C,N),
polymers (e.g., pTTh, PBTD, and metal-organic polymers),
and their derivatives. Photothermal materials (e.g., Ru,
RuO,, Ag, and Au) also have been integrated into the air
cathodes. So far, various light-assisted metal-air batteries
have been constructed with significant progress (e.g., Li-O,,
Li-CO,, Zn-air, Zn-CO,, and Al-air batteries). Table 2
shows the configurations and properties of representative
light-assisted metal-air batteries based on various photo-
cathodes.

In addition to meeting requirements similar to those of
regular air cathodes (electrocatalysts), such as porous
structures, high catalytic activity, and decent chemical/
electrochemical stability, the photocatalysts should also
fulfill the following criteria for efficient photoenergy
utilization: They should 1) possess large photocatalytically
active areas to absorb light; 2) have a broad light absorption
to make full use of the solar spectrum; 3) exhibit efficient
separation and transfer of charge carriers; and 4) show high
resistance for photocorrosion. In this section, we first
provide fundamental design principles for photocatalysts
and then introduce specific applications in light-assisted
metal-air batteries.

3.1. Design Strategies for Photocatalysts
3.1.1. Enlarging the Active Surface

For conventional aprotic Li-O, (CO,) batteries, cathode
catalysts with larger active surfaces are favorable for the
deposition and decomposition of solid discharge products
for high capacity and enhanced reversibility. In the light-
assisted battery, the morphology and structure of the photo-
catalysts is also important, as it also directly influences
photon absorption, carrier generation, and subsequent
photoelectrochemical reactions. It is common to deposit
nanostructured photocatalysts on a three-dimensional cur-
rent collector as the photocathode of a photoinvolved
metal-air battery to to increase access to the active surface
of the photocatalyst.”” Various nanostructures have been
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reported with rich reactive surfaces (e.g., nanowires, nano-
rods, nanotube arrays),***! while introducing a second
component (e.g., metal nanoparticles) to the first photo-
catalyst is also feasible to unlock more active surfaces.**

3.1.2. Widening Light Absorption

The photoelectrochemical processes of light-assisted metal—
air batteries are initiated by light absorption, which is
determined by the band structure of the semiconductor.
Most semiconductors mainly absorb light in the ultraviolet
and near-ultraviolet regions (E,~3.0eV, wavelength
<413 nm), which make up only about 7 % of the entire solar
spectrum. To make the most of the solar spectrum, the
following strategies can be adopted: 1)band structure
engineering, which means developing narrow band gap
semiconductors to enable the absorption of visible light (E,
<3.0eV), and 2) dye sensitization, which refers to using dye
molecules to absorb visible light and generate more charge
carriers.

Band structure engineering. Many efforts have been
devoted to developing narrow band gap semiconductors for
visible-light utilization. Distinct from TiO, (E,~3.0eV),
WO; shows extensive visible-light response (E,~2.5-
2.8eV), good electron mobility, and short hole diffusion
length, which enabled a visible-light-responsive Li-O,
battery.”! o-Fe,0; (E,~1.9-22¢eV) was used in a light-
assisted Zn-air battery and a hybrid Li-O, battery (O,+4Li
+2H,0=4LiOH).P"* Spinel-type Co;0, (E,~1.5-22¢V)
worked as a bifunctional photocatalyst toward ORR/OER
in a Zn-air battery.”” C,N (E,=1.99 ¢V) enabled a Zn-air
battery capable of harvesting visible light.[!

Dye sensitization. Dye sensitization is an efficient
strategy to extend light absorption and has been widely
applied in solar cells. Visible light is initially captured by the
dye molecules adsorbed on the surface of the semiconduc-
tor. The photogenerated charge carriers are excited in the
dye molecules and injected into the energy level of the
semiconductor, while the excited dye molecules can recover
to the initial state by reacting with a redox mediator. The
first light-assisted Li—-O, battery was constructed using an
N719 dye-sensitized TiO, photoelectrode with the I/I;~
redox couple.”®! This strategy has hardly been used in recent
photocathodes probably because of the high cost of the dye
molecules and tedious experimental steps.

3.1.3. Enhancing Carrier Separation

Extending light absorption increases the concentration of
photogenerated electron-hole pairs, while achieving effec-
tive carrier separation is also vital for efficient photoenergy
utilization in the photoelectrochemical process. Many strat-
egies have been proposed to separate the photogenerated
electron-hole pairs, such as introducing defect energy levels
and building junctions, including heterojunction and
Schottky junction.

© 2022 Wiley-VCH GmbH
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Defect engineering. Introducing defects into semicon-
ductors can trap charge carriers and inhibit the recombina-
tion of photogenerated electron-hole pairs. For example,
TiO, nanorod arrays were reduced by photoelectrons with
increased oxygen vacancies upon illumination.!"! The defect-
containing TiO, showed improved electron/ion migration
and higher catalytic activity than the high-crystalline TiO,.
Another case is that the nitrogen vacancies can extend the
absorption edge and enhance the carrier separation of
C;N,.1 However, photogenerated electrons and holes can
also combine at the defect sites. It is vital to control the
defect concentrations rationally.

Heterojunction. A heterojunction is the interface be-
tween two semiconductors with different band structures.
Rationally combining at least two semiconductors to con-
struct heterojunctions can effectively inhibit recombination
and even increase the redox activity of photogenerated
carriers.""1%l Among various heterojunctions, type-II heter-
ojunctions, p-n heterojunctions, direct Z-scheme hetero-
junctions, and semiconductor-carbon heterojunctions have
been proved effective for enhancing electron-hole separa-
tion. For the type-II heterojunction, the CB and VB
potentials of semiconductor A are higher than those of
semiconductor B. Thus, photoelectrons are injected into the
CB of semiconductor B, while holes oppositely transfer to
the VB of semiconductor A, ensuring effective spatial
separation of electron-hole pairs. The p—n heterojunctions
further accelerate the electron-hole migration across the
interface by building an additional electric field. In the direct
Z-scheme heterojunction, the redox potentials of electrons
and holes are further optimized for the specific photo-
catalytic reactions. In the coupled semiconductor-carbon
(e.g., graphene, carbon nanotubes) system, the high con-
ductivity of carbon allows the migration of electrons from
the semiconductor to the carbon and enhances the carrier
separation. Many heterojunctions have been reported for
effective carrier separation, such as TiO,—Fe,0;® TiN/
Ti0,,[ Fe,0,/C;N,,™ and SiC/graphene [*)

Schottky junction. The construction of the Schottky
junction by combining a semiconductor with a metal, such as
gold (Au), silver (Ag), and platinum (Pt) can enhance light
absorption and the separation of photogenerated electron—
hole pairs. When the work function of the metal is higher
than that of the semiconductor, the electrons prefer to flow
from the semiconductor to the metal, leading to the
formation of the Schottky barrier, which as the energy
barrier, prevents the combination of photoelectrons and
holes. Besides, some metal nanoparticles can localize the
incident light electromagnetic field and generate more
carriers. The localized surface plasmon resonances of some
specific metals can generate hot electrons, which are injected
into the semiconductor. For example, Au nanoparticles were
used to extend the absorption of visible light and inhibit the
carrier combination of C;N,, ensuring efficient utilization of
photoexcited carriers in the cathode reactions of a Li-O,
battery.”! Various Ag nanostructures also have been widely
explored in various light-assisted systems, which will be
discussed in Section 3.3.[5780:84]
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3.1.4. Introducing External Fields

Introducing external fields (e.g., magnetic field, microwaves,
mechanical stress, and temperature gradient) has emerged
as a popular strategy to boost photocatalytic efficiencies.!'”!
This approach can also be transferred to the design of
photocathodes. For example, a 3D porous NiO nanosheet/
Ni foam photoelectrode was designed to construct a dual
magnetic and optical field assisted Li-O, battery.®"! At an
external magnetic field, the Lorentz force acts oppositely on
the photoelectrons and holes, guaranteeing the effective
separation of charge carriers. The dual-field-assisted Li-O,
battery achieved a charge voltage of 2.73 V and a cycling life
of 200 h. This strategy provides an environmentally friendly
way to enhance battery performance but involves only some
specific semiconductor materials.

3.2. Practical Examples of Photocatalysts
3.2.1. Metal Oxides

Among various photocatalysts, TiO, has been considered
the most promising for academic research and practical
applications due to its high photoreactivity, chemical
stability, photocorrosion resistance, low cost, and suitable
band structure."™ In 2018, defect-containing TiO, nanorod
arrays (~200nm in diameter, ~1um in length) were
deposited on a carbon textile through a facile hydrothermal
treatment and calcination in air (E,=2.98 €V, absorption
edge: 416 nm) as the photocathode of a Li-O, battery.[]
The photogenerated holes oxidized Li,O, and successfully
reduced the charge voltage from 431V to 2.86 V. Long-
term illumination introduced more defect sites in TiO,, and
the emerging oxygen vacancies further promoted electron
and Li* migration, enhancing photocatalytic efficiency and
lowering polarizations upon cycling. Based on a seed-
assistant growth strategy, TiO, on carbon paper as a photo-
cathode was found to promote the OER process in a Zn-air
battery.”™! Similarly, TiO, nanowires arrays on a carbon
cloth were used as the photocathode (£,=2.91 eV, absorp-
tion edge: 425 nm) for a flexible Li-CO, battery which
demonstrated a charge voltage of 2.88 V and good cycling
stability for 60 h.®? When a TiO, photocathode was
integrated into a hybrid Na-O, battery with seawater as
catholyte, the charge voltage was decreased from ~3.8 to
~2.6V, corresponding to a round-trip efficiency of
~109 %.1'"

Although TiO, has been viewed as one of the most
promising photocatalysts, severe carrier recombination of
single-component TiO, largely impedes its photocatalytic
performance. Decorating TiO, with other materials is
promising to overcome the shortcomings. For example, n-
type semiconductor Fe,O; was chosen to tune the electronic
behavior of TiO, due to its narrow band gap and high
chemical stability.” The heterostructured TiO,—Fe,O; pho-
tocatalyst exhibited a narrower band gap (1.86 eV, absorp-
tion edge: 664 nm) than TiO, (2.98 eV, absorption edge:
416 nm) low photoluminescence emission intensity, and high
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donor density, indicating broad light absorption and inhib-
ited carrier recombination. A light-assisted Li-O, battery
showed a narrow polarization gap of 0.19V and decent
cycling stability (Figure 3a). Porous TiN/TiO, composite
nanowires were also synthesized as light-responsive cathode
catalysts for a flexible Li-O, battery (Figure 3b).""! The
charge voltage decreased from 3.65 to 2.94 V under illumi-
nation, with =94 % round-trip efficiency achieved. Besides,
Au nanoparticles were deposited onto the surface and inside
TiO, nanotube arrays as the photocathode of a Li-O,
battery, which showed much higher discharge capacity in the
light than that in the dark (Figure 3c)./*!

Due to its high catalytic activity for decomposing
Li,CO;, RuO, was photodeposited on TiO, to serve as the
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photo-responsive cathode catalyst in a Li-CO, battery.[*’

The battery presented a quite low charge voltage of 2.91 V
under illumination, lower than 3.70 V in the dark. Besides,
the RuO, surface with its weaker adsorption of Li,CO; is
beneficial to the removal of Li,CO; for higher discharge
capacity. Ag nanoparticles were used to decorate the TiO,
nanotube arrays as the photocathode of a Li-CO, battery
(Figure 3d).* The incident light not only excited photo-
electrons and holes in TiO, but also generated an intensified
electric field around the Ag nanoparticles to enable efficient
separation and transfer of charge carriers. Benefiting from
the synergy of photogenerated carriers and plasmonic
interaction, the battery exhibited an ultralow charge voltage
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Figure 3. Representative metal-based photocatalysts and their applications in light-assisted metal-air batteries. a—f) Scanning electron microscopy
(SEM) images of photocathodes (left) and photo-promoted performances (right). a) TiO,—Fe,O; hierarchical heterostructured cathode on carbon
cloth. Reproduced with permission.” Copyright 2020, Wiley-VCH. b) Porous TiN/TiO, composite nanowires on carbon cloth. Reproduced with
permission.’! Copyright 2018, Wiley-VCH. c) Carbon- and binder-free TiO, nanotube arrays and Au nanoparticles on a Ti mesh. Reproduced with
permission.* Copyright 2021, Wiley-VCH. d) TiO,@Ag nanoparticles on a Ti fiber. Reproduced with permission.*l Copyright 2022, Wiley-VCH. e, f
a-Fe,0; and BiVO, on a FTO glass. Reproduced with permission.”"! Copyright 2019, Macmillan Publishers. g) Galvavanostatic voltage profiles of a
Li~O, battery containing a ZnS@MWCNT photocathode. Inset, theoretical potential diagram. Reproduced with permission.*® Copyright 2020,
Wiley-VCH. h) Schematic diagram of In,S;@CNT photocathodes. Reproduced with permission.* Copyright 2020, Wiley-VCH.
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of 2.86 V at 0.10mAcm 2 and good cycling stability with
86.9 % round-trip efficiency after 100 cycles.

TiO, can only utilize the limited ultraviolet light of the
solar spectrum due to its wide forbidden band. This has
prompted scientists to explore other inorganic semiconduc-
tor materials for efficient visible-light utilization. Distinct
from TiO,, WO; demonstrates a decent visible-light re-
sponse (E,=2.5-2.8 eV), good electron mobility, and hole
diffusion length. In 2019, binder-free WO; nanowires were
deposited on a carbon textile as the photocathode for a Li-
O, battery, which showed a discharge/charge voltage of 2.71/
3.63 V at the 1st cycle and 2.89/3.55 V at the 100th cycle at
0.06 mA cm™ under visible light.!”! To inhibit recombination
of photoelectrons/holes inside WO;, the same group further
decorated WOj; with carbon nitride as photocathode of a Li-
O, battery, which demonstrated a lower charge voltage of
3.69 V than that of WO, (3.99 V) at 0.10 mAcm™? under
visible-light irradiation.'"” Compared with TiO,, WO, shows
better visible-light response and chemical stability but
inferior OER activity.

With high photoelectrochemical/chemical stability and
suitable band gap (E,=1.9-2.2eV), a-Fe,O; has also been
applied in metal-air batteries with alkaline electrolytes. In
2019, a light-assisted Zn-air battery was constructed based
on an o-Fe,O; photocathode, which delivered charge and
discharge voltages of 1.64 and 1.15V for 50h in light,
corresponding to a round-trip efficiency of 70.3% (Fig-
ure 3e).P In contrast, only 54.5 % efficiency was achieved in
the dark. The authors identified, the limiting factor for long-
term stability as the passivation of Zn anode in alkaline
electrolyte rather than the erosion of a-Fe,O;. Besides, they
also fabricated a Fe-air battery based on an a-Fe,O;
photocathode with a charge voltage of 1.26 V in the sunlight.
Inspired by this study, a-Fe,O; nanorods were used to
catalyze the cathode reactions of a hybrid Li-O, battery (O,
+4Li+2H,0-4LiOH).” O, was reduced to soluble OH~
in the electrolyte instead of solid products during discharg-
ing; in the charge process, photogenerated holes oxidized
OH™ to release O,. Benefiting from the superior catalytic
performance and photoelectrochemical stability of a-Fe,Os,
the resulting battery delivered discharge and charge voltages
of 256V and 3.15V. To overcome the poor electron-
transfer and severe carrier recombination of o-Fe,O;, the
same group further coated o-Fe,O; nanorods array with
NiOOH for a hybrid Li-O, battery./ The holes at NiOOH
firstly oxidized Ni"" to Ni'"" and then participated in the OER
to improve the current density. Finally, a charge voltage of
3.03V and a high round-trip efficiency of 88% was
achieved. The above examples proved that o-Fe,O; can
improve OER kinetics in different prototypes of metal-air
batteries, and the catalytic performance can be further
improved by combining with second components.

Copper (Cu) oxides are also used as photocatalysts for
light-assisted metal-air batteries. For example, Cu,O can
effectively promote Li,CO; decomposition in the charge
stage of the Li-CO, battery.® The valence change of Cu
(Cu,0/Cu0O) was considered as a key factor for achieving
high efficiency in a Zn-air battery.” CuO and Cu,O were
also used to promote ORR process of an Al-air battery.!'"
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A Cu,0/CuCoCr-layered double hydroxide with ultrathin p-
n type heterojunction nanosheets was designed for a Zn—
CO, battery. The heterostructure photocatalyst was benefi-
cial to converting CO, to CO during discharging and water
oxidation during charging. Most reported metal oxides are
n-type semiconductors which mainly enhance the OER
process during charging but show limited effects on the
ORR process during discharging. To this end, the p-type
semiconductor lanthanum ferrite (LaFeO;) was coated on
an FTO glass as the photocathode of a hybrid Li-O,
battery.[”? With a VB position more positive than the Eq,/
mo (1.23 V vs. RHE), photoelectrons of LaFeO; can reduce
O, to OH™ with an increased discharge voltage from 2.81 to
3.24 V. LaFeO; also presents decent stability in electrolytes
but limited effects on the charging process.

3.2.2. Metal Sulfides

Besides metal oxides, metal sulfides have also been used in
light-assisted metal-air batteries owing to their suitable
band structure and electrochemical/chemical stability. Ow-
ing to its special conduction band potential (2.0 V vs. Li*/
Li), zinc sulfide (ZnS) was chosen to decompose Li,O,. In
2017, ZnS was coated onto multiwalled carbon nanotubes
(ZnS@MWCNT) as the photocathode in Li-O, battery,
which decreased the charge voltage to 2.2V in the light
(Figure 3g).¥! The same group further used ZnS@CNT as a
photoelectrode coupled with an Li,Si alloy anode and a
plastic crystal solid electrolyte in an all-solid-state Li-ion O,
battery .*! The photocathode enabled an ultralow charge
voltage of 2.08 V at the first cycle and remained at ~2.2V
after 50 cycles, much lower than the theoretical equilibrium
voltage of 2.86 V. Besides, cadmium selenide/ZnS quantum
dots with CNT (CdSe/ZnS QD@CNT) and MoS,/ZnIn,S,
were synthesized to decrease the overpotential of Li-O,
batteries under light.*")

Later in 2020, In,S; nanosheets were uniformly coated
on CNT networks to provide abundant active sites for redox
reactions and a shorter diffusion length for photogenerated
carriers.” Because the CB level of In,S; (3.38 eV) is lower
than the work function of CNT (4.90 eV), photoelectrons in
the CB level of In,S; can spontaneously flow into CNT at
the interface and enhance carrier separation. The photo-
cathode produced a higher photocurrent response, weaker
photoluminescence, and higher activity for CO,RR and
CO,ER than In,S; without CNT. The hierarchical porous
In,S;/CNT photoelectrode was integrated into a light-
assisted Li-CO, battery, which achieved a high discharge
voltage of 3.14 V surpassing the thermodynamic limit of
2.80 V and ultralow charge voltage of 3.20 V, corresponding
to a round-trip efficiency of 98.1 % (Figure 3h). The authors
further proposed that the reduction of In** to In" in the
photocatalyst under illumination serves to pre-activate CO,.
Besides, NiCo,S, was used to boost ORR and OER
processes in an alkaline Zn-air battery.”"
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3.2.3. Other Metal-Based Semiconductors

Metal vanadates have also been used at the photocathodes.
BiVO, has been explored as the photocatalyst in an aqueous
Zn-air battery and a hybrid Li-O, battery.P"> BiVO,
demonstrated faster charge transfer and higher response
current but inferior stability and rapid deactivation due to
the severe photocorrosion and higher solubility in the
alkaline electrolyte compared to a-Fe,O; (Figure 3f). Re-
cently, CeVO, was synthesized for a light-assisted Li-O,
battery,”"! which achieved a low charge voltage of 3.48 V
and discharge capacity of 6.14 mAhcm 2 Besides the
superior photoelectrochemical property, CeVO, also dem-
onstrated superior O, adsorption and efficient conversion
ability of superoxide species to Li,O,, avoiding the decom-
position of electrolyte and cathode during discharging.

The hybrid perovskites were also assembled onto carbon
materials as photoelectrodes in Li-O, batteries recently.™
The good intrinsic stability of the perovskite cathode and
the enhanced charge transfer at the perovskite/carbon inter-
face contributed to the final superior performance. Besides,
a stable iron-based metal-organic framework was used to
encapsulate CsPbBr; nanocrystals as synergistic photoca-
thode materials for a light-assisted Li-O, battery, in which
CsPbBr; and the metal-organic framework acted as optical
antennas and ORR/OER catalytic sites, respectively.’”! The
composite photocathodes enabled lower overpotentials and
longer lifespans than the batteries based on either single-
component photocatalyst.

3.2.4. Carbon Nitrides

Restrained by the wide band gap of above 3.0 eV, most
metal-based photocatalysts can only harvest ultraviolet light
accounting for ca. 7% of the solar spectrum. The develop-
ment of visible-light-responsive photocatalysts is being
continuously pursued. The family of two-dimensional poly-
meric carbon nitrides with varying stoichiometry (C,N,) has
attracted extensive attention owing to their facile synthesis,
tunable structures, unique physicochemical properties, and
wide applications. Polymeric carbon nitrides (C;N,) attract
the most attention due to their intriguing electronic
structure and excellent chemical stability,"” and they have
been implemented in significant applications in
photocatalysis,"™  electrocatalysis,'”  and  energy
storage.[''*112

In 2014, C;N, was first integrated into a rechargeable Li—
O, battery with I7/I;~ redox mediators.* During charging in
the light, I~ ions were oxidized to I;~ ions by the holes, and
then I;~ ions diffused to oxidize Li,O, to O, at the cathode
surface and were reduced back to complete a full redox
cycle. The battery achieved an ultralow charge voltage of
1.9 V under illumination compared with 3.55 V in the dark,
and a discharge voltage of ~2.7 V, leading to 142 % round-
trip efficiency. The redox mediators play a critical role in
reducing the charge overpotentials, but I~ ions would
inevitably migrate across to the Li anode and form a non-
conductive Lil layer, which would reduce the utilization of
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I;” and increase the internal resistance of the battery. In
2016, the group further reported a C;N,-based Li-O, battery
without redox mediators,”” which achieved a comparable
low charge voltage of 1.96 V and a lifespan of 70 cycles
under illumination. The holes directly oxidized Li,O, to O,
and Li*, while photoelectrons were injected into the carbon
paper and migrated to the anode to reduce Li™ to Li.
Similarly, the metal-free photocatalysts only demonstrated
catalytic effects for OER. In 2019, C;N, was used as a
bifunctional photocatalyst to simultaneously boost the
discharge and charge kinetics of a Li-O, battery (Fig-
ure 4a).’”? The battery achieved a discharge voltage of
322V and a charge voltage of 3.38V at 0.04 mAcm 2,
leading to a round-trip efficiency of 95.3 %. Raman analysis
revealed that O, was first reduced to O,  and then O, by
photoelectrons in the CB of C;N,, and evolved into the final
product Li,O,; in a reverse charge, the solid products were
decomposed by the holes in the VB of C;N, at a plus
voltage. The above results can be related to the diverse
structures and properties of carbon nitrides synthesized in
different ways.

In order to further promote the battery performance,
researchers decorated C;N, with various second compo-
nents. Defect-containing C;N, decorated with Au nano-
particles (Au/Ny-C;N,) was designed as the photocathode to
promote the cathode reactions of a Li-O, battery (Fig-
ure 4b).""! The weaker photoluminescence emission inten-
sity, more prolonged carrier lifetimes, and stronger surface
photovoltage signal of Au/Ny-C;N, relative to those of Ny-
C;N, revealed the efficient separation and high carrier
concentration. During discharging, O, was preferentially
adsorbed on nitrogen vacancies of Ny-C;N, and reduced to
Li,O, by photogenerated hot electrons from plasmonic Au
nanoparticles. Reversely, Li,O, was decomposed by the
holes on Au nanoparticles plus an applied voltage during
charging. The battery delivered a discharge/charge voltage
of 3.16/3.26 V at 0.05mAcm™ under illumination, corre-
sponding to a round-trip efficiency of 97.0 %. The research-
ers further designed a step-scheme junction comprising
Fe,O; and C;N, of which the internal electric field and
interfacial Fe—N bonds can effectively promote the separa-
tion and migration of charge carriers (Figure 4c). The
photoelectrons from C;N, and holes from Fe,O; can
accelerate the discharge and charge reactions, generating a
high discharge voltage of 3.13V and a charge voltage of
319V in the light™ Recently, our group utilized a
heterostructure photocathode comprising interwoven CNT
scaffolds and defect-containing C;N, coatings to enhance the
performance of a Li-CO, battery. The favorable charge
transfer between C;N, and CNT ensured the efficient
separation of excited photoelectrons and holes and effective
photoenergy utilization for reaction kinetics. The Li—CO,
battery showed an ultralow voltage hysteresis of 0.04 V,
corresponding to a round-trip efficiency of 98.8 %.

Different from C;N,, the n-type semiconductor C,N
displays a narrow band gap (1.99 eV), strong photocurrent
response, and superior bifunctional reactivity (Figure 4d).!
Theoretical calculations indicate that the bifunctional ORR/
OER activities are associated with two separate active sites
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Figure 4. Representative carbon nitride photocatalysts and their applications in light-assisted metal-air batteries. a-d) Scanning electron
microscopy and transmission electron microscopy (TEM) images of photocatalysts (left), molecular or band structure (middle), and photo-
promoted performances for a—c) Li-O, batteries and d) Zn-air battery. a) C;N, on carbon paper. Reproduced with permission.’ Copyright 2019,
Wiley-VCH. b) Au nanoparticle-decorated C;N, with nitrogen vacancies. Reproduced with permission.”® Copyright 2021, National Academy of
Sciences. c) Step-scheme junction with hematite on carbon nitride.”" Copyright 2022, Wiley-VCH. d) Mesoporous C;N particles on carbon paper.

Reproduced with permission.* Copyright 2021, Wiley-VCH.

of C,N. The C,N-enabled Zn-air battery delivered a good
rate capability (operating at 10 mA cm2) under UV light, an
ultralow charge voltage of 1.35 V under visible light, and a
round-trip efficiency of 97.78 %. The same group further
designed a step-scheme heterostructure comprising C,N and
TiO, nanorods as the photoelectrode of a Zn-air battery.
The staggered band arrangement induces an S-type charge
migration via a strong internal electric field, ensuring
increased redox ability and efficient spatial separation of
photogenerated carriers. Combining this photoelectrode
with an asymmetric acid-base electrolyte, a unique inte-
grated system was constructed that can utilize light and
chemical neutralization energy to mediate Dbattery
performance.”™
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3.2.5. Polymers

Many metal-based semiconductors and carbon nitrides
demonstrated limited effects on the discharge processes
(ORR or CO,RR) of metal-air batteries. Polymer semi-
conductors have been widely used in photocatalytic ORR
owing to their facile synthesis, low cost, wide light
absorption, and tunable band structure. Notably, polythio-
phene (pTTh), a p-type polymeric semiconductor, has been
identified as an effective photocatalyst to promote the ORR
process of a glucose—air biofuel cell’™ and a H,-O, fuel
cell.™ Inspired by these studies, pTTh was used to
accelerate the ORR of a Zn-air battery in 2019.1 The
pTTh electrodeposited on carbon paper presented a hier-
archical spherical structure (4-5 um in diameter) assembled
from nanosheets (2050 nm in thickness) (Figure 5a). Under
illumination, photoelectrons in the CB of pTTh were
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Figure 5. Representative polymer photocatalysts and their applications in the light-assisted metal-air batteries. a—c) Scanning electron microscopy
images of photocathodes (left), the working mechanism (middle), and photo-promoted performances (right). a) pTTh for Zn-air batteries.
Reproduced with permission.”””! Copyright 2019, Wiley-VCH. b) PDTB for Zn-air batteries. Reproduced with permission.”” Copyright 2020, Wiley-
VCH. c) Cobalt-organic polymers for Li-O, batteries. Reproduced with permission.””! Copyright 2020, American Chemical Society.

harvested by O, to generate HO,™ which then disproportio-
nated to stable OH™. Meanwhile, the holes drove the
oxidation of Zn to ZnO at the anode via the external circuit.
The battery achieved an output voltage of 1.78 V under
irradiation, surpassing the thermodynamic limit of 1.64 V.
Researchers also explored some interesting applications
beyond the light-assisted Zn-air battery, such as an
integrated electricity/H,O, cogeneration and waste treat-
ment system'™ and a self-powered sensing platform.
Recently, pTTh coupled with I;7/I" as redox mediators was
used to reduce the overpotentials of a Li-O, battery.'
Photoelectrons contributed to the ORR process, while holes
oxidized I" to I;~ and decomposed Li,O,, resulting in a
lowered charge voltage of 3.19 V.

To accelerate the discharge and charge reactions simul-
taneously, a photo-enhanced Zn-air battery was constructed
with poly(1,4-di(2-thienyl)benzene (PDTB) and TiO, as
photocathodes (Figure 5b)."® During discharging, PDTB
was excited for ORR, with photoelectrons transferring to
reduce O, and holes migrating to oxidize Zn to ZnO via the
external circuit. In the charging process, TiO, produced
holes to drive the sluggish OER. The battery delivered a
high discharge voltage of 1.90 V and a low charge voltage of
0.59 V. With a tunable band structure and well-dispersed
single metal sites, metal-organic polymers have emerged as
promising materials for electrocatalytic and photocatalytic
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applications. Recently, metal-organic polymer nanosheets
composed of cobalt-tetramino-benzoquinone (Co-TABQ)
were synthesized with an absorption edge at 585 nm and
used to reduce the overpotentials of a Li-O, battery under
visible light (Figure 5c).™ Upon discharge, O, was first
adsorbed on the Co atoms of Co-TABQ and accepted
electrons from Co atoms for its reduction to LiO, and
transformation into the final product, Li,O,. The holes of Co
accelerated the fast decomposition of Li,O, to O, and Li*
with the aid of an applied voltage in the charging process.
The battery demonstrated discharge and charge voltages of
3.12 and 3.32 V, respectively, corresponding to a round-trip
efficiency of 94.0 %.

3.2.6. Si-Based Semiconductors

Besides the above typical photocatalysts, Si-based semi-
conductors also have been explored in light-assisted metal-
air batteries. In 2021, a kind of novel ultralarge (=63 pm)
and few-layer (~3 layers) siloxane nanosheet material was
synthesized with superior light harvesting and inhibited
carrier recombination,” which achieved a discharge voltage
of 3.51 V and a charge voltage of 1.90 V in a light-assisted
Li-O, battery, corresponding to a round-trip efficiency of up
to 185 %. The battery also demonstrated an impressive rate
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performance (129 % efficiency at 1 mAcm2) and superior
durability (92 % efficiency retention after 100 cycles). In
addition, a light-assisted Li—-CO, battery was designed with
SiC grown on reduced graphene oxide as the photo-electro-
catalytic hybrid cathode.’ As a conductive matrix, gra-
phene could effectively separate and transfer photoelectrons
concentrated on the SiC and prevent unfavorable carrier
recombination. Benefitting from the superior light absorp-
tion property of graphene, the SiC/graphene composites
showed enhanced visible light absorption (bandgap: 2.29
eV) than pure SiC (bandgap: 2.63 eV). The initial discharge/
charge voltage of 2.55/4.17 V in the dark significantly
increased/decreased to 2.77/3.28 V in the light, indicating the
enhanced kinetics under illumination. The battery delivered
a lower overpotential of 0.42V in light compared with
1.54 V in the dark and an energy efficiency of 84.4% (not
considering solar energy).

3.3. Photothermal Materials

Besides semiconductor photoelectric materials, photother-
mal materials have also been introduced to the air cathodes
of metal-air batteries, which can convert light energy into
heat to promote sluggish ORR/OER and CO,RR/CO,ER
kinetics. In 2020, an ultralow-temperature all-solid-state Li—
air battery was constructed based on a plasmon-enhanced
photothermal air electrode comprising close-packed Ru
nanoparticles (5-20nm) and CNT (Figures 6a,b).” The
engineered black plasmonic cathode efficiently harvested
light energy from the ultraviolet to the near-infrared range
and converted light to heat. The temperature of the cathode
surface reached ~70°C under illumination, even in a
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cryogenic environment of —73°C. The battery displayed a
lifetime of 15 cycles and a high discharge capacity of
3600 mAhg! at —73°C (Figure 6¢c). Plasmonic Ru catalysts
are also beneficial to C—O bond cleavage during discharging
and CO, evolution during charging of Li-CO, batteries; this
is attributed to the energetic hot carriers produced by
nonradiative decay of localized surface plasmons.[*! Besides,
a wide-temperature all-solid-state Li-air battery was demon-
strated that could operate from —73 to 120°C; the key to
this battery was the plasmonic photothermal cathode
composed of ruthenium oxide nanoparticles assembled on
carbon nanotubes (Figure 6d).""”! The cathode captured a
broad solar spectrum from 200 to 2500 nm and converted it
to heat for warming up the battery while stabilizing the
substantial charge carrier concentration caused by oxygen
vacancies. The illumination induced a temperature increase
for the cathode from —73 to 20°C within 400 s (Figure 6e¢).
Benefitting from the enhanced charge transfer and storage
at high temperatures, the battery demonstrated high dis-
charge capacity and a stable cycle from —73 to 120°C.
Hemoglobin-like (or doughnut-shaped) products (1-3 nm in
diameter) were obtained at —73°C, and a dense Li,0O, layer
consisted of rugby-like (or football-shaped) product particles
(8-18 nm in diameter) at 120°C, demonstrating the effect of
temperature on product nucleation and growth (Fig-
ure 6f)'[118‘119]

Recently, plasmonic Ag nanoparticles were proved to
simultaneously induce the photothermal heating of the
cathode and hot-electron effects caused by local surface
plasmon resonance.” %! Both of the effects contributed to
the ORR/OER kinetics of a Li-O, battery; significantly, the
respective contribution of each effect to the performance
enhancement was identified. By comparison, Ag nano-

! Diffusion
i adsol

Figure 6. Representative photothermal cathodes and their applications in light-assisted Li—air batteries. a) Schematic diagram of a photothermal
all-solid-state Li-air battery with the black air cathode anchored on the LAGP electrolyte and an IR image of the plasmonic air cathode under Xe-
lamp irradiation. b) Transmission electron microscopy image of single-layer plasmonic Ru nanoparticles. c) Electrochemical performance at
ultralow temperatures. Reproduced with permission.?? Copyright 2020, Royal Society of Chemistry. d) Transmission electron microscopy image of
RuO, nanoparticles (inset: histogram of size distribution and a high-resolution image). e) IR image of a RuO,-based photothermal cathode under
solar irradiation. f) Schematic illustrating the influence of temperature on the formation of discharge products. Reproduced with permission."”

Copyright 2021, Elsevier.
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particles produced lower temperature enhancement than
Ru-based counterparts. The same group designed an Ag/
Bi;MoOg hybrid cathode with broad light absorption and
superior electrochemical activity for O, reduction/
evolution.”™ Photoelectrons from Ag nanoplates based on
the localized surface plasmon resonance can be injected into
the oxygen vacancies of Bi,MoO4 and promote the ORR
kinetics. Similarly, the effects of Au nanoparticles in a Li-
CO, battery also have been confirmed.®!

Besides metal-based nanoparticles, carbon materials also
showed potential as photothermal cathodes. Based on a
multiscale conjugated block-copolymer-CNT-polyurethane
foam as an air electrode, a multisensing smart rechargeable
Zn-air battery was proposed.”” Upon irradiation, the
battery temperature rapidly increased from ~18 to ~53°C
within 90s, which led to an increased discharge voltage
(0.92-1.00 V) and a lowered charge voltage (1.96-1.88 V),
corresponding to the rise in round-trip efficiency (46.9 %—
53.2%). Similarly, a hydrophobic black carbon fiber cloth
was used as the photothermal-responsive, waterproof, and
breathable layer that could convert the most absorbed
photoenergy into heat to raise the temperature of a Zn-air
battery.'”! Under visible-light illumination (300 mW cm?),
the battery temperature was enhanced up to 73.1°C,
resulting in accelerated ion/electron transfer and boosted
ORR kinetics. The discharge voltage rose from 0.85 V in the
dark to 1.02 V under illumination, with a 20 % increase in
energy output.

4. Influence of Light on the Battery

Light is like a double-edged sword for the battery. As
discussed above, light can accelerate cathode kinetics,
enhance thermodynamic reversibility, and boost the electro-
chemical performances of metal-air batteries with the
assistance of reactive photoelectrons and holes. Particularly,
light can mediate reaction pathways in a thermodynamically
favorable way and influences the growth of discharge
products in aprotic Li-O, (CO,) batteries. However, light
also poses inevitable threats to battery stability, such as
photocorrosion of photocatalysts and electrolyte decomposi-
tion. Current research mainly focuses on the design of
photocathodes facing illumination, while some studies have
been devoted to enhancing the electrolytes in these special
battery systems. In comparison, no studies regarding metal
anodes in light-assisted batteries have been reported. In this
section, the effects of light on metal-air batteries will be
systematically discussed in terms of the photocathode and
the electrolyte.

4.1. Photocathode
4.1.1. Influencing Discharge Product Growth
As is known, the discharge products Li,O, (Li,CO;+ C) for

non-aqueous Li-O, (CO,) batteries can exhibit different
morphologies or structures (sizes, shapes, and crystalline) at
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various potentials,!'*~'%] electrolytes,!'*'%)

electrocatalysts,””'*"! and temperatures.""®'® The structure
of the products will significantly influence the subsequent
charging process and also the thermodynamic reversibility of
battery.>1131 Generally, it is believed that film-shaped
products formed via a surface growth pathway can lower
charge overpotentials due to the enhanced electron transfer
between insulated products and the cathode surface. Still, it
can also prevent mass transport and limit achievable
capacity. In comparison, particle-shaped solid products
grown via a surface pathway tolerate high discharge capacity
due to more exposed active area. Typically, the discharge
products with terrible crystalline or amorphous structures
are readily decompose during charging.

Recently, researchers observed that the discharge prod-
ucts exhibit different morphologies under illumination and
dark. They have proposed some possible mechanisms for
these structural differences and speculated that these differ-
ences would further influence the subsequent decomposition
during charging. For example, layered toroidal products
were deposited at the TiO,—Fe,O; photoelectrode surface in
the dark, while film-like products formed among TiO, arrays
under illumination in a Li-O, battery (Figure 7a,b).”” They
pointed out that the photocathode under illumination with
abundant photoelectrons was more favorable for O, adsorp-
tion and mass transfer than in in the dark, thus resulting in
different product growth pathways and final morphologies
(Figure 7c). The light-mediated film-shaped products fa-
vored mass transport and electron transfer to ensure fast
charge kinetics. A similar phenomenon was also observed at
the TiO, cathode in the Li—-CO, battery.® Bulk products
were deposited on the surface of the In,S;@CNT in the
dark, in comparison with film-shaped products in the light
(Figure 7d,e).”" The authors explained that the enriched
photoelectrons at the cathode could adsorb CO, and Li",
providing more nucleation sites to generate film-shaped
products (Figure 7f). Different from the above results, the
same group also noticed that tabular products were erected
on SiC sheets under illumination, compared with large-area
film-like products in the dark.[*"!

The above differences can be related to the distribution
of the photocatalysts in the photocathodes. For the
In,S;@CNT cathode, In,S; nanosheets are evenly distributed
at the cathode and provide numerous nucleation sites for
the generation of film-like products, while the isolated SiC
sheets at the photocathode result in the formation of
discrete products. Recently, our group also discovered that
the discharge products presented similar spherical shapes on
the CNT@C;N, cathode in a Li-CO, battery, but the
product particles in the light were much smaller than those
in the dark. The light-induced small product particles can be
easier to decompose than those in the dark.®

The nucleation and growth of discharge products in
practical metal-air batteries is pretty complex and related to
the battery materials/configurations, testing methods, and
environmental conditions. Generally, amorphous products
with good ion and electron transfer are considered easier to
decompose than the discharge products with good crystal-
linity and large size. In the above studies, some possible
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Figure 7. Influence of light on the formation and decomposition of discharge products in the aprotic Li-O, (CO,) batteries. a,b) Scanning electron
microscopy images of TiO,/Fe,O; cathodes after first discharge a) without and b) with illumination. c) Schematic illustration of discharge
mechanisms with and without illumination. The toroidal-like products are deposited on the top of the catalyst arrays without illumination, while
the film-like Li,O, is generated among the catalyst arrays with illumination. Reproduced with permission.” Copyright 2020, Wiley-VCH.

d, e) Scanning electron microscopy images of In,S;/CNT cathodes after discharging d) in the light and e) dark. f) Schematic diagram of product
formation pathways in the light and dark. Reproduced with permission.® Copyright 2020, Wiley-VCH.

growth pathways were proposed based on ex situ results but
lacking in-depth research tools. Future studies can utilize
more advanced characterization and simulation tools to
analyze the influence of the photocatalytic process on
product formation/decomposition. Specifically, the contribu-
tion of heat under illumination should be excluded when
studying the effects of the photocatalytic process.

4.1.2. Mediating the Thermodynamic Pathway

The cathode reactions could progress in a thermodynami-
cally favorable pathway under illumination. For example,
Co-TABQ was used as a photocatalyst in a Li—-O, battery.[!
Density functional theory revealed the photogenerated
electrons in the CB are transferred from Co atoms to O,,
leading to activation of the adsorbed O, and the generation
of Li,O, during discharging. Li,O, formation is thermody-
namically favorable due to the downhill free energy under
illumination. In comparison, the adsorption and activation
of O, on the photocathode is thermodynamically unfavor-
able, with increased free energy. A photo-induced reaction
process was discovered in a Li-CO, battery with
In,S;@CNT/SS as the photocathode.”” CO, was adsorbed
on the cathode surface and reduced with the aid of In*. The
outer electrons of In* can transfer to a strong electron
acceptor (i.e., O in CO, reduction products) to form an In®
*.C,0,% adduct via an In-O bond. The intermediate step
benefits the discharging process under light, referred to as
“pre-activating” CO, through adduct formation.
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4.1.3. Photocorrosion

The photoelectrochemical stability of photocatalysts is also
considered a key influential factor for battery life. Photo-
corrosion refers to the increase in photogenerated charge
carriers participating in the self-oxidation and reduction of
semiconductors instead of the target reactions, such as water
splitting.* For example, BiVO, experienced intensive
photocorrosion in a basic electrolyte under illumination,
with an 84.6 % decrease in the photocurrent intensity within
several minutes.”"! X-ray diffraction patterns revealed the
remarkably decreased peak intensity, and scanning electron
microscopy images showed the dissolution of BiVO,.
Correspondingly, the Zn-air battery with a BiVO, photo-
electrode exhibited poor cycling stability although the
battery exhibited an ultralow charge voltage at the initial
stage.’ In comparison, Fe,0; exhibited high photocorro-
sion resistance and was considered a better choice for an
aqueous Zn-air battery with an alkaline electrolyte. Toward
the long-term practical application of batteries, more
research efforts should be devoted to developing more
stable semiconductor photocatalysts in practical electrolytes
and operating conditions for more stable metal-air batteries.
For example, photocathode stability can be enhanced by
introducing a protection layer to pristine materials. As a
demonstration, pTTh was deposited on the Cu,O surface to
inhibit photocorrosion and promote photoresponse.l'™™ In
addition to the photocathode, the stability of metal anodes
also needs to be emphasized to achieve metal-air batteries
with long durability.!'*!
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4.2. Electrolyte

The electrolyte is essential for metal-air batteries; it
coordinates mass transport in the whole battery system,
stabilizes reaction intermediates, sometimes determines
reaction pathways, and directly influences battery
performance."" ¥ As known, large overpotentials will
trigger parasitic reactions in the electrolyte and shorten the
life span of the battery; thus, optimized electrolytes are
constantly explored."**!  Although light-assistance can
effectively reduce the discharge/charge overpotentials in
batteries, long-term illumination also poses an inevitable
threat to electrolyte stability. For one thing, extended
illumination will cause a noticeable temperature rise in the
battery without any cooling device; then, the electrolyte will
face constant evaporation through their porous cathodes,
resulting in increased impedance and polarization. For
another, aggressive photoelectrons/holes will directly attack
the electrolyte and cause serious electrolyte decomposition.
However, compared with the studies on photocathodes,
much fewer efforts have been made in electrolytes for light-
assisted metal-air batteries.

Aprotic electrolytes (LITFS/TEGDME) are widely
utilized in light-assisted rechargeable Li-O, (CO,) batteries
due to their high boiling points, good chemical/electro-
chemical stability, and low cost. Researchers hold different
views as to the influence of light on electrolyte stability.
Some researchers proposed that the electrolytes face more
serious degradation under illumination than in the dark.[®!
Photocatalysis processes could result in the degradation of
diluted ether electrolyte (1:1 mole ratio of LiTFSL
TEGDME) with distinct by-products shown in Raman and
nuclear magnetic resonance spectra.®® Introducing a super-
concentrated electrolyte (4:1 mole ratio of LiTFSL
TEGDME) enhanced stability against unfavorable photo-
catalytic decomposition, and the battery durability was
further ensured by a conventional and light-assisted hybrid
charge strategy. By contrast, some studies proposed that
electrolyte stability can be ensured under illumination due
to the reduced polarization®™”! or the accelerated trans-
formation of aggressive intermediates under illumination,’®!
in sharp contrast with the intensive electrolyte decomposi-
tion in the dark. Besides, some researchers pointed out that
light has a limited influence on electrolyte stability. The
ether electrolytes remained stable upon cycling under light,
similar to those in the dark.”®™ The above inconsistent
conclusions can be associated with different electrolytes,
photocatalysts, setups (e.g., coin cells, Swagelok cells,
electrolyzer cells, or three-electrode cells), current densities,
and temperatures in the different studies. For example, the
interference of light on electrolytes will be limited to the
batteries with excess electrolytes and operating at low
current densities and low light intensities. Recently, light-
assisted batteries with redox mediators have been reported
to have superior stability because more holes would be
consumed by the oxidation reactions of iodide ions instead
of attacking the electrolyte.["®

Solid-state electrolytes are considered more suitable
choices than liquid electrolytes for open light-assisted
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battery systems due to their better photo/thermal/chemical
stability. Li,0—Al,0;—GeO,—P,05 (LAGP) electrolytes have
been used in photothermal promoted Li-air batteries, which
could bear the extremely high temperature up to
120°C.P>1"7 Besides, the LAGP electrolyte was also used in
hybrid light-assisted Li-O, batteries to isolate the Li anode
from the aqueous alkaline catholyte.”%! Considering that
all-solid electrolytes present poor mechanical performance,
low ionic conductivity, and large interfacial resistance,
plastic-crystal electrolytes were introduced to achieve a
flexible light-assisted Li-ion O, battery due to their excellent
plasticity and high ionic conductivity."**! Aqueous electro-
lytes (composed of water, base, and supporting salts) are
commonly used in light-assisted Zn-air and hybrid Li-O,
batteries; their stability has not been studied yet. Meanwhile,
gel electrolytes have also been explored for light-assisted
Zn-air batteries owing to their mechanical stability and
safety.l]

5. Challenges and Perspectives

In this Review, the configurations and mechanisms of light-
assisted metal-air batteries have been discussed. Design
strategies and specific examples of photocathodes have been
systematically summarized. Finally, the influence of illumi-
nation on the whole batteries also has been carefully
analyzed. Although light-assisted metal-air batteries have
achieved important advances in recent years, many chal-

lenges remain to be tackled in future studies (Figure 8).

1) Light-assisted metal-air batteries still remain at the
conception stage and need substantial efforts to meet
practical performance requirements. First, most of
reported devices present poor rate capability (operate at
0.0l mAcm™) and short lifespan (<50 cycles) under
illumination due to the limited light absorption, severe
carrier recombination, and poor electrocatalytic activity
of photocatalysts, while the huge interfacial resistance
between photocatalyst and current collector further
exacerbates this issue. Rationally designing the structure
of photocathodes (e.g., the morphology and band
structure of photocatalysts, the interface between photo-
catalysts and current collector) is essential for effective
charge transfer and separation. Besides, introducing an
external field (e.g., magnetic field, thermal gradient,
mechanical stress, and acoustic waves) is also feasible to
accelerate the photoelectrochemical processes in light-
assisted batteries, which is still rarely explored. Improv-
ing the stability of electrolytes and anodes is also vital to
the cycle life of the battery under illumination. Second,
most batteries only demonstrate obviously decreased
either charge or discharge overpotential but limited
enhancement to another process, which is related to the
carrier type of semiconductor photocatalysts. It is
essential to develop photocatalysts to simultaneously
promote discharge and charge processes or rationally
integrate two photocatalysts into a photocathode. Utiliz-
ing two separate photocathodes in a light-assisted battery
can be feasible, but this will lead to a complex
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2)

configuration and operation. Studies in the photocatal-
ysis field will provide valuable experience for the design
of photocathodes.' 41! Different from the reported
light-rechargeable Zn-ion batteries and capacitors,!147]
light just makes a limited contribution to the practical
current density in metal-air batteries, which still need to
be charged at an external bias voltage due to the sluggish
OER (CO,ER) kinetics. Realizing real rechargeability at
a zero bias voltage is an exciting but highly challenging
research topic. This involves improving the reversibility
of metal-air batteries through material and device design
combined with special operating strategies.

It is difficult to compare light-assisted metal-air batteries
due to the lack of standardized measurement conditions
and methods. On the one hand, light-assisted batteries
are fabricated in different forms (e.g., coin cells, electro-
lyzers, or Swagelok cells) and illuminated by various
light sources with different wavelength ranges and power
densities. Obviously, excess electrolyte or high-power
illumination will lead to better battery performance. On
the other hand, current densities (mAcm 2, mAg') and
specific capacities (mAhcm 2, mAhg ™) on area or mass
are adopted depending on what researchers want to
emphasize. They can be calculated from a single photo-
catalyst, a whole electrode, or even an entire device. The
above issues make it difficult to compare the reported
battery performances. A unified and fair assessment
standard is necessary to compare the constructed devices
better. Currently, the term “energy efficiency” is adopted
to describe the conversion efficiency of electric energy
during discharging and charging processes with a cut-off
capacity for regular metal-air batteries, but it can be
confusing and inappropriate to use this term to describe
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3)

metal-air batteries involving the conversion and storage
of light energy. Instead, the term “round-trip efficiency”
is considered more appropriate, while “energy effi-
ciency” should refer to the conversion efficiency of
photoenergy to electric energy in a light-assisted metal—
air battery.

The working mechanisms of light-assisted metal-air
batteries have not yet been clarified. Rechargeable
metal-air batteries involve multistep chemical and elec-
trochemical processes during discharging/charging, which
become more complex with illumination. Current studies
mainly focus on developing new photocatalysts for
metal-air batteries and provide similar explanations of
the discharge/charge processes of light-assisted metal-air
batteries based on different photocatalysts, but lack in-
depth insight into the fundamental photochemical and
electrochemical processes. The following questions
should be carefully concerned to understand light-
assisted metal-air batteries better. How are the charge
carriers generated, separated, transferred, recombined,
and utilized at the photocathodes? Are the light-assisted
discharge and charge processes really thermodynamically
reversible? How does the reversibility vary with operat-
ing conditions (e.g., current density, illumination inten-
sity, atmosphere, or temperature)? How does light
influence the thermodynamic/kinetic behavior and long-
term stability of the battery? An in-depth understanding
of reaction mechanisms will lead to the rational material
and structural design of light-assisted batteries. Drawing
from photocatalysis and metal-air batteries, many ad-
vanced characterization methods (e.g., in situ Raman, X-
ray diffraction, Fourier transform infrared, nuclear
magnetic resonance spectroscopy, and differential elec-

© 2022 Wiley-VCH GmbH

85US01] SUOWILLIOD @A) @ (e [dde au3 Aq peuAoh a8 SBILE YO ‘2SN J0'S3INI 104 ARG BUIIUO AB]IM UIO (SUOI3IPUC-PL.-SULIBYLIOD B 1M ARe.q 1 [Bu1 Uo//Sd1Y) SUORIPUOD pUe SWL | 8} 885 *[r20z/ZT/2T ] uo A%iqi aulluo A8 ‘AlSieAlun Uepn4 AQ 920€TZZ0g @ 1Ue/Z00T 0T/ I0p/L0D"A8| 1M ARelq 1 jeul|uo//Sdy Wou) pepeo|umoq ‘TS ‘2202 ‘ELLETZST



GDCh
=

trochemical mass spectrometry) can be utilized to discern
the reaction mechanisms. For example, determining the
generation of intermediates (‘O,, O,”, C,0,*") or para-
sitic products (Li,CO;) and quantifying the consumption/
evolution of gas molecules (O,, CO,) during discharging/
charging under illumination is important to evaluate the
real photo-involved battery performance. Theoretical
analysis tools such as density functional theory can help
predict or understand the specific reaction pathways at
photocatalysts at the atom scale.’* Only in this way we
can better understand and then design the materials and
configurations of light-assisted batteries.

4) Future studies should be devoted to more practical light-
assisted metal-air batteries. Lowering production cost is
essential for practical application, achieved by utilizing
sustainable reagents/materials, compact configurations,
and facile fabrication while retaining decent perform-
ance. Currently, most light-assisted batteries can only
deliver excellent performance under illumination but
poor performance in the dark. The batteries tolerating
natural or even dam light should be designed in the
future, which requires photocathodes with superior
photocatalytic and electrocatalytic activity in the mean-
time. To meet requirements for wearable electronics,
future batteries are expected to be safe, lightweight,
flexible, and cheap, besides having decent electrochem-
ical performance. Quasi-solid or all-solid electrolytes are
better than liquid ones which are prone to volatilization
and leakage in open metal-air batteries. Developing soft
and lightweight materials to replace hard and brittle
materials is vital to constructing flexible batteries, while
designing batteries in fiber/fabric configurations is also a
feasible route to achieve high flexibility. Designing
lightweight, soft, transparent, and air-permeable pack-
aging materials can be necessary. More efforts need to
be made to explore possible applications of light-assisted
batteries. Light-assisted metal-air batteries can find
significant applications at special locations such as Mars.
Integrating a light-assisted metal-air battery with other
energy-storage devices is also promising for high-effi-
ciency photoenergy harvesting and utilization.

Although light-assisted strategies have demonstrated enor-
mous potential in achieving high-efficiency metal-air bat-
teries, there are still many challenges in basic research and
practical applications. As these challenges involve various
research fields, including photochemistry, electrochemistry,
materials, physics, and electronics, it is essential to invite
scientists from multidisciplinary fields to work together to
solve the above problems. We expect this Review to inspire
more researchers and shape future research activities. We
believe that light-assisted metal-air batteries will approach
their practical applications after extensive efforts to reshape
human lifestyles and even transform production pathways in
the future.
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