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Abstract: Perovskite-based photo-batteries (PBs) have been developed as a promising combination of
photovoltaic and electrochemical technology due to their cost-effective design and significant increase
in solar-to-electric power conversion efficiency. The use of complex metal oxides of the perovskite-
type in batteries and photovoltaic cells has attracted considerable attention. Because of its variable
bandgap, non-rigid structure, high light absorption capacity, long charge carrier diffusion length,
and high charge mobility, this material has shown promise in energy storage devices, especially
Li-ion batteries (LIBs) and PBs. This review paper focuses on recent progress and comparative
analysis of PBs using perovskite-based materials. The practical application of these batteries as
dependable power sources faces significant technical and financial challenges because solar radiation
is alternating. In order to address this, research is being performed on PBs with the integration
of perovskite solar cells (PSCs) as a way to balance energy availability and demand, cut down on

energy waste, and stabilize power output for wearable and portable electronics as well as energy
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updates storage applications.
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Review. Batteries 2024, 10, 284. The use of energy-based devices by humans is growing, and the diminishing fossil
https://doi.org/10.3390/ fuel reserves and escalating environmental worries emphasize the need for new energy
batteries10080284 conversion and storage systems. Global energy consumption by automobiles and the

resulting greenhouse gas emissions have been rising rapidly due to economic growth and
population expansion [1]. There is a growing need for renewable energy sources due to
the ongoing energy crisis and the increasing pollution caused by fossil fuels. The most
prevalent clean energy sources are wind and solar power. Energy harvesting technologies
like solar cells and wind turbines will become critical to energy production in the future.
Battery and capacitor systems, for example, are necessary energy storage devices to utilize
the generated electricity [2]. Therefore, the scientific community’s top goal is to discover
energy storage materials that are reliable, affordable, and efficient. There is a need to better
grasp these materials’ characteristics, difficulties, and potential future directions to support
this endeavor.
This article is an open access article Unremitting remote power sources are required for Internet of Things (IoT) devices,
distributed under the terms and  Smart cities, and other connected devices to enable sensing, data processing, and communi-
conditions of the Creative Commons  cation [3—8]. Solar cells and RBs are often used to meet these power needs. Nevertheless,
Attribution (CC BY) license (https://  using two different devices leads to redundant parts and more packaging needs, which
creativecommons.org/licenses/by/  raises the device’s complexity, weight, and expense [9]. This issue is particularly signifi-
40/). cant as it leads to suboptimal outcomes, primarily due to ohmic transport losses, given
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that most of the solar cells exhibit open circuit voltages ranging from 0.6 to 1.0 V, which
needs to be improved to effectively charge commercial LIBs. This means that additional
stacked cells or DC-to-DC converters are required [1]. Research is still being performed to
increase packaging efficiency, such as combining solar cells and batteries into one housing
or creating designs that share electrodes between the two [10-13]. Recent advancements
in device integration contribute to enhancing gravimetric energy density (GED) and de-
creasing ohmic transport losses. However, the manufacturing and scientific approach
to co-assembling devices still needs improvement. A recent development involves the
introduction of photoelectrodes that integrate materials for both Li-ion storage and solar
energy harvesting, representing a step towards addressing these challenges [14,15].

To address these issues, a novel material system is required. This is due to the fact that
physically combining storage and photovoltaic materials for the implementation of compact
devices results in additional fundamental drawbacks. These include reduced charge
transport as a result of insufficient material interfaces, energy level discrepancies between
the light-absorbing and storage materials, light blockage by the storage medium impeding
light absorption, and manufacturing complications like phase segregation [16]. Compact
device implementation is a complex task, and its role in addressing these challenges is
crucial. Physically combining photovoltaic and storage materials is one approach, but it
also has fundamental drawbacks [17-19]. Several factors hinder efficient charge transfer
in current systems. These include mismatches in energy levels between light-absorbing
and storage materials, light obstruction by the storage medium, inadequate interfaces
between materials reducing charge transport, and manufacturing complexities like phase
segregation. To tackle these challenges, a novel material system is required [20-22]. RBs
and solar cells are usually integrated by connecting two separate devices externally, such as
solar rooftops and solar power stations. This setup necessitates the use of additional circuits
and electronic components to overcome mismatches between the energy harvesting unit
and the energy storage device. These systems are also costly, bulky, and heavy. Combining
solar cells and secondary batteries into a single device is another integration technique that
can be accomplished with a two-fold active electrode that functions similarly to a battery in
terms of both generating and storing solar energy (three-electrode integration) [23].

A three-electrode combination may resolve some of the problems with the four-
electrode system. The structure of three-electrode integration is complicated, as is the
relationship between the energy-storing and light-absorbing characteristics. Two-electrode
integration may be the most appealing approach compared to four and three-electrode
systems because of ease of fabrication, compactness, high quality, flexibility, and potential
for commercial production [24]. Hodes et al. first proposed photo-RBs in 1976. The two- or
three-electrode systems were built on sulfide or selenide compounds. However, challenges
such as equipment complexity, low conversion efficiency, and compatibility issues between
photoactive and energy storage materials have reduced the progress of rechargeable so-
lar batteries. There is increasing interest in solar rechargeable batteries (RBs) due to the
possibility of integrating photo-electrodes into Li-ion, Li-O,, and Zn-air batteries [25-30].

This perspective will explore the essential characteristics of metal perovskites and
incentivize curiosity about the future of energy conversion and storage. We will investigate
the interaction between lithium ions (Li-ions) and perovskite crystals, as well as the mecha-
nisms and design of lithium ion (Li-ion) storage in batteries, solar cells, and PBs. We will
also discuss the various perovskite materials that are used in batteries, solar cells, and PBs,
as well as the developments in contemporary PBs that exhibit dual-functional properties
comparable to those of solar cells and batteries. This article will provide an insightful look
at the current status of the field and the promising outlook for future advancements

1.1. Background

As crucial components of contemporary energy systems, solar cells, batteries, and
PBs are pivotal in the development of renewable energy technologies, the electrification of
transportation, and the widespread use of portable electronics. The achievement of societal
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sustainability is contingent on their ongoing and immediate development and integration
into a variety of applications.

Perovskite Materials

Perovskite oxide families exhibit a range of simple perovskite oxide forms, with
their structural configurations varying based on atomic arrangement within the crystal
lattice. These distinctive structural attributes render them captivating, mainly due to their
significant utility in storage devices and energy conversion [31].

The perovskite oxide (ABO3) has a cubic structure, as shown in Figure 1a, consisting
of A-cations and B-cations. A-cations are larger and located at the corner sites, with 12-fold
cub-octahedral coordination and an atomic position of (¥4, 12, 0). They typically consist of
rare earth metals or group IA or IIA metals. B-cations are smaller and centrally located with
six-fold coordination at an atomic position of (%, %2, %) and can be 3d, 4d, or 5d transition
metals.

(©)

Cubic perovskite oxide (ABOj) Double perovskite oxide (AA'B'Og) Double perovskite oxide (ABB’O6)

Ruddlesden popper layered Brownmillerite Structure (A,B,05)

Co0,

(e) Feoy

S0
Co0,
SryY 0

Hexagonal perovskite oxide

deficient perovskite oxide

Figure 1. Molecular structures of various perovskite oxides. Reproduced with permission [31].
(a) Cubic (ABO3), (b) double (AA'B’Og), (c) double (ABB'Og), (d) Ruddlesden popper layered
deficient, (e) Brownmillerite structure (A;B,0O5), and (f) hexagonal perovskite oxide.

This adaptability allows the perovskite framework to incorporate more than 90%
of the elements, producing various perovskite oxides. Oxygen atoms occupy the face-
centered positions. The difference between B and O is a/2, and that between A and O is
v/2a/2, where a is the cubic cell parameter. Simple perovskite oxides, including CaMnOs3,
SrMnQOj3, and BaMnOj;, were investigated by Zhao et al. [32]. Various configurations
of octahedron stacking result from variations in the A site, influencing the adsorption
characteristics in reactants containing oxygen. Research has demonstrated SrMnOj3 as
the most active catalyst in energy-related reactions, indicating the potential of perovskite
systems to support adsorption characteristics [33].

Perovskite oxides (ABOs3) can lead to the creation of double perovskite oxides when
one cation replaces half of the B site cation. This results in a structure where two different
types of cations can occupy the A or B site. The resulting structures can be shown as
A’A”BOg (double A site) and AB'B"’Og (double B site), as shown in Figure 1b,c. Double
perovskite oxides are created by expanding the unit of a simple perovskite oxide. In the
double perovskite oxide structure, the A and A’ cations are located within cub-octahedrons,
while the B and B’ cations are positioned at the center of an octahedron [34].



Batteries 2024, 10, 284

4 0f27

The B’ and B cations play a crucial role in the arrangement of the double perovskite
A,;B'B"Og crystal structure. The three main types are columns, rock salt, and layered
B-cation sublattice structures. The specific arrangement is frequently associated with the
charge differential (AQ) between B’ and B’. A variation of perovskite oxides known as
quadruple perovskite oxides is denoted by the symbol AA'3B4O1;. Bochu et al. [35] made
the initial identification of these materials. There are two possible structures that can form
when another transition metal (called the A’ site) fills up 75% of the A site: an A site-ordered
quadruple perovskite (AA’3B4O17) or a 1:3-type A site cation ordering (AA’3B,B'16012).

Transition metal ions are arranged in a pseudo-square planar arrangement in the re-
maining three-quarters of the A site of the AA’3B40, quadruple perovskite oxide structure.
In contrast, typical A site ions occupy the remaining quarter of the A site in icosahedral
coordination [36]. High-pressure methods are frequently required to synthesize these
quadruple perovskites to guarantee that the cation is positioned correctly in the A’ site
under square planar circumstances. Instead, the B site is adaptable and can hold variability
in the cations. A’-B intersite charge transfer is one of the distinctive structural and electronic
properties of these structured quadruple perovskites. Ferroelectricity is facilitated by both
A and B sites, and the A’-B-B’ spin interactions are enhanced, resulting in noticeably high
spin ordering temperatures [37-40].

Figure 1d reveals that the layered perovskite oxides of the Ruddlesden-Popper type
(RP-type) are a type of perovskite derivative compound. The general formula for these
compounds is Ap1BnOsy,1, where n =1, 2, co. A periodic sequence of standard ABO3
perovskite layers interspersed with AO rock-salt layers defines their structural framework.
RP-type perovskite oxides have special properties connected to electron and ion transport
because of their layered structure. Applications such as solid-oxide fuel cells and metal-air
batteries have used their potential. Their broad elemental compatibility, dynamic lattice
oxygen, stratified design, and chemical adaptability are the reasons for their versatility [41].

Brown millerite, represented by the formula AnMnOj3;,_; (Which varies from 2 to oo),
is a unique class of perovskite oxides distinguished by their oxygen-deficient nature. As
shown in Figure 1e, the architectural design of these structures consists of (n — 1) layers of
MOg octahedra of the perovskite type interspersed with a single layer of MO, tetrahedra
rows. This arrangement can also be understood as a perovskite structure with alternating
layers of systematically arranged oxygen vacancies [33].

The orthorhombic unit cell of brown millerite can be derived from the base cubic
perovskite cell by the following relationships: a =~ 2+/ac, b = 4a, and ¢ ~ 2 — ac. Because
of their unique structural characteristics, brownmillerite oxides have garnered a lot of
interest. These include the transition metal’s redox activity at the B site and the lattice’s
flexibility in accommodating additional oxygen atoms. These compounds demonstrate
encouraging oxygen permeation, noteworthy ionic—electronic mixed conductivity, and
thermal expansion coefficients (TECs) that align with those of traditional solid electrolytes.
These characteristics guarantee their strong stability even under harsh oxidative circum-
stances. These oxides’ natural oxygen vacancies intensify catalytic evolution activities [42].
In brownmillerite-type oxides, strong oxide ion conductivity is thus anticipated.

An arrangement of corner-sharing octahedral units characterizes the perovskite struc-
ture. Hexagonal perovskites are created when these units share a face. Different hexagonal
perovskite derivatives can be produced by combining these octahedral units’ corner-sharing
and face-sharing configurations, as shown in Figure 1f [43]. The first hexagonal perovskite
to be produced that could match other superior solid electrolyte materials in terms of
bulk oxide ion conductivity (2.2103 Scm ! at 600 °C) was BazMoNbOg 5. On the other
hand, there is still little research on bifunctional oxygen electrocatalysis in hexagonal sys-
tems. BaTiOs was created by Chen et al. [44] utilizing the Sol-Gel method. Under ideal
circumstances, BaTiO3 showed a tetragonal form, but it lacked electrochemical activity in a
vacuum at high temperature (1300 °C).

This section focuses on the metal oxides phase, as shown in Figure 2, particularly
perovskite crystals crucial to the current research. It includes perovskite materials, ternary
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OXIDE
PHASES,

ABOj types, solid solutions, and complex compounds. Perovskites with an ABOj3 structure
are the most abundant. Their diversity and physical properties accommodate various
cations and anion vacancies [45].

0, & Cation
Deficient ]  “usccsssssssssssssssssssssssnsanna?

AFB 5O, _,, KNbO;, CsIO; AgTaO;

A¥B+O0, _,E CaTiO;, BaTiO; CaMnO,

’_ LaFeO:H BiMnO; NdFeO;

R N A T T

3+ Shr
R : PrCeO, ’:
(- - - ==-=-==== hY
A(B’ 7B 035)0; =91 a(Nd, 76W, 33)0; |
(- - - ======= \
New Complex AB,sB"5)0; =% Ba(Bi sTa, 5)O, |
Materials with Different | “—mrrv-od —— === === ==
Elements & Oxidation . f(mmmmm——— N
States g AB' B')0; |=» Ba(B’, B"))0, I

.I , . [ 3
AB (33B77)0; |= ’l Ba(Ca ;;Nb, 4,)O;, [

Figure 2. Classifications of oxide perovskite materials.

1.2. Energy Storage Systems
1.2.1. LIBs

Electric energy is frequently stored in batteries for use in electric cars and portable
electronics. Electrochemical storage is a promising energy storage technology that offers a
lot of potential for creating hybrid energy conversion storage concepts like photo-chargeable
batteries [46]. Using extremely pure lithium-metal foil as the anode element and lithium salt
in a nonaqueous solution as the electrolyte, a new generation of electrochemical generators
was developed in the 1960s. This reaction generates Li* ions for charge transport, in contrast
to other batteries.

Li —»Li" +e 1)

Li metal is lighter, with a molar weight of 6.941 gmol ! and a density of 0.51 gcm 3,
showing promise in technology due to its (He)2s1 electronic configuration. It has a re-
dox potential of —3.04 V against Hy/H* and a specific capacity of 3860 mAhg~!. High
electropositivity results in higher voltage compared to other batteries like Ni-metal and
lead acid [47]. The development of a passivation layer, which allows ionic transport while
hindering direct chemical reactions, has been a significant advancement. Research on
lithium batteries began in 1912 under G.N. Lewis through the development of a passivation
layer, which permits ionic transport and is thought to be responsible for the stability of
lithium batteries [48]. In this field, research has led to the commercialization of various
primary lithium batteries. Notable developments include nonaqueous lithium cells, such as
the 3-V primary systems, which have been in development since the late 1960s. Examples
of these systems are lithium-sulfur dioxide cells, lithium-poly carbon monofluoride cells,
and lithium-manganese oxide cells.

Li-Al alloy anode and FeS cathode molten salt systems (LiCl-KCl eutecticum) were
introduced a number of years ago [47]. Since their introduction in 1972, lithium-iodine
batteries have powered over 4 million cardiac pacemakers and have not been surpassed by
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any other electrochemical power source in terms of reliability and performance [49]. An
essential factor influencing the properties and operation of LIBs is their cathode materials.
In general, they fall into one of three structures, spinel-type (LiM;QOy), layered (Li(M)O5),
or olivine-type (Li(M)PO,), where M denotes one or more transition metals. The cathode-
active materials LFP, LCO, NMC, NCA, LMO, and LNMO are most frequently found
in LIBs. Graphite, which comprises approximately 92 weight percent of LIBs (LIBs), is
the most widely used anode material due to its strong cycling stability, low cost, natural
abundance, high electrical conductivity, and specific capacity of 372 mAh/g. Additionally,
silicon oxide (SiOx), which has a conductivity of about 6.7 x 107 S/cm and is inexpensive,
environmentally friendly, and naturally occurring, is used by many battery manufacturers.
SiOx is a silicon and carbon blend. When combined with conductive materials, silicon-
based materials are frequently used as an extra-active material in LIBs (LIBs) to boost the
anode’s specific capacity to 3597 mAh/g, which is substantially higher than graphite’s
capacity of 372 mAh/g [50].

The negative electrode, whether Li metal (a) or a Li insertion compound (b), dictates
the operational characteristics of the system. In both scenarios illustrated in Figure 3, the
positive electrode consists of an insertion compound where the redox reaction occurs at
a high potential versus Li’/Li*. Rechargeable lithium batteries (RLBs) rely on materials
that undergo insertion reactions as the electrochemically active component at the positive
electrode, marking a critical advancement in battery technology, which started in the 1970s.
Two distinct methodologies are employed in RLB design, as illustrated in Figure 3. In the
first system, the positive material is an insertion compound, and the negative electrodes
are metal foil and lithium (Figure 3a). Li-ions are moved from one intercalation compound
that supplies Li-ions to another that receives them during the discharge process and vice
versa in the second system, which uses two open-structured materials as electrodes. This is
the Li-ion battery type that is frequently used, as seen in Figure 3b [51].

a b
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> .. .. .., are

o Li* Juas e

. . L) L] . . L)

. . 0.. ‘a'-.
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HL"":." ‘l:.‘l 5
, ? ok i b
| electrolyte I electrolyte |

Cu Li MnO, Al Cu LiCg LiCoO, Al

Figure 3. Schematic representation of LIBs. Reproduced with permission from reference [52].

1.2.2. SCs

SCs are electrochemical energy-storage devices with high power rates means and
can store and release energy quickly. SCs are formed by two electrodes connected by an
electrolyte and separated by an ion-permeable membrane acting as a separator. Because
of their easy-to-charge separation energy storage mechanism, they are also referred to as
power capacitors, ultracapacitors, or electrochemical capacitors [53,54].

Batteries have an energy storage capacity three to thirty times greater than that of
SCs [55]. Rather than being used for long-term energy storage, are used when rapid
cycles of charging and discharging are required. Consequently, SCs find application in
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regenerative braking, burst-mode power delivery, cars, trains, cranes, and lift systems and
are also used in emergency doors on the Airbus A380 [56-58].

SCs have a lower power output (approximately 10,000 W/kg) than conventional
capacitors (electrolytic or electrostatic capacitors). Because of the minimum distance in
the EDLC between opposite charges and the highly porous electrodes that are usually
used, SCs have a significantly higher capacitance than conventional capacitors. Therefore,
the properties of the porous carbon electrodes have a direct bearing on their power and
energy-storage capacities [59-61]. SCs have an energy density higher than capacitors but
lower than batteries, placing them in the middle of the two types of capacitors, and they
have a higher power density than batteries but lower than conventional capacitors. The
power densities of conventional capacitors are comparatively higher. They do not, however,
have as high an energy density as batteries or electrochemical capacitors. Hence, batteries
have a greater energy storage capacity than capacitors but a slower rate of electrical energy
delivery. This suggests that a battery has a low power density. On the other hand, compared
to batteries, capacitors typically store less energy per unit volume or mass; however, this
energy can be rapidly released, yielding a significant amount of power. As a result, a
capacitor’s power density is typically very high. The Ragone plot in Figure 4 is a key tool
in understanding the power/energy relationships between lithium-ion batteries, SCs, and
conventional capacitors. While it provides a comprehensive view, it is important to note
that it does not encompass all aspects of performance.

Capacitors

Pseudocapacitors

Supercapacitors

-
o
-
P

Li-ion
Batteries
T T T T T T T T rrTm|

10" 10" 10" 100 10°
Energy density (Wh kg™

Power density (W kg™)

—
o
—_ e
o 4
o

Figure 4. A Ragone plot demonstrating the power density against the energy density of energy
storage devices. Reproduced with permission from reference [62].

SCs are categorized based on the energy storage pathway into electrical double-
layer capacitors (EDLCs), hybrid capacitors, and pseudocapacitors, as shown in Figure 5.
Pseudocapacitors store energy through fast faradaic redox reactions, resulting in higher
specific capacitance and energy densities compared to EDLCs. They utilize conducting
polymers and metal oxides like transition metal oxides, sulphides, selenides, and nitrides.
On the other hand, EDLCs excel in power and cyclic stability. Hybrid capacitors are a
special type formed by combining non-faradaic EDLCs and faradaic pseudocapacitors.
The power and cyclic stability of EDLCs are good, but the specific capacitance value of
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pseudocapacitors is high. When non-faradaic EDLCs and faradaic pseudocapacitors are
combined, a unique type of supercapacitor known as a hybrid capacitor is produced [63,64].

Activated

Graphene Garoon

Carbon
Nanotubes EDLC

Electrolyte,  Separator

Fullerenes

@ cation o Solvent molecule

Composite e Conducting

Super Hi *- ' Polymers
capacitors + -l -
4+ =+ -
+ -+ =
Hal

Asymmetric : LV 4 B | Metal
Super " 4 e 3 Sulfides

capacitors

. Capacitors

- §

Nitrides

Type Super
capacitors

Symmetric
Super
capacitors

Oxides

Figure 5. The classification of SCs based on active materials [63,64].

EDLCs are made possible by both electrostatic and non-faradaic processes, resulting
from charge accumulation at the electrode—electrolyte interface. Carbon-based materials
like carbon nanotubes, graphene, and activated carbon are commonly used as electrodes in
EDLCs due to their large surface area, high conductivity, and stability at high temperatures.
While EDLCs have high power density and excellent charge-discharge cycling stability,
they suffer from low energy density and small specific capacitance. Strategies such as
increasing conductivity and controlling surface area and pore size are crucial for achieving
high capacitance in EDLCs [53,65]. To achieve our goal, there is a need to review battery
and solar cell technologies and identify specific components that can be combined into
a single device for optimal performance. This will increase complexity, but by defining
our research boundaries and leveraging advancements in these industries, we can develop
groundbreaking technologies [66-69].
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1.2.3. PBs

Because sunlight is intermittent, solar cells require energy storage devices, like batter-
ies, to store electrical energy and stabilize their power output. Combining energy storage
and harvesting into one unit can improve volumetric performance and provide a number of
benefits. PBs are the name given to these integrated devices. Hodes et al. [24] first proposed
the idea of a combined two- and three-electrode photoelectrochemical cell (PEC) and pho-
toelectrochemical storage cell (PESC) in 1976. In this case, the photoelectrode was made of
2 cm? Cd-Se on a conducting base and was heat-treated in an inert atmosphere. Potentials
between 450 and 560 mV were measured in 1 AM sunlight using a Cd-Se electrode, with
currents between 7 and 10 mAcm 2 and open circuits, and the schematic representation of
the two- and three-electrode PESCs is shown in Figure 6. In 1981, Hada et al. conducted an
investigation on the two-compartment PESC. The study utilized platinum (Pt) as a counter
and storage electrode, titanium oxide (TiO,) as a photoelectrode, and aqueous solutions
such as Ce(SO4)2/Cey(SO4)3 with a HNOj electrolyte. Additionally, the Pt storage electrode
was immersed in aqueous AgNOj3 solution with a KNOj electrolyte [70].

Figure 6. Progress of photo-RBs: history from 1976 to 2022.

The configuration was referred to as a solid-state photogalvanic cell since the two com-
partments were divided by a membrane that was specific to anions. The cell was charged
using ultraviolet light with a wavelength of 300-400 nm directed at the photoelectrode.
A similar method was employed [71] in 1983 but involved the use of a different photo-
electrode (n-GaP) and aqueous electrolytes like K3[Fe-(CN)g]/H4[Fe(CN)g] with NiSO4
solution within a pH range of 6.5 to 9.5. In an attempt to increase the power efficiency of
the photo-battery by using a n-GaP photoanode, 2% storage efficiency was attained with a
potential of —1.0 V for the n-GaP electrode at the pH of 1 and a standard potential of 0.36 V
against the normal hydrogen electrode. Additionally, the Ni** /Ni electrode (—0.25 V) was
selected against the normal hydrogen electrode.

A study on charge storage with the p-type semiconductor photocathode CusPS,
(2.3 eV energy gap) was carried out in 1987 [72]. The electrolyte in the system was a CuCl
solution, the reference electrode was Pt, and the counter electrode was a copper wire. When
the photocathode and electrolyte interface were exposed to light, the photogenerated Cu*
cations underwent a reaction that produced a photo potential. This reaction produced
an open circuit voltage (OCV) of 180 mV and a photo potential of 40 mV. Using a blend
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of Agp7V205 and AgglsWO, as the counter electrode and a p-type a-Si/intrinsic a-Si
coated with a SiOx layer as the photoelectrode, Kanbara et al. (1990) prepared a solid-
state photoelectrochemical (PEC) system. Even after 900 cycles, this system showed good
stability with an OCV of 0.3 V [73].

There are two components to the cell. The first is an MIS-type photovoltaic compo-
nent made of ITO/(P-I aSi)/SiOx/Ag (100 mg of Agy7V205 + Agg1aWO,4 weight ratio
of 3:2), and the Ag layer was created in 2000 via vacuum evaporation using 500 mg of
Ags14WO4 and 300 mg of Ago.TV,05 + Agg14WO,4 weight ratio of 3:2. SiOx thickness and
the three-layered EM1 structures. Similarly, Nomiyama et al. [74] studied the CuFeTe;
layer structure of the photo-charging effect in 1995. All measurements were made using a
CuFeTe; /LiClOy4 /Pt system under Xe lamp (5O0W) irradiation, utilizing a three-electrode
method. The cell consists of two separate compartments connected by a salt bridge. One
compartment contains nonaqueous solution and the other contains a working electrode,
a counter electrode (a platinum plate), and an electrolyte (0.5 M acetonitrile). The other
compartment contains the reference electrode (Ag:AgCl) and an electrolyte (saturated KCI
solution).

In 2000, researchers developed TiO; and a bundle of carbon fibers (CFs) and utilized
them as a layered material and photocatalyst, respectively, resulting in an energy density
of 0562 Wh/kg from photocharging. Subsequently, TiO, /CF composite electrodes have
been manufactured using the sintering technique [75], which involves applying a diluted
TiCly acetonitrile to CFs and then sintering the CFs in air to create TiO, particles on their
surface. For practical use, their photo-charged quantity was, however, relatively small.
This can be explained by the large size (one-liter diameter) and low density of the TiO,
particles. To achieve high opto-electric conversion efficiency, TiO, particle density and
specific surface area on CFs must be increased in order to increase light absorption and
enlarge the interface.

Finally, researchers built 5 um thick TiO, and 25 pm thick WOj layers and applied
them to the substrate in 2002 [76] through the Sol-Gel method using doctor-blading. The
idea is to incorporate an additional layer (WO3) that can capture the energy generated by
the solar cell as a secondary redox pair. As the reduction potential for Li* intercalation
of WOj3 is close to 0 V versus a standard hydrogen electrode, it is appropriate for a dye-
sensitized solar cell’s potential. The redox potential of the I-/I-3 couple in this type of cell is
approximately 0.53 V versus hydrogen, and the open-circuit potential of the dye-sensitized
TiO; layer versus the I-/1-3 couple on the Pt electrode is about 0.7 V. In an hour, this system
could store 1.8 C/cm? of charge under 1000 Wem 2 of illumination. Figure 6 presents the
evolution and development of all photo-RBs from 1976 to 2022.

2. Working Mechanism
2.1. Mechanism of Solar Cells

The semiconductors utilized in the construction of a solar cell consist of p-type and
n-type layers. In most commercial solar cells, a hole, which is an electron vacancy, is formed
in the p-type layer.

To create n-type silicon, atoms like phosphorus, with an extra electron in their outer
level, are used. Phosphorus forms a bond with silicon, allowing the extra electron to move
freely. In a p-n junction, the p-type layer has positively charged holes while the n-type
layer has excess electrons. When they come into contact, electrons from the n-type layer
move to the p-type layer, forming a depletion zone with charged ions. This zone creates an
internal electric field that prevents further electron movement between the layers as shown
in Figure 7.

A p-N junction semiconductor produces electron-hole pairs, which are charge carriers,
when sunlight strikes it. An electron travels from the valence band (Ev) to the conduction
band (Ec) upon absorption of a photon with energy greater than the material energy gap,
leaving a hole in the valence band in its wake. Any extra energy from the photon that is
absorbed gives the electron or hole more kinetic energy. The symbol “hv0” stands for the
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Flow of Electrons

minimum energy needed to form an electron-hole pair in a semiconductor. The surplus
energy in the semiconductor is released as heat.

In practical applications, multiple solar cells are connected in parallel and series to
create solar panels. A single PV cell typically generates around 0.5 V, so connecting cells in
series, such as six cells, can increase the voltage. Additionally, linking cells in parallel can
increase current capacity. For example, connecting 12 cells in a series-parallel configuration
should produce 4 A at 3 V, assuming that 6 cells alone would only produce 2 A [77,78].

n- Type Layer

i

p- Type Layer

Depletion Zone

Electrons

Figure 7. Mechanism of solar cells.

2.2. Mechanism of LIBs during the Charging and Discharging Process

Rechargeable lithium batteries (RLBs) were developed in the 1970s as a result of
materials undergoing insertion reactions as the electrochemically active component at
the positive electrodes. RLBs employ two different techniques: the first system uses an
insertion compound, sometimes referred to as a lithium-metal battery, as the positive
material and a lithium-metal foil as the negative electrode. Li-ions can move between the
two open-structured materials used as electrodes in the second system as the discharge
process progresses. Originally known as a “rocking chair battery”, “swing battery”, or
“shuttlecock battery”, this type of battery is now commonly referred to as a Li-ion battery.
LiBs can also be referred to as lithium metal-free RBs [51]. LIBs (LiBs) primarily contain
charge species Li* ions. These ions oscillate between the electrodes in the electrolyte,
which functions as an electrical insulator and an excellent ionic conductor. A new cell is
at low potential or in the discharge state (Figure 8b). As a result, in the initial state, the
anode (carbon) is empty, and the positive electrode (Li;CoO;) is packed with Li* ions. The
movement of ions and electrons is a necessary component of any electrochemical reaction,
and this is how the redox process works in a LiB.
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Figure 8. Working principle of a Li-ion battery: (a) charging process and (b) discharging process.

Li-ions are produced at the positive electrode (anode) and travel through the electrolyte
to the negative electrode (cathode) during the charging process (see Figure 8a). Electrons
move through the external circuit simultaneously. While the negative electrode is oxidised
and loses x electrons (Li;.xCoOy), the positive electrode is reduced and captures x electrons
(LixCg). The following chemical reactions occur during the charge and discharge of a
Li-ion battery (LIB) with graphite-like carbon serving as the negative electrode and LiCoO,
serving as the positive electrode. The operating mechanism of the LIB is also illustrated in
Figure 8a,b.

xLiT + xe™ + 6C = LiyCg(at cathode) 2)

LiCoO, = Li;_,CoO, + xLi™ + xe™ (at anode) (3)

where the charge process is represented by the lower arrow and the discharge process by
the upper one. The battery’s overall response is stated as follows:

LiCoO, + 6C = Li;_,CoO; + LiyCqg @)

But some amorphous materials can be employed, and more research is being per-
formed in this area, especially with regard to some anode materials [79].

LIBs (LiBs) mainly consist of Li-ions as the charge species. These ions move back and
forth between the electrodes in the electrolyte, with lithium hexafluorophosphate (LiPFg)
salt currently being the primary electrolyte used in LIBs. LiPFg, one of the salts used in
this mixture, has been recommended because of its capacity to improve conductivity and
passivate aluminum collectors. LiPFg, however, can break down and is thermally unstable,
which can have negative consequences. Additionally, it can react to form HF with leftover
water. Lithium imide salts, such as LiTFSI, could be used in place of LiPFg to solve these
problems. Although LiTFSI is thought to be safer and more stable, there are worries that it
might cause aluminum collectors to corrode. Numerous investigations have been carried
out to understand this phenomenon [51,80].

Nanotechnology reduces the size of active particles in electrode design, which shortens
the time a guest species must pass through a solid during discharge—charge cycling [81].
For safe public transit, LiBs with titanate and iron phosphate electrodes pass battery tests.
The battery pack’s cells are balanced by the BMS (Battery Management System). With a 95%
capacity retention at 100% DOD and SOC, the 800 mAh battery can withstand 20,000 cycles
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at a 10C charge rate (6 min) and 5C discharge rate (12 min), as well as 30,000 cycles at a 15C
charge rate (4 min) and 5C discharge rate. Commercial batteries have incorporated several
novel cell chemistries developed since LiBs with LiCoO; as the oxidant electrode were first
introduced [82].

2.3. Mechanism of the Photo-Battery

These photoelectrons accumulate on the counter-electrode through the external circuit
(Figure 9a, photocharging). Our hypothesis states that Li-ions are repelled out of the
perovskite matrix by the photogenerated holes during low discharge, which occurs when
the battery is in the intercalation regime. As seen in Figure 9a, this procedure enables the
battery to start photocharging. Perovskite and rGO/PCBM work together to form broad
conducting pathways that cross grain interfaces and boundaries. But for the majority of
them, recombination or trapping occurs due to the short carrier lifetimes (approximately
200 ps) and short diffusion lengths (less than 100 nm) of electrons and holes in perovskites.
Some recharging at lower discharges in the conversion region (Figure 9b, photo discharging).
This could be explained by residual intercalation effects or by the photogenerated holes
reacting with lithium iodide (LiI) to form Li*.

2Lil + 2h* — 2Li* + I (5)

As shown in Figure 9, the accumulated photoelectrons (Li*+ e~ — Li) at the counter
electrode further reduce the Li*, balancing the total photogenerated carriers and causing
photocharging of the battery [83].

(a) Photo-Charging (b) Photo-Discharging

FTO Perovskite Separator
(fluorine-doped tin

oxide)

-,
T e 3%

&) Electron @Holes () Lithium ion

Figure 9. Schematics storage mechanisms of the perovskite photo-batteries: (a) photo charging and
(b) photo discharging [84].

A Lil/ /LipWO4 redox flow battery was designed utilizing a LISICON permeable
membrane and a TiO,/Nyj9 dye photoanode. In the process of photo charge reaction,
Li-ions are intercalated in Li;WO4 by the injection of photogenerated electrons from N719
into the titania band. This reaction causes the oxidation of iodide ions at the photoanode.
Under lighting conditions, the battery was able to achieve 0.76 V in just 2 min, indicating the
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oxidation of I~ into I3~. Moreover, the battery exhibited high-capacity retention, exceeding
90%. In a similar experimental setup, some researchers introduced a lithium metal anode
to enhance the battery’s energy density [85,86]. Through the utilization of an N719/TiO,
couple and iodide as the redox mediator, it was observed that a light source could decrease
the charge voltage of a lithium-air battery [28].

Li, O, oxidation potential dropped from 3.4 V to 2.8 V when exposed to light. This
setup used the potential difference between the air and lithium metal electrodes to function
as a regular lithium-air battery during discharge, so the air electrode and the photoelectrode
were kept apart. By establishing a potential between the photo-electrode and the lithium
electrode, photo-assisted charging was accomplished. This resulted in the formation of
I3~ species close to the photo-electrode, which decreased the Li;O, discharge product
from the air electrode. Furthermore, by depositing the g-C3Ny4 photocatalyst on the air
electrode surface, it was possible to further reduce the Li-air battery’s charge potential to
1.9 V while still providing 0.01 mA of charge [87]. This demonstrated the creation of a
functional two-electrode photo-assisted lithium-air battery.

Li et al. [87] developed a solid, flexible lithium-air battery that uses photoassistance.
This novel battery is composed of a pre-lithiated silicon anode, an electrolyte containing
5% mol LiTFSI in succinonitrile, and an air electrode coated with “ZnS-CNT” that is
photosensitized with carbon paper or carbon textile. Despite the unconventional nature of
the photo-sensitive “ZnS-CNT” mixture, which consists of ZnS nanoparticles and carbon
nanotubes (CNTs) rather than a conventional smooth layer of ZnS deposited on CNTs, this
battery demonstrated excellent capacity stability. After at least 50 cycles at 0.026 mA cm 2,
the light-assisted charge potential rose from 2.08 V to 2.2 V. Furthermore, the charging
voltage was decreased to roughly 2 V by the photo-sensitive coating.

In their study, Wang et al. [88] utilized WO3-CdS-TiO; as a photoanode, operating at a
general voltage of approximately 0.6 V. CdS generated photoelectrons that facilitated the
reduction of WO3 through a TiO, connection, while I was oxidized to I3—. However, CdS
deterioration occurred due to the formation of SO42~based side products and an elemental
sulfur intermediate, resulting in the non-reversible cycling of the battery. Doukouzkis
et al. [89] used WO3; and a cobalt species (Co(II)(bpy)s3(PFg)2) as the hole acceptor in
a lithium intercalation/de-intercalation reaction in a photoelectrochromic cell that was
similar to this one. By placing a ZnS interlayer on the working electrode, the authors were
able to reduce the Co-redox shuttle’s recombination losses in comparison to the typical
/P,

3. Materials Demand

The widespread adoption of clean energy, including solar PV and batteries, is driving
remarkable growth in the critical minerals market. The demand varies based on the
resources, their availability as reserves, and their contribution to preventing the dominance
of some countries and making a reliable source [90]. These elements are categorized by
the used technologies, which are related to this article comprising solar PV (Figure 10a,b),
electric vehicles (Figure 10c), and grid battery storage (Figure 10d). Indeed, the same
elements will not be used in the photo-batteries as well, but we aim to cover all of the
demand in the categories of PSCs, batteries, and combined systems. For such analysis, we
utilized IEA’s data explorer to gather quantitative data on the demand for critical materials.
Demand was represented under various scenarios and varies mainly based on technology
evolution trends. Despite this, these numbers and trends will be constantly updated to
stay in alignment with the latest projections in the energy domain [91]. In the batteries
sector, electric car sales surged by 60% in 2022, exceeding 10 million units, and energy
storage systems doubled in capacity. Between 2017 and 2022, the energy sector significantly
boosted overall demand, tripling for lithium, rising by 70% for cobalt and 40% for nickel. In
2022, the share of clean energy applications in total demand reached 56% for lithium, 40%
for cobalt, and 16% for nickel, compared to 30%, 17%, and 6% in 2017, respectively [92]. EV
domain forecasted (Figure 10c) a demand of 349 kt Li, 113 kt Co, and 1497 kt Ni in 2030,
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(a)

with a striking enhancement toward 907 kt Li, 212 kt Co, and 3040 kt Ni in 2040 and 1039 kt

Li, 295 kt Co, and 3272 kt Ni in 2050 (APS).
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Figure 10. Elemental demand in various technologies: (a) solar PV, (b) solar PV with a better
representation of other elements than copper and silicon, (c) electric vehicles, and (d) grid battery
storage. The forecast for 2030, 2040, and 2050 is represented based on various scenarios of Announced
Pledges Scenario (APS), Net Zero Emissions by 2050 Scenario (NZS), and Stated Policies Scenario
(SPS). All data were obtained from IEA and the graphs were produced using IEA’s Critical Minerals
Data Explorer [90].

In 2022, global renewable energies hit a spending record of USD 600 billion for 340 GW
capacity, led by strong growth in solar PV. China contributed nearly 100 GW, a 70% increase
from 2021, with plans for another 150 GW in 2023. The EU saw a 50% rise in solar PV
additions, driven by increased renewables investment amid cuts in gas deliveries [93]. As
is shown in Figure 10a, there was a huge demand for silicon and copper in the realm of
solar PV technology in 2022 (816 kt and 731 kt, respectively), surging to 1108 and 1176 kt
in 2030 and 1402 and 1811 kt in 2050, respectively (APS). Zinc and silver are placed in the
next rank of demand in 2022, with huge growth for arsenic from 2040 (Figure 10b) (APS).
Notably, silver has experienced a declining trend in growth, and lead and tin have shown
a slight increase despite a striking growth in entire demand up to 2050. Instead, arsenic
and gallium are expected to have an upward trend starting from 2035, with 0.68 kt Ga and
1.68 kt As to 5.13 kt Ga and 12.83 kt As in 2050.
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4. Technological Challenges and Opportunities
4.1. Design of PSCs

The design of PSCs is similar to that of organic dye-sensitized structures, but the
photoactive layer in PSCs sets them apart from the latter. PSCs feature a photoactive layer
composed of metal-halide perovskite, similar to the organic semiconductor in organic
dye-sensitized structures. As seen in Figure 11, this active layer in PSCs is typically located
between an electron transport layer (ETL) and a hole transport layer (HTL). The layered PSC
structures can be made of different materials, including liquid electrolyte dye-sensitized,
mesoporous structured, planar structured, inverted structured, HTL-free, and ETL-free
solar cells [93].

Figure 11. Various designs of PSCs: (a) dye-sensitized solar cell; (b) mesoporous structured solar
cell; (¢) planar structured solar cell; (d) inverted structured solar cell; (e) HTL-free layered solar cell;
(f) ETL-free layered solar cell [93,94].

Interfacial fracture toughness is essential to improving the efficiency and dependability
of recently created solar cells. There are several techniques that have been used to quantify
interfacial fracture toughness using a single mixed mode, including micro-scratch, peel,
and bulge tests. Even though photovoltaic photonic strip circuits (PSCs) are expected to
surpass 25% in power conversion efficiency (PCE) by 2020, adhesive and cohesive fracture
resistance (Gc) values for solution-processed devices are currently less than 1.5]/ m? [93].
Furthermore, different modes can be used to assess interfacial fracture toughness in order
to capture significant energy release rates, especially for thin film interfaces. These findings
give hope for more advancements and progress in the field of PSCs by pointing to possible
future research directions.

A transparent conducting oxide substrate (TCOS), nanoporous TiO;, an electrolyte,
a perovskite sensitizer (dye layer), and a metal counter electrode are the various parts of
dye-sensitized solar cells, as shown in Figure 11a. For instance, CH3NH3PbBr; was used as
the sensitizer for TiO; in early dye-sensitized solar cells, resulting in a power conversion
efficiency (PCE) of 2.2% [95]. Subsequently, using CH3NH3Pbl; as the sensitizer resulted
in a PCE of 3.8% [96]. The iodide absorber led to a higher short-circuit current density (Jsc)
due to a broader absorption spectrum and lower bandgap. After optimizing the synthesis
of CH3NH3Pbl; and TiO, nanoparticles, researchers achieved 6.5% power conversion
efficiency (PCE) [97]. However, the extreme instability of liquid electrolyte dye-sensitized
cells led to an 80% decrease in PCE within 10 min, and the challenge of finding a stable
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liquid electrolyte halted further research on these cells. It was noted that the free energy
generated from chemical reactions in these cells could potentially lead to a battery-like
effect, possibly increasing the output power [94].

Mesoporous cells typically consist of a metal electrode, a TCOS, an HTL, a mesoporous
scaffold made of TiO, or Al,O3, the perovskite absorber, and the HTL (Figure 11b). The
perovskite layer’s surface coverage, homogeneity, roughness, and other properties have a
significant impact on the device’s performance. Using a solid-state hole transport material
(HTM) known as 2,2/,7,7-tetrakis (N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-OMeTAD) [98], Kim et al. were able to successfully fabricate the first solid-state
PSCs. Recently outperformed other materials with FAPbI3 cells prepared via an intramolec-
ular exchange method, achieving a certified higher power conversion efficiency (PCE) of
20.1% [99].

A cell with no mesoporous layer is referred to as having a planar heterojunction
structure. An arrangement of functional layers in the device—beginning with the layer
that is exposed to light—determines whether a cell structure is classified as n-i-p or p-i-n.
The general design of planar n-i-p PSCs is depicted in Figure 11c. PSCs with a planar
structure of FTO/compact TiO, /perovskite/spiro-OMeTAD/Au were first reported by
Ball et al. [100]. Studies have demonstrated that planar heterojunction PSCs outperform
PSCs made of other materials, with a power conversion efficiency (PCE) of 19.3% when
annealing CH3NH3Pbl; films in an environment with 30 & 5% relative humidity and using
yttrium-doped TiO, as the electron transport layer (ETL) [101].

The n-i-p structure, or “inverted structured solar cell,” is distinguished from the p-i-n
structure by the configuration of charge transport layers, as illustrated in Figure 11d. The
transparent conducting substrate is positioned below the hole transporting layer (HTL)
in the p-i-n configuration. Thermally depositing C-60, bathocuproine (BCP), and alone
one after the other onto an ITO/PEDOT: PSS/CH3;NH3Pbl; substrate is a typical setup for
the p-i-n structure. As a result, author reported the first p-i-n perovskite solar cell with a
power conversion efficiency (PCE) of 3.9%. Author grew large grains with aspect ratios
of approximately 2.3-7.9, resulting in a stabilized PCE of 18.3%. Large grains formed in
perovskite films as a result of Cl being added to the precursor resulted in an abnormal
grain-growth behavior during a multi-cycle solution coating process. Remarkably, 18.9%
was reported to be the highest PCE for p-i-n PSCs at the time of writing [102,103].

One development in solar cell technology is the creation of HTL-free PSCs. Direct
Au deposition onto the perovskite layer eliminates the need for an HTL (Figure 11le),
allowing the perovskite to form a heterojunction with ETL similar to TiO,, serving as
both an absorber and a hole conductor. A PCE of 5.5% was attained by the first HTL-free
PSCs [104]. Furthermore, two HTL-free cells with the following structures—ITO/CHjs
NH;PbI; /PC 61 BM/Bis-C 60/Ag and ITO/CH3NH3Pbl3/C 60/BCP/Ag (BCP = 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline)—produced PCEs of 11.0% and 16.0%. BCP
and Bis-C 60 were utilized in order to inhibit holes and encourage electron transport [94].

It was previously thought that TiO, and additional n-type semiconductors, like ETL,
were required for PSC development as shown in Figure 11f. Nonetheless, Ke et al. showed
that by directly forming a CH3NH;3PblI;_,Cly film on FTO, high power conversion efficien-
cies (PCEs) of 14.1% could be achieved in ETL-free cells. Important characteristics were
found to be uniform perovskite films with good crystallinity and the avoidance of shunting
paths between HTL and FTO. Certain “ETL-free” cells showed extremely low stabilised
power output [105,106], even with reasonable PCEs.

4.2. Design of Photo-Batteries

The illustration in Figure 12 reveals various methods for creating a system that com-
bines a battery with a solar cell for charging through exposure to light. Figure 12a (photo
of a rechargeable three-electrode redox flow Li-ion battery) portrays a redox-flow battery
configuration with anolyte and catholyte reservoirs. When the system is exposed to light,
charge separation occurs, causing electrons to reduce one species (A) while another species
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oxidizes, resulting in a voltage increase of 0.7-1 V. Through discharge, electrons move
through a separate circuit known as a load. On the other hand, Figure 12b (photo of a
rechargeable three-electrode Li-ion battery) showcases a three-electrode photo-rechargeable
battery without reservoirs. A system utilizing Si/SiOx with Aggl4sWO; as a solid electrolyte
and V,0s as an intercalation material for external Ag* charging was proposed by Kanbara
et al. [73] in 1990. Bhattacharyya et al. [107] developed the idea of a solar rechargeable
battery in 1996 by reducing hydrogen with an aqueous polysulfide anolyte using an n-CdSe
semiconductor electrode. Through a different circuit connecting the anode and a third
electrode, the discharge process takes place. Additionally, a two-electrode photo-battery
presents another alternative, using the same circuit for both charging and discharging,
similar to a standard battery, as shown in Figure 12c (photo-assisted chargeable Li-metal
battery).

Charge
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Discharge — |

Charge
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Figure 12. Design of different photo-batteries. Reproduced with permission from [86].

By modifying the semiconductor or active material’s bandgap with the aid of a pho-
toassist, PBs have the benefit of lowering the charge voltage. A different approach uses
two-electrode photo-RBs in combination with a sacrificial chemical agent (such as oxygen
gas, polysulfides, or thiosulfate ions), as illustrated in Figure 12d. In this case, the pho-
tocathode is oxidized, thereby raising the battery voltage, and photoelectrons decrease a
particular species. When exposed to light, no electrons pass through the external circuit,
even though the battery functions normally during discharge. Using a different anode
in place of metallic lithium is one alternative method, as shown in Figure 12e (photo-
chargeable battery composed of a photoanode and a catholyte). Photo-Li* intercalation in
CuFeTe; was studied [74] in 1995, and photoreduction of a carbon fiber/TiO, composite
was studied by Zou et al. [75] in 2000. In essence, the photoanode store’s photoelectrons
while light oxidizes the catholyte. When the battery is discharged, electrons from the
external circuit can be used by a current collector to lower the catholyte. One popular
method of guaranteeing a steady supply of energy is to use wiring to connect a battery to a
photovoltaic (PV) system. This configuration (Figure 13a) is referred to as integration mode
I 'and uses a four-electrode system without integration. The obvious benefits of combining
these two operations, i.e., solar energy harvesting and electrochemical energy storage,
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into a single device include lower costs, lower internal power losses, and smaller device
volume and footprint. The three-electrode monolithic architecture, or integration mode II
(Figure 13b), shares an electrode between the energy conversion and storage system. The
noticeable challenge, particularly for a fully integrated two-electrode mode III device, is the
discovery of an appropriate material provided that all of the above-mentioned functionali-
ties occur at once. This advances integration to a new level. Integration mode III (Figure 13c)
illustrates the highest level of integration: a two-electrode system with a single multifunc-
tional photo-battery electrode that carries out both energy conversion (PV functionality)
and storage (battery functionality) simultaneously and in the same location. Mode III has
a low-polarity electrolyte to test 2-(1-cyclohexenyl)ethyl ammonium lead iodide (CHPI)
stability against dissolution, Li-intercalation, and photo-assisted deintercalation (photo
charging). In addition, the behavior of CHPI under illumination and contact with liquid
electrolytes was evaluated.
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Figure 13. Diagram illustrating the various integration modes. (a) Mode I with 4 external contacts;
(b) Mode II with 3 external contacts; and (c) Mode III with 2 external contacts. Reproduced with
permission from [108].

5. Recent Developments in Photo-Battery Technology

For continuous and simultaneous development of photo-batteries, sustainable progress
in PSCs and LIBs and their combination advancement are pivotal. PSCs have demonstrated
significant enhancement in efficiency, boosting from around 3% in 2009 to over 25% to-
day. Despite this fast-growing progress, several challenges hinder their transition into a
competitive commercial technology. Four key challenges are identified from these, each
presenting distinct barriers that demand specific technical and commercial targets for suc-
cessful commercialization. These significant challenges are categorized as stability and
durability, scalability of power conversion efficiency, manufacturability, and the validation
of the technology and bankability [109].

Nevertheless, Nature’s report in an interview with a solar analyst in Bloomberg NEF
did not consider the present bottleneck as low efficiency. Still, it is related to both energy
production by solar cells due to the lack of electrical grid infrastructure and storing excess
power by batteries because of the high cost of batteries [110]. Energy storage by batteries
has also improved; for example, LIBs have shown an increased volumetric energy density
greater than eight times, from 55 to 450 Wh/L, from 2008 to 2020. DOE mentioned the
challenges encountered in adopting energy storage, such as performance and safety, cost-
competitive systems, the regulatory environment, and industry acceptance [111]. However,
this hypothesis relates to large-scale energy capture. At the same time, in the small to
medium scales, modifications, mostly on perovskite materials, are performed toward higher
photoconversion efficiency (PCE) and capacity retention [112].

PBs, as a combined system, have been introduced as a solution to the present chal-
lenges [113]. These improvements and challenges in both PSCs and LIBs are of great
importance in the developmental advancements of photo-batteries. Nevertheless, to pro-
pose enhanced performance strategies for PBs, the unique combined structure should be
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considered. Low photo-electric storage-conversion efficiency plus poor cycling stability
are two main drawbacks. Hence, for practical applications, reliable PBs with high power
conversion efficiency and long-term stability need to be proposed [1].

5.1. Design Integration

The field of energy storage has seen a surge in design advancements recently. Li-PBs
were first primarily employed in three-electrode systems, in which the battery and solar cell
shared an electrode but were housed in separate compartments. Nonetheless, recent designs
for 2-electrode systems have surfaced, combining energy storage and light harvesting in a
single electrode. Despite having lower photoconversion and storage efficiency (PC-SE) than
their three-electrode counterparts, 2-electrode Li-PBs are still very promising for commercial
applications due to their lightweight, compact, and cost-effective design. Notwithstanding
their potential, certain obstacles persist, such as photovoltaic efficiency and band energy
alignment. On the other hand, three-electrode photovoltaic cells (PBs) exhibit superior
efficiency because each cell is independent, facilitating independent optimization and
mitigating the effects of light on electrolyte degradation [114].

PSC packs were unveiled in 2015 as a remedy for integrated efficiency. With a high
efficiency of 7.80% for the fabricated device, a PSCs-LIB unit consisting of four single
CH3NHj3PbIj cells connected in series and a LIB cell with a LiFePO,4 cathode and LiyTisO12
anode achieved an impressive solar-to-electric conversion rate of 12.65% (15.67% efficiency
for the single cell) [1]. Despite the increasing efficiency of using packed PSCs, some
researchers have proposed alternative solutions. One intriguing idea in the design process
focused on the sizing of electrodes. In a particular study, the authors claimed to have
achieved the highest overall efficiency of 9.9% for a solar-charged LIB with a converter,
as well as a high solar-to-battery charging efficiency of 14.9%. This accomplishment was
attained using an area-matched battery (large cell of 0.90 cm?) with a PSC made of lead
halide incorporating a boost converter. The authors pointed out that there are difficulties
with solar-battery integration when a bigger battery (up to ten times) is coupled with a
solar cell. The tested setup was too small to produce enough power for the converter to
operate at maximum efficiency. For instance, four-cell PVCs (0.64 cm?) had 13.4% solar
charging efficiency [115].

Another study presented an effective method to charge a LIB without relying on mul-
tiple solar cells or complex configurations. An efficient LIB charging was achieved using a
single PSC alongside an ultralow-power direct current (DC)-DC boost converter. The boost
converter raised the low voltage of a single solar cell to the necessary level for complete
LIB charging, incorporating maximum power point tracking and limiting the charging
threshold voltage. For PSC-charged LIBs, this method produced an astounding overall
efficiency of 9.36% and an average storage efficiency of 77.2% at 0.5 C discharge [116].

5.2. Chemistry Integration

Active materials have undergone the most changes for the improvement of the PBs
not only toward high efficiency but also durability. In this way, various systems have been
used for the storage of the harvested energy by perovskite cells depending on the applica-
tion, such as zinc-ion batteries [117,118], LIBs [119,120], and SCs [121,122]. Efficiency and
stability significantly lag far behind in perovskite materials, posing a crucial challenge to
address before commercialization. The main cause comes from the inherent susceptibility
of perovskite materials to decomposition in humid or high-temperature environments
and oxidation. Various strategies are proposed to enhance long-term stability, with the
most promising approach being the development of new perovskite materials resilient to
the demanding conditions of solar cells. Employing suitable additives to passivate defect
states in perovskite layers and enhancing device hydrophobicity, or refining the crystal-
lographic structure through advanced preparation technologies, are known as promising
ways to overcome stability challenges. For these aims, innovations in perovskite materials
engineering, film engineering, carrier engineering, and photon engineering are critical
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ways [123]. In addition, optimizing perovskite morphology can enhance Li-ion diffusion
and overall performance. Porous structures, with increased surface area, improve intercala-
tion affinity and reduce Li-ion diffusion length. Molecular simulations have revealed that
material conductivity is strongly linked to morphology. Simple defect modifications, such
as cationic disordering and doping, can substantially enhance ion intercalation by alter-
ing the material’s chemical properties [117]. A 2D structure of lead bromide perovskites
has proven to be highly photoactive to achieve both photocharging and Li-ion storage
simultaneously. Of note, 410 mAh/g capacity was measured using this integrated 2D lead
bromide system, compared to 100 mAh/g capacity for its iodide counterpart [16]. Using
lead-based perovskites is one of the primary chemistry-related challenges in photovoltaics
(PBs), even with their high offered capacity. Lead toxicity and poor air stability prevent PB
from becoming commercially viable. Nontoxic perovskites based on germanium and tin
are suggested as alternatives but are not very stable. Bismuth halide perovskite (Cs3Bisly)
was suggested with excellent stability, and easy deposition using solution-processing tech-
niques at relatively low temperatures. In combination with Li metal, a PCE of ~0.43%
was achieved for the first discharge of a coin-shaped cell in a combined system with a
Li-ion battery [124]. Flexible systems are of considerable interest in wearable electronics
and have been investigated by many other authors in an effort toward higher efficiency
in photo-rechargeable systems. A flexible PSC-driven photo-rechargeable Li-ion capacitor
(LIC) (with a claim by the authors as the first flexible LIC) was designed for flexible sensors.
Such a module delivered 8.41% PCE and 3 V voltage at 0.1 A/g discharge current density
and 6% at1 A/g [125].

Employing Zn-ion battery systems was highlighted parallel to Li-ion storage systems.
A coupled unit with an aqueous Zn battery and PSCs sandwiched in a configuration re-
vealed an overall efficiency of 6.4% and a stable, little-degradation operation over 200 cycles.
This device was reported to have a specific energy of 366 Wh/kg (at 2 A/g discharge) and a
specific power of 54.01 kW /kg (at 32 A /g discharge) [119]. A quasi-solid-state (QSS) system
was another proposed idea. A flexible photo-rechargeable QSS zinc-ion micro-battery was
fabricated for the first time (a claim by the authors) by utilizing inkjet printing in addition
to electrodeposition. A conductive Ni layer was also employed to stabilize the battery
setup by overcoming galvanic corrosion in Ag/Zn layers. The excellent photovoltaic perfor-
mance created a self-charging wearable electronic system. Ultrahigh VED of 148 mWh/cm?
(16.3 uWh/cm?), power density of 55 W/ cm? (6.1 mW /cm?) at the current density of 400 C
(5 mA/cm?), and ultrafast photo-charging of 30 s were obtained [23]. A NizsCuy5Zr;5Tiss
metallic glass (MG) ribbon, a novel kind of multi-layered porous hybrid photoelectrode
(specifically, CuxO/np-NiCu@NiCuO/MG, x = 1, 2), was created by Donghui Zheng et al.
as a dealloying precursor. The photoelectrode shows a maximum specific capacitance
of 1182.2 Fem 3 when exposed to light, which is 18% greater than when not exposed to
light. Additionally, the type II InpS3@Bi,S3 photoelectrode demonstrated an extremely high
round-trip efficiency of 96.7% when exposed to light, significantly higher than the 73%
efficiency when exposed to darkness. Additionally, a limited capacity of 1000 mAhg~! was
achieved with a long cycle life of 1000 h at 200 mAg ! [126,127]. Detailed performance
strategies in perovskite photo-batteries toward enhanced PCE and cyclability and the
corresponding performances are shown in Table 1.
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Table 1. Enhanced performance strategies for perovskite photo-batteries toward enhanced PCE and cyclability and the corresponding performance

voltage; Hsolar-to-batt: Solar to battery charging efficiency; RGO: reduced graphene oxide; AC: activated carbon; PW: potential window.

. Voc: open-circuit

Photo-Battery System Properties i i
Ref. Enhancesntirill’teerformance Hsotarto-batt (%) PCE (%) gtoragtellalstcl(lzargle) N tCalziaat}zo/)
8Y Perovskite System Battery System Voc (V) PW (V) apacity (Ist Lycle etention (7o
0] PsC X 4-cell PSCs CH3NH;Pbls LiFePO,/LisTisO12 3.84 2.5-4 12.65 7.8 140.4 mAh/g (0.5C) 79.49 (10 cycles)
pac
Single PSC CH3 NH3PbI3 L1FePO4 /Li4T15012 0.96 1-2.6 15.67 - - -
[23] Rear-illuminated PSC CH;3NH;3Pb(I4Bri«)3 LiCoO, /LisTisO12 - 1.0-3.14 10.25 7.3 155.2 (1C) mAh/g 64 (30 cycles)
Cs.05(FAggsMA
QSS Zn-ion 2-cell PSCs %Ol;glo.ssgio,ls)gw) MnO,/Zn 1.94 16.6 - 120.0 mAh/cm (50C) -
[117] system-inkjet
printing-Ni layer : Cso.05(FA0.85MAg.15)
Single PSC MnO,/Zn 1.07 1.0-17 11.1 528 184.3 mAh/cm (50C) 87 (100 cycles)
Pb(Ips5Bro.15)s
. . ehensy CH3NH;Pbl, LiFePO, /Lis TisOp 124 - 134 - - -
[116] Different active area of
Fecs PSC large CH;NH;Pbl LiFePOy /Li;TisO 125 - 149 98 - -
(0.90 cm?) 3NH3bls 4/LigTi5O12 . . )
PSC + boost CH3NH;Pbl LiCoO, /Lis TisO 0.96 10-3.14 9.36 151.3 mAh/g (0.1C 88 (10 cycles)
[117] Single PSC + DC-DC + booster 3 3 3 1C00; / L14 115012 B U-o. - . Jm g ( N ) 81 (20 cycles)
booster
Single PSC CH;NH;Pbl; LiCo0,-Lis Tis Oz 0.68 1.0-3.14 14.2 7.89
- Lead-free perovskite . . -~ 5 73 (10 cycles)
[125] coin-cell format Cs;3Biylo Li metal - 0.01—2.50 - 0.43 410 mAh/g 24 (40 cycles)
[16] Perovskite coin-cell 3D iodide (C¢HoC2H4NH3), PbBry Li metal - 1.4-3 - 0.034 90-100 mAh/g No fading
format 2D bromide (CsHyCoH4NH;3),Pbly Li metal - 1.4-3 - 0.034 410 mAh/g No fading
[121] Zn-ion system Cs015FAgs5Pbly Co>P-CoP-NiCoO,/ Zn - 14-19 - 6.4 170mAh/g No fading

(200 cycles)
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6. Conclusions

This review culminates in discussing the current landscape and prospects for de-
veloping perovskite-based photo-RBs. While the integration of PSCs with SCs and the
advancements in IPSs have demonstrated significant potential, there are still numerous
challenges to overcome, particularly in terms of device stability, energy efficiency, and
cost-effectiveness. The review identifies the need for further research into optimizing
material properties and device architectures to enhance the performance and durability of
these batteries. Future directions also include exploring new material combinations and
innovative fabrication techniques that could pave the way for the next generation of energy
storage systems. Perovskite-based solar cells are a promising technology for renewable
energy but face several challenges that need to be addressed to improve their practical
application. These challenges include low energy-storage efficiency, high energy losses,
poor environmental and thermal stability, environmental toxicity, a lack of standardized
testing protocols, the tendency for electrolyte leakage, issues with material compatibility,
and difficulties with encapsulation and packaging that are important for commercialization.
The future direction to overcome these challenges lies in several key areas. Integration of
tandem PSCs with SCs, selection of compatible materials, and the right choice of electrolytes
is crucial. Ensuring long-term stability and the development of lead-free, high-efficiency
PSCs are also important goals. Further engineering efforts are required for integration
configuration and improvements in the electrodes and substrates used in SCs. Addressing
these areas will pave the way for future commercialization, potentially leading to more
efficient, stable, and environmentally friendly solar energy solutions.
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