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Dual-Function Electrodes for Photo-Rechargeable Batteries: 
Mechanisms, Designs, and Applications 

Weizhai Baoa, *, Yangyang Zhanga, Min Yanga, Hao Shena, Yaoyu Wanga, Kunhao Zhanga, Zichen 
Yanga

, Guozhao Zenga, Dingyu Cuia, Jingjie Xiaa, Jun Liua, Jiale Lia, He Liua, Cong Guoa, Bin Quan a,*, 
Feng Yua,*, Kaiwen Sunb,*, Jingfa Lia,* 

Photo-rechargeable batteries emerge as an integrated solution for simultaneous solar energy harvesting and storage. 

Central to these systems are dual-function electrode materials that intrinsically combine photoactivity and ion storage 

capabilities. Through synergistic interactions with electrolytes, these materials enable efficient energy conversion and 

storage, demonstrating significant potential for next-generation energy technologies. This review begins by exploring the 

synergistic operating mechanisms of dual-function electrode materials in photo-rechargeable batteries. It then delves into 

design strategies for both inorganic and organic electrodes, emphasizing hierarchical structures and atomic-scale interface 

engineering to optimize light absorption and ion transport. Subsequently, we examine their implementation in photovoltaic 

devices, focusing specifically on dye-sensitized and perovskite solar cells, and evaluate their primary applications in photo-

rechargeable batteries. The findings presented in this work offer valuable insights into the future potential of next-

generation photo-rechargeable batteries. 

1. Introduction 

The urgent need for sustainable energy solutions has driven the 

convergence of photovoltaics and energy storage technologies, 

aiming to overcome the inefficiencies of decoupled solar harvesting 

and rechargeable battery systems.[1-3] Conventional decoupled 

architectures, which isolate photovoltaic (PV) modules from 

electrochemical storage units, face critical limitations: (a) 10-15% 

energy losses at PV-battery-electrolyte interfaces, (b) spatial 

mismatches hindering system integration, and (c) safety hazards 

from flammable liquid electrolytes, including leakage and thermal 

runaway.[4, 5] Photo-rechargeable batteries represent a 

transformative paradigm in energy technology, unifying light 

absorption, charge generation, and energy storage within a single 

compact architecture. Central to this innovation are dual-function 

electrode materials and electrolytes, which synergistically enable 

several key advantages: (i) Enhanced electrochemical performance: 

the dual-function nature of the materials enables them to perform 

multiple roles, such as ion conduction and energy storage or 

conversion. (ii) High operational efficiency: by combining these 

advanced materials, the system offers enhanced operational 

efficiency, including faster charge/discharge cycles and better energy 

density. (iii) Interfacial stability: synergistic effect of electrodes and 

electrolytes enhance interface stability, reducing degradation over 

time. (iv) Mechanical flexibility: these materials enable flexibility, 

making them ideal for wearable and bendable devices.[6, 7] 

The design of photo-rechargeable batteries demands a delicate 

balance between photonic and electrochemical functionalities. 

Efficient solar energy conversion requires materials with broad-

spectrum light absorption (300-1500 nm), high carrier mobility (>10 

cm2 V-1 s-1), and rapid charge separation, while robust energy storage 

relies on stable frameworks with high ionic conductivity (>1 mS cm-1) 

and reversible ion intercalation.[8-10] Furthermore, electrolytes, 

including sulfide-based, oxide-based, and polymer-ceramic hybrids, 

play a pivotal role in addressing these challenges. For instance, 

sulfide electrolytes eliminate solvent decomposition risks under 

illumination while providing ion transport pathways via "hopping" 

mechanisms. Atomic-layer-deposited buffer layers further stabilize 

electrode-electrolyte interfaces, mitigating delamination and lattice 

mismatch.[11-14] Therefore, the synergistic interaction between 

dual-function electrode materials and electrolytes plays a vital role 

in enhancing the performance of photo-rechargeable batteries, 

making it a current research hotspot in this field. 

Recent breakthroughs underscore the synergy between dual-

function electrodes and solid-state architectures.[15-17] Chandra et 

al. studied the interface between perovskite and thin film LiCoO2 

cathode layer. They found that the structural order of LiCoO2 is 

increased at a moderate temperature when the elements are mixed, 

especially the diffusion of cobalt to perovskite.[18] Cheng et al. 

discussed a novel type of perovskite, specifically a reduced-

dimensional perovskite. They conducted a detailed analysis of the 

effects of multiple quantum wells on the structural characteristics,  
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Fig. 1. Historical development of photo-rechargeable batteries over the past two decades. Polymer light-emitting cells. Copyright 2007,[19] Wiley-VCH. Solid solar cells. Copyright 

2008,[20] Wiley-VCH. 3D CsSnI3. Copyright 2012,[21] Nature. CH3NH3SnI3. Copyright 2014,[22] Nature. Solid-state Li-O2 cells. Copyright 2018,[23] Elsevier. Solid-state solar cells. 

Copyright 2017,[24] Elsevier. Solid-state Li-O2 cells. Copyright 2025,[25] Wiley-VCH. Solid-state sodium-metal cells. (SMBs) Copyright 2023,[26] American Chemical Society. 

Fig. 2. Organic and inorganic photovoltaic energy storage electrode materials in photo-rechargeable batteries. All-solid-state Li-S battery. Copyright 2023,[27] Elsevier. Formation 

energy of superficial vacancies. Copyright 2023,[28] American Association for the Advancement of Science. A multi-acceptor model system. Copyright 2024,[29] The Royal Society of 

Chemistry. Energy level diagram. Copyright 2019,[30] Elsevier.
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Fig. 3. (a) Schematic diagrams of solid-state dye-sensitized solar cells using CB, Pt/CB, and Pt-Ni alloy/CB as nanofillers in composite polymer electrolytes. Copyright 2025,[31] Elsevier. 

(b) The transformation mechanism schematic of Li+, e-, and O2 inside the battery. Copyright 2019, Wiley-VCH. (c) Schematic representation of the formation of a Li-Ag-LiF surface. 

Copyright 2019,[32] Wiley-VCH. (d) The schematic of the proposed mechanism of photo-electric-thermal synergy for solid-state Li-O2 battery. Copyright 2022,[33] Elsevier. 

carrier recombination dynamics, and optoelectronic properties of 

these materials. Their work aims to provide a deeper understanding 

of reduced-dimensional perovskites to facilitate their further 

development and application in the field of optoelectronics.[34] The 

Noel team employed a mixed-cation surface-doped perovskite to 

effectively enhance the hole extraction efficiency in perovskite solar 

cells. They demonstrated that molecular doping is a viable method 

for adjusting and controlling the surface properties of metal halide 

perovskites.[35] The field remains in its nascent phase, necessitating 

sustained investigation (Fig. 1). Over the past two decades, 

advancements in photo-rechargeable battery research have 

catalyzed remarkable strides in integrated photovoltaic energy 

storage systems. These developments underscore the intrinsic 

capacity of solid-state systems to integrate light absorption, carrier 

dynamics, and ion transport. However, critical challenges persist.[36] 

The kinetic competition between photogenerated carrier separation 
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and ion transport limits energy density, and scalable fabrication of 

nanostructured electrodes remains hindered by cost and yield 

constraints.[37, 38] 

Overall, an ideal photo-rechargeable battery should embody three 

defining attributes: (a) High solar-to-electricity efficiency: broad-

spectrum light absorption coupled with rapid charge separation and 

minimized interfacial energy losses, enabling high photon-to-ion 

conversion efficiency. (b) Extended cycle life: stable dual-function 

materials with >1,000 cycles at 90% capacity retention and ionic 

conductivities exceeding 1 mS cm-1, where photogenerated carriers 

(electrons/holes) synergistically drive or replace conventional ion 

storage processes. (c) Adaptive functionality: mechanical flexibility, 

temperature resilience, and scalable manufacturing protocols for 

grid-level deployment. This review systematically explores solid-

state electrolyte innovations and dual-function electrode design 

strategies to overcome these barriers. We systematically analyze 

design strategies for inorganic and organic electrodes (Fig. 2), 

emphasizing hierarchical architectures and atomic-scale interface 

engineering to simultaneously optimize light absorption and ion 

transport dynamics. We elucidate mechanisms governing light-

electricity-ion coupling, analyze hierarchical architectures for 

balancing optoelectronic and ionic properties, and summarize 

applications in photo-rechargeable batteries. By bridging photo-

electrochemistry and solid-state battery science, this work offers 

valuable insights into the future potential of next-generation photo-

rechargeable batteries. 

2. Synergistic Operating Mechanisms of Photo-
Rechargeable Batteries 

The core innovation of photo-rechargeable batteries lies in the 

synergistic design of dual-function electrodes and electrolytes. 

Through integrated photo-electro-chemical mechanisms, this 

synergy enables efficient harvesting, conversion, and storage of solar 

energy. [39, 40] Solid-state electrolytes are pivotal enablers of high-

performance photo-rechargeable batteries, offering unparalleled 

advantages over liquid counterparts, including intrinsic safety, wide 

electrochemical stability, and compatibility with dual-function 

electrodes.[41-43] This section explores recent breakthroughs in 

solid-state electrolytes materials and their synergistic interplay with 

photoelectrochemical processes. 

2.1 Synergistic Light-Electricity-Ion Coupling 

Photo-rechargeable batteries typically operate through a synergistic 

mechanism that combines the photoelectric conversion of solar 

energy with the electrochemical storage of charge. To gain a deeper 

understanding of the working principles of these photo-rechargeable 

batteries, it is essential to investigate the interactions between 

photoactive materials, electrolytes, and bifunctional electrodes. 

Together, these components enable efficient energy conversion and 

storage.[44-46] The photoelectric conversion process is the core 

mechanism of the photo-rechargeable batteries. When exposed to 

light, the photoactive material in the battery absorbs photons, 

generating electron-hole pairs. These excited charge carriers 

(electrons and holes) are separated and transported through the 

system. 

In solid-state systems, this charge separation and transport typically 

rely on the interface between the photoactive electrode and the 

solid electrolyte, where a suitable energy alignment and efficient 

carrier mobility are crucial. The ion conduction in solid electrolytes 

plays a complementary role, transporting ions between the 

electrodes to maintain charge neutrality and support continuous 

cycling.[47, 48] For high-efficiency photo-rechargeable batteries, the 

photoactive material must possess several key properties: high light 

absorption, effective charge carrier separation, and minimal 

recombination.[49, 50] The transport of these carriers from the 

photoactive material to the electrode is enhanced by optimizing the 

morphology and structure of the electrode, ensuring that charge 

carriers can be efficiently extracted. Ren et al. proposed a 

multifunctional composite cathode with synergistic photoelectric-

thermal-electrochemical effects, paired with a polymer solid-state 

electrolyte, to create a Li-O2 battery with superior flexibility and 

mechanical stability.[33] As shown in Fig. 3b, they suggested a 

potential transport mechanism for the three-phase reaction 

interface. At the electrolyte-electrode interface, the disordered layer 

on the b-TiO2 surface enhances both the ion conductivity and 

electron conductivity. Additionally, the presence of numerous pores 

ensures the diffusion of oxygen molecules and maintains continuous 

transport paths for lithium ions, electrons, and oxygen molecules. In 

terms of the photoelectric-thermal synergistic effect mechanism, 

photo-generated holes are transported to the disordered layer as a 

result of the combined photoelectric-thermal effect in the reversible 

charging process. Driven by the reduction of charge voltage, they 

decompose into O2 and Li+, which then immediately combine to form 

LiO2. Due to the instability of LiO2, it experiences a second electron 

reduction, resulting in the formation of Li2O2. The charging process 

follows the identical reaction mechanism as general systems, where 

O2 and Li+ are directly released without intermediate products (Fig. 

3d). This is similar to introducing a redox mediator into the Li-O2 

battery system, significantly improving the battery’s performance. 

Besides, interface stability is another critical aspect of the operation 

of photo-rechargeable batteries.[51] To prevent degradation of the 

battery’s performance, it is essential for the interface amid the 

photoactive electrode and the solid electrolyte to remain stable 

during repeated charge-discharge cycles. If the interface becomes 

unstable, issues such as ion migration, poor charge transfer, or 

material degradation can arise, which would compromise the 

efficiency and longevity of the device.[52, 53] Therefore, it is very 

important to select the appropriate solid electrolyte for different 

electrode materials. The solid electrolyte not only serves as an ion 

conductor but also provides mechanical support to the photoactive 

electrode. Electrochemical reactions that occur at the interface must 

be carefully controlled to prevent unwanted side reactions, such as 

the formation of insulating layers or the degradation of the electrode 

materials. Researchers have developed various strategies to improve 

interface stability, such as using protective interlayers or optimizing 

the solid electrolyte’s composition to ensure better adhesion and 

stability during operation. Chen's research team introduced carbon-

supported Pt-Ni nano-fillers into composite polymer electrolytes.[31] 

In the composite polymer electrolyte, they initially added carbon 

black (CB) nano-fillers to provide a continuous conductive pathway 

network in Fig. 3a. This reticular structure facilitates the transfer of 

electrons from the counter electrode to the I3⁻ ions, which in turn 

lowers the charge transfer resistance. When Pt/CB nano-fillers were  
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Fig. 4. Solid-state electrolytes: (a) Schematics of the solid-state organic battery. Copyright 2024,[54] Wiley-VCH. (b) Li+ probability density, represented by isosurfaces from ab initio 

molecular dynamics simulations in solid-state electrolytes lattice. Copyright 2024,[55] Wiley-VCH. (c) Schematic diagram of action mechanism of the pristine PEO, MS-PEO, and LM-

MS-PEO solid-state electrolyte and protection layer. Copyright 2024,[56] Wiley-VCH. 

incorporated into the composite polymer electrolyte, the Pt on the 

CB acted as an efficient catalyst, promoting the timely regeneration 

and transport of I3
⁻ ions, which aids in the rapid regeneration of the 

dye and consequently enhances the short-circuit current density. 

Therefore, platinum-modified CB nano-fillers can further reduce the 

charge transfer resistance while improving the ion conductivity of 

the composite polymer electrolyte. Additionally, by alloying Pt with 

Ni on the CB, the thermodynamically favorable reaction between Ni 

and I3
⁻ further enhances the open-circuit voltage. The formation of 

Ni-I compounds reduces the number of free I3
⁻ ions in the electrolyte, 

thus increasing the resistance between the dye-adsorbed TiO2 

photoanode and the electrolyte, minimizing the open-circuit voltage 

losses. This synergistic effect improves both the conversion efficiency 

and stability of solid-state dye-sensitized solar cells. 

In addition to the photoelectric conversion process, the 

electrochemical charge storage and recharging mechanisms are vital 

to the performance of photo-rechargeable batteries. During the 

discharge process, ions from the solid electrolyte migrate to the 

anode, where they are stored as charge carriers. On charging, the 

reverse process occurs, and the ions are released back into the 

electrolyte from the anode to restore the battery's state of charge. 

This process is similar to that of traditional solid-state batteries, but 

it is coupled with the ability of the photoactive material to 

regenerate energy from light.[1, 57] Peng et al. reported a simple 

method to form a ternary surface that, in synergy with the solid-state 

electrolyte, effectively protects the lithium metal anode.[32] They 

treated the surface of the lithium metal with a silver ion precursor 

solution composed of 1,2-dimethoxyethane, fluoroethylene 

carbonate, and silver bis(trifluoromethanesulfonyl)imide. Due to the 

strong oxidative properties of silver ions, abundant silver 

nanoparticles can be formed on the lithium surface. These silver 

particles act as nucleation sites for lithium deposition and reduce the 

overpotential, leading to a high exchange current density and a very 

uniform lithium plating/stripping morphology. At the same time, the 

lithium ions released during the reduction of silver ion can effectively 

react with the fluoride ions derived from the decomposition of 

fluoroethylene carbonate, forming a LiF-rich cross-linked interface. 

This LiF-rich SEI layer formed during the initial cycles effectively 
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protects the lithium metal anode, enabling long-term cycling stability 

(Fig. 3c). 

One of the challenges in photo-rechargeable batteries is optimizing 

the balance between charge storage capacity and charge transport 

efficiency.[58] High-energy-density electrodes must be paired with 

electrolytes that allow for fast ion diffusion without compromising 

the stability of the interface. Additionally, during recharging, the light 

energy must be efficiently converted into electrical energy, which is 

then stored in the electrochemical system. The dual functionality of 

photoelectric conversion and electrochemical energy storage gives 

solid-state photo-rechargeable batteries a unique advantage over 

traditional batteries and solar cells. An effective solid-state photo-

rechargeable battery not only requires efficient light harvesting and 

photoelectric conversion but also demands seamless coupling with 

ion transport mechanisms within the solid electrolyte. The 

integration of these two functions (photoelectric conversion and 

electrochemical ion storage) is what defines the synergistic 

operation of the battery. The efficiency of the battery depends on 

how well these two processes are coupled, where the photo-

generated electrons and holes are efficiently managed in conjunction 

with ion flow through the solid electrolyte. 

In order to achieve high efficiency and stability in solid-state photo-

rechargeable batteries, several performance optimization strategies 

have been developed. These strategies target the optimization of 

both photoactive electrode materials and solid electrolytes, as well 

as improving the interfaces between them. Common approaches 

include the development of composite materials, surface 

modifications, and the use of interfacial layers to reduce 

recombination losses and enhance charge transfer.[59, 60] Further, 

the selection of solid-state electrolytes plays a critical role in 

improving the overall performance of solid-state photo-rechargeable 

batteries. The electrolyte must possess high ionic conductivity, 

stability under operating conditions, and the ability to form stable 

interfaces with both the photoactive electrode and the charge 

storage materials. 

2.2 Advanced solid-state electrolytes 

The ion transport mechanism and interface stability of solid-state 

electrolytes are crucial factors influencing the performance of solid-

state photo-chargeable batteries. Common types of solid-state 

electrolytes include sulfide-based, oxide-based, and polymer-based 

electrolytes.[61-63] Sulfide solid-state electrolytes exhibit ultrahigh 

ionic conductivities (>5 mS cm-1 at room temperature) due to their 

soft lattice frameworks and "hopping" Li+ migration mechanisms. 

Their low grain boundary resistance and deformability enable 

intimate electrode-electrolyte contact, minimizing interfacial 

impedance.[64] Lin et al. performed density functional theory 

calculations on the lowest unoccupied molecular orbital (LUMO) 

energy levels of p-benzoquinone (BQ), 2,5-dimethyl-1,4-

benzoquinone (DMBQ), 2,3,5,6-tetramethyl-1,4-benzoquinone 

(TMBQ), 2,3,5,6-tetraamino-1,4-benzoquinone (TABQ), and 2,5-

diamino-1,4-benzoquinone (DABQ), identifying the quinone 

derivatives that pair best with sulfur-based compounds (Fig. 4a).[54] 

Due to the stronger electron-donating effect of the amino group 

compared to the methyl group, the LUMO energy levels of DABQ and 

TABQ are significantly higher than those of DMBQ and TMBQ. In the 

case of DABQ, both amino groups can act as electron donors 

conjugated to the para-benzoquinone segment. In contrast, for TABQ, 

only two of the four amino groups conjugate with the para-

benzoquinone segment, while the remaining two amino groups 

function as sigma electron acceptors, exhibiting an electron-

withdrawing effect. As a result, the electron density on the para-

benzoquinone segment of TABQ is lower than that in DABQ. This 

difference in electronic structure contributes to the superior 

performance of their assembled advanced sulfurized solid-state 

organic lithium metal batteries (Fig. 4a). Oxide solid-state 

electrolytes provide exceptional thermal stability (>300 °C) and wide 

electrochemical windows (>5 V), effectively suppressing parasitic 

reactions at high voltages.[65, 66] Ma et al. designed a low-cost, 

environmentally friendly, and sustainable halogenated oxynitride 

solid-state electrolyte.[55] Through ab initio molecular dynamics 

simulations, they elucidated the rapid diffusion of lithium ions within 

the lattice of this solid-state electrolyte and described the ability of 

lithium ions to move quickly along the three-dimensional channels 

(Fig. 4b). They demonstrated that this oxide-based solid-state 

electrolyte exhibits good chemical stability and high interfacial 

energy, effectively suppressing the growth of lithium dendrites and 

the self-degradation of the lithium metal interface. Hybrid systems 

combine the flexibility of polymers with the ionic conductivity of 

ceramics. The combination of different types of polymers, inorganic 

materials, and organic plasticizers can effectively enhance the room-

temperature conductivity of polymer electrolytes, improve the 

electrode/electrolyte interface, and maintain a certain level of 

mechanical strength.[67-69] In this study, the Qian team integrated 

molecular sieves (MS) as inert fillers into polyethylene oxide (PEO) 

and used liquid metals (LM) as functional modules to form the "LM-

MS-PEO" composite material. This composite serves as a solid-state 

electrolyte to enhance ion conductivity while also acting as a 

protective layer against lithium dendrites. Specifically, when lithium 

ions migrate and deposit in pure PEO, the process is unconstrained 

and uninfluenced. However, with the incorporation of MS, the 

lithium-ion conductivity of PEO is significantly improved due to the 

reduced crystallinity of PEO near the MS. Furthermore, the addition 

of the LM component leads to noticeable changes in the transport 

and deposition behavior of lithium ions. By reacting with lithium 

dendrites to form alloys or by extending the growth path of the 

dendrites, the LM effectively blocks their growth, reducing the 

possibility of short circuits and providing protection to the battery 

(Fig. 4c). These hybrids are particularly suited for flexible solid-state 

photo-rechargeable batteries in wearable electronics. This section 

aims to provide a comprehensive understanding of the working 

mechanisms that make photo-rechargeable batteries effective in 

both photoelectric conversion and electrochemical charge storage. 

By focusing on the synergy between the photoactive materials, solid-

state electrolytes, and electrodes, this section outlines the critical 

factors and current challenges in enhancing the performance and 

efficiency of these photo-rechargeable batteries. 

3. Photo-Rechargeable Dual-Function Electrode 
Materials 
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Fig. 5. (a) Schematic procedures for the deposition and post-synthesis treatment of CsPbI3 perovskite with organic cation iodide solution. Copyright 2018, Elsevier. (b) Schematic 

illustration of organic cation surface termination using phenylethylammonium iodide (PEAI). Copyright 2018,[70] Elsevier. (c) Perovskite structures. Copyright 2013,[71] The Royal 

Society of Chemistry. (d) Theoretical analysis of the formation of chalcogen bonding in model system of low-dimensional perovskites. Copyright 2024, Wiley-VCH. (e) two-dimensional 

(2D) perovskite (corner-sharing octahedra; stabilized via S–𝜋 interactions indicated by dashed lines. Copyright 2024,[72] Wiley-VCH. 

Photo-rechargeable batteries rely on advanced electrode materials 

that integrate light absorption and ion storage functionalities. A key 

component of these systems is the electrode materials, which play a 

critical role in determining the overall efficiency, stability, and 

performance of photo-rechargeable batteries.[73-75] The materials 

used for electrodes must be capable of facilitating effective charge 

transport, interacting efficiently with the electrolyte, and exhibiting 

good photoactivity. This section categorizes the electrode materials 

into two primary types: inorganic and organic materials. It provides 

an in-depth review of the latest advancements in these materials, 

their advantages and challenges, and the ongoing trends in research 

aimed at enhancing photo-rechargeable batteries performance.[76] 

3.1 Inorganic Electrode Materials in Photo-Rechargeable Batteries 

Inorganic electrode materials are among the most widely researched 

materials for photo-rechargeable batteries due to their high stability, 

good conductivity, and well-established performance in traditional 

battery applications.[77, 78] Common inorganic electrode materials 

include metal oxides, sulfides, and phosphates. Metal oxides: 

materials such as titanium dioxide, zinc oxide, and tungsten oxide 

have shown great promise in photo-rechargeable batteries, 

particularly in terms of their stability and charge storage capabilities. 
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Sulfides and phosphates: another promising class of inorganic 

materials includes metal sulfides and phosphates, such as copper 

sulfide and lithium iron phosphate. These materials are valued for 

their ability to deliver high capacity and fast ion diffusion, which are 

essential for high-performance photo-rechargeable batteries. 

Research in this area has largely focused on optimizing the interfaces 

between the electrodes and electrolytes, ensuring high ionic 

conductivity and long-term stability.[79, 80] Recent research has 

focused on improving their electronic conductivity and enhancing 

their photo-charge conversion efficiency. Wang et al. found neither 

solid-state nor sequential cation exchange processes allow CsPbI3 to 

form a two-dimensional perovskite capping layer. [70] Instead, they 

improved the material’s phase stability and moisture resistance by 

effectively exchanging cations between the organic components, 

thereby creating a defect-passivating organic cation-terminated 

surface on top of a-CsPbI3. The researchers employed a typical cation 

exchange reaction using phenylethylammonium iodide (PEAI) 

solution, which was spin-coated onto the CsPbI3 perovskite thin film 

(Fig. 5a). The surface termination mechanism involves the 

passivation of Cs+ and I+ vacancies or defects on the CsPbI3 surface 

by the PEA+ and I+ ions. Additionally, some Cs+ ions on the surface 

may be replaced by the PEA+ cations, thereby terminating the surface 

with PEA+ organic ions (Fig. 5b). This simple yet innovative strategy 

for organic cation surface termination offers a promising approach 

for developing highly reproducible, high-performance perovskite 

solar cells with enhanced device stability. While metal halide 

perovskites are outstanding solid-state semiconductors, they are 

also ionic compounds, and ion migration is essential to their 

formation, photovoltaic performance, and long-term stability. The 

Salvador team, utilizing molecular dynamics simulations with 

classical force fields, density functional theory calculations, and 

genetic algorithms, developed a fully transferable classical force 

field.[71] This force field is specifically designed for the benchmark 

inorganic perovskite composition, CsPb(BrxI1-x)3 (Fig. 5c), and is 

applied to study the properties of metal halide perovskites, including 

lattice dynamics and ion migration. Luo et al. conducted research 

aiming to enhance the stability of organic-inorganic halide perovskite 

hybrid semiconductors through supramolecular engineering, 

focusing on non-covalent interactions between organic and 

inorganic components, such as hydrogen bonding and traditional van 

der Waals interactions.[72] They explored the ability to form unique 

low-dimensional perovskite structures by combining benzothiazole-

based groups, investigating non-typical sulfur-mediated interactions. 

Using density functional theory and ab initio molecular dynamics 

simulations, they evaluated the preferred structural arrangements of 

layered hybrid perovskite materials, considering both initial 

molecular configurations with and without carbon bonds, without 

assuming a preferential orientation of the organic components 

within the layers (Fig. 5d). The simulations revealed the formation of 

sulfur-mediated low-dimensional structures, such as one-

dimensional and layered two-dimensional perovskite phases, which 

were assembled through sulfur bonds and S-π interactions (Fig. 5e). 

The materials developed by the team were used in both n-i-p and p-

i-n perovskite solar cells, showing improved performance and 

operational stability, thus demonstrating a universal supramolecular 

strategy for photovoltaic devices. 

Integrating inorganic materials into photo-rechargeable batteries 

presents several challenges, including the need for precise control 

over material composition and structure to enhance light absorption 

properties and improve charge transport.[81, 82] Additionally, while 

the de-fatting process of certain inorganic cathode/anode materials 

can be facilitated by photogenerated holes, the high oxidative power 

of these high-energy holes may cause reactions with the electrolyte 

or harm the materials, leading to undesirable outcomes. As a result, 

this decreases the efficiency of solar energy storage and causes 

stability problems.[83, 84] Furthermore, the inherently short carrier 

lifetimes and diffusion times in inorganic materials often result in 

significant recombination or trapping losses, compromising solar 

energy storage efficiency in associated devices. Continuous advances 

in nanostructures and hybrid material design, however, are 

anticipated to overcome these limitations through precise control of 

charge carrier dynamics, ultimately enhancing overall device 

performance. 

3.2 Organic Electrode Materials in Photo-Rechargeable Batteries 

Organic electrode materials have garnered increasing attention in 

the development of photo-rechargeable batteries due to their 

unique advantages, including flexibility, tunability, and the potential 

for high energy densities.[85-87] Organic materials, such as 

conjugated polymers and small organic molecules, offer the 

possibility of tailoring the material properties for specific applications, 

making them ideal candidates for next-generation photo-

rechargeable batteries. Conjugated polymers: conjugated polymers 

like poly(3-hexylthiophene) and poly(phenylene vinylene) are widely 

studied due to their excellent electronic properties, which allow for 

efficient charge transport. These materials are particularly attractive 

because of their ease of fabrication, low cost, and high versatility in 

device design. Conjugated polymers also have the ability to absorb 

light over a broad range of wavelengths, making them suitable for 

use in photoactive electrodes in photo-rechargeable batteries. 

However, challenges remain in improving their long-term stability 

and charge retention, as organic materials can be susceptible to 

environmental degradation and loss of functionality over time. Small 

organic molecules: small organic molecules, such as fullerene 

derivatives and organic dyes, are also being explored as electrode 

materials for photo-rechargeable batteries. These materials can be 

precisely engineered to enhance their optical absorption properties, 

as well as their electronic and ionic conductivity. They also offer the 

advantage of being lightweight and flexible, which is particularly 

important for applications in flexible or portable energy storage 

devices.[88-91] One of the major challenges with small organic 

molecules is their tendency to undergo irreversible degradation over 

repeated charge-discharge cycles, which limits their long-term 

performance in photo-rechargeable batteries. Guo et al. employed a 

"polycrystal-induced aggregation" strategy to enhance the structural 

order of polymer donor (PM6) and non-fullerene acceptor (L8-BO) 

molecules in the active layer, thereby improving the efficiency of 

solid-state solar cells.[92] The core of this strategy is the preparation 

of PM6 polycrystals. In this process, PM6 is first dissolved in an o-

dichlorobenzene (DCB) solution, which is then placed into a sealed 

bottle containing methanol vapor as an anti-solvent. The slow 

diffusion of methanol into the DCB solution causes the PM6 

molecules at the interface between the DCB solution and methanol  
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Fig. 6. (a) Schematic illustration of the preparation of PM6-PC and PM6-PA solution. Copyright 2023,[92] Wiley-VCH. (b) Illustrated molecular packing properties of L8-BO, Y6, and 

IT-4F in solid states based on the main view of molecular conformation and packing sketch maps according to single-crystal data. (c) Chemical structure of L8-BO, Y6, and IT-4F. 

Copyright 2022,[93] Elsevier. (d) Schematic of proposed ionic defect passivation mechanism achieved through QDs-Cs5 modification. Copyright 2020,[94] Wiley-VCH. 

vapor to precipitate. The resulting PM6 precipitate is then 

centrifuged in a vacuum environment, and the residual solvent is 

removed (Fig. 6a). This research provides a novel strategy for 

optimizing molecular aggregation in solid-state photovoltaic cells 

using polycrystalline seeds to enhance power conversion efficiency. 

In organic solar cells, the fill factor is a crucial photovoltaic parameter, 

often below 0.8, indicating that it still requires optimization. To 

address this, Zhang et al. proposed a study that revealed the impact 

of dielectric properties on achieving high fill factor and photovoltaic 

efficiency in organic solar cells.[93] They increased the molecular 

packing density (MPD) of the non-fullerene acceptors (NFAs) in the 

solid state, which in turn enhanced the dielectric constant (ε) of the 

NFAs and the bulk heterojunction films. To explain the modulation of 

fill factor, they selected three representative NFAs (L8-BO, Y6, and 

IT-4F) (Fig. 6c). Considering that the differences in effective 

conjugation length among these NFAs are not correlated with their 

relative dielectric constants (εr), they rationalized the differences in 

εr based on the MPD obtained from a single-crystal dataset. The MPD 

of single-crystal L8-BO, Y6, and IT-4F was estimated using the 

molecular volume per unit cell, and the MPD values were found to 

be 64.1%, 54.5%, and 50.4%, respectively (Fig. 6b). The researchers 

suggest that the increase in MPD in L8-BO leads to a higher molecular 

polarization, which results in a higher εr. This study sheds light on the 

important role of dielectric properties in optimizing the fill factor and 

efficiency of organic solar cells, offering a pathway to improve their 

performance. The research team led by Xie et al. developed a solid-

state interdiffusion process using multi-cation hybrid halide 

perovskite quantum dots (QDs) to repair ion defects at the surface 

and grain boundaries (GBs) of organic-inorganic hybrid perovskites 

(OIHPs).[94] In this strategy, the cations and anions of 

Cs₀.₀₅(MA₀.₁₇FA₀.₈₃)₀.₉₅PbBr₃ (QDs-Cs5) occupy ion vacancies at the 

OIHPs surface and GBs through solid-state interdiffusion, reducing  
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Fig. 7. (a) Schematic illustration representing device structure and working principle of a dye-sensitized solar cell. (b) The structure and operation of the dye solar cell. (c) The Rayleigh 

scattering images of dye-sensitized solar cells are simulated by Mont Carlo ray tracing simulation. Copyright 2022,[95] Elsevier. (d) Bipolar ion exchange process. Copyright 2021,[96] 

Elsevier. (e) Electron trapping, transport and recombination processes in dye-sensitized solar cell. (f) Type II junction alignment of the band edges for the mesoporous TiO2 film and 

a p-type semiconductor layer. (g) The sensitized TiO2 electrode and the PEDOT semiconductor-based counter electrode are combined to form a new dye-sensitized solar cell structure. 

Copyright 2021,[97] The Royal Society of Chemistry. (h) Schematic cross-section geometry of a symmetric small dye-sensitized solar cell. Copyright 2010,[98] Wiley-VCH.

ion defects and suppressing non-radiative recombination at the 

interfaces (Fig. 6d). Additionally, the hydrophobic long-chain ligands 

from QDs-Cs5 form a low-dimensional perovskite phase at the 

surface, which improves the moisture resistance and environmental 

stability of the OIHP films. After treatment of the solar cell electrode 

materials, their photovoltaic performance was significantly 

enhanced. The power conversion efficiency of the cell exceeded 21%, 

and after more than 550 hours of continuous illumination, over 90% 

of the initial power conversion efficiency was retained. This work 

provides important insights into ion defect engineering for solid-

state photovoltaic cells, contributing to high efficiency and long-term 

stability. 

Although many organic materials based on photo-rechargeable 

batteries (Single-Component Semiconducting Polymer) show 

potential for direct solar energy conversion and storage, they still 

present several limitations. Unlike inorganic semiconductors, where 

photon absorption leads to the generation of free charges, organic 

semiconductors typically form tightly bound electron-hole pairs 

(excitons) upon light excitation. This occurs due to their low dielectric 

constant and weak intermolecular electronic coupling.[99, 100] 

Consequently, it is necessary to design donor-acceptor or related 

molecular structures that can effectively dissociate excitons and 

promote efficient charge separation. To address this, optimizing the 

molecular structures of organic materials is crucial. Materials with 

the ability to separate photoexcited electrons and holes can reduce  
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Fig. 8. (a) Solar cell device architecture. Copyright 2024,[101] Wiley-VCH. (b) Structure and performance of the semitransparent PSC solar cells. Copyright 2023,[102] The Royal 

Society of Chemistry. (c) Working principles of the Integrated photo-rechargeable systems. (d) The schematic structure of Pb-Sn perovskite solar cells with a 3D/3D bilayer perovskite 

heterojunction. Copyright 2023,[103] Nature. (e) Schematic illustration of the device structure. Copyright 2022,[104] Wiley-VCH. (f) Illustration of the energy-autonomous wearable 

device that is powered under both outdoor and indoor illumination. Copyright 2024,[105] Nature. (g) Schematic of the Integrated photo-rechargeable systems. Copyright 2024,[106] 

Wiley-VCH. 

electron-hole recombination, thereby accelerating energy storage 

processes. Inorganic and organic electrode materials each offer 

distinct advantages, and much of the current research aims to 

combine the strengths of both material classes to overcome the 

limitations of individual materials. For instance, hybrid electrode 

systems, which combine inorganic nanoparticles with organic 

matrices, are being explored to enhance the overall performance, 

stability, and efficiency of photo-rechargeable batteries. The 

development of electrode materials for photo-rechargeable 

batteries represents a rapidly evolving field, with substantial 

advances occurring in both inorganic and organic systems. Inorganic 

materials typically offer superior stability and conductivity, whereas 

organic counterparts provide enhanced tunability and flexibility; 

both classes are thus essential for future progress. Consequently, 

continued investigation into hybrid materials and novel design 

strategies-aimed at improving stability, charge transport, and 

photoactivity-will prove critical for enhancing performance and 

facilitating the commercialization of high-efficiency photo-

rechargeable batteries. 

4. Applications of Novel Electrode Materials in 
Photo-Rechargeable Batteries 

The integration of novel electrode materials into photo-rechargeable 

batteries is pivotal for enhancing both energy conversion and storage 

efficiencies. This section delves into key advancements in two 

prominent electrode materials: dye-sensitized solar batteries and 

perovskite solar batteries. Both material systems exhibit significant 

potential in optimizing photo-rechargeable systems, each offering 

distinct advantages in terms of material properties, efficiency, and 

scalability.[107-110] 
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Table 1 Typical dual-function electrode materials in photo-rechargeable devices and their performances. 

Battery type SPRBs materials SSE Capacity under dark/light Cycle number Ref. 

Li−O2 p-MoS2 CPEs a low voltage gap (0.27 V) 170 [111] 

Li−O2 Ti8O8(OH)4(BDC-NH2)6 Ti8O8(OH)4(BDC-NH2)6 a high energy efficiency (94.2%) 320 [26] 

LMB Li/LFP PEO 140 mA g−1 at 1.0 C 150 [112] 

LMB LiNi0.8Co0.1Mn0.1O2 Li6.4La3Zr1.4Ta0.6O12 166.7 mAh g-1 at 0.5C 200 [113] 

LMB Li/LFP PEO 167.6 mAh g-1 at 0.1 C 200 [114] 

LMB BF@LPSC Li6PS5Cl capacity retention of 90.01% 1000 h [115] 

RZMB i-Zn-MnO PHPZ-30 214.14 Wh kg−1 1000 [116] 

PSSMB ITO/TO2 PEO/NaTFSI 117 mAh g−1 300 [25] 

SC ZnFe2O4 (CsFA)Pb(IBr)3 solar-to-hydrogen efficiency of 1.85% 30 h [117] 

DSSCs TO2 Dye WS-72 PCE > 11.5% VOC = 1.1 V [118] 

PSCs MeO-2PACz:Me-4PACz FAPbI3  maximum PCE > 24% 400 h [101] 
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4.1 Dye-Sensitized Solar Batteries 

Photo-rechargeable batteries represent a transformative integration 

of solar energy conversion and storage, leveraging dye-sensitized 

solar cell architectures to achieve efficient charge generation and 

retention. Dye-sensitized solar cells have emerged as a promising 

candidate for high-efficiency photo-rechargeable batteries due to 

their relatively simple fabrication process, low cost, and tunable 

efficiency. Dye-sensitized solar cells consist of a photoactive dye, a 

semiconductor layer (typically titanium dioxide), and a solid 

electrolyte. The unique advantage of dye-sensitized solar cells lies in 

their ability to convert light into electrical energy through the use of 

organic dyes that absorb visible light efficiently.[119, 120] 

Mikko et al. explored the potential of using emerging materials and 

advanced fabrication techniques to enhance the individual 

components of dye-sensitized solar batteries.[97] As depicted in Fig. 

7a, the fundamental design involves a mesoporous TiO2 photoanode 

sensitized with organic dyes, a solid-state electrolyte, and a counter 

electrode. Light absorption by the dye initiates electron injection into 

the TiO2 conduction band, driving redox reactions in the electrolyte 

that are critical for energy storage. Interface engineering plays a 

crucial role in minimizing voltage losses. Rough dye/TiO2 surfaces 

often lead to non-radiative recombination, but atomic layer 

deposition of ultrathin Al2O3 passivation layers (Fig. 7f) reduce 

interface trap densities by 50%, leading to improved open-circuit 

voltage (Vₒₙ). Hybrid solid electrolytes, such as polymer-inorganic 

composites, address conductivity mismatches between TiO2 and the 

solid electrolyte, enabling high ion transport rates at room 

temperature (Fig. 7g). Halme et al. summarized both the theoretical 

and practical aspects of modeling and characterization for fuel-

sensitized solar cells, integrating these insights into a comprehensive 

dye-sensitized solar cell device model. The optoelectronic 

advantages of dyes, such as broad visible-light absorption and 

tunable energy levels, enable high incident photon-to-electron 

conversion efficiency, as shown in recent developments (Fig. 7b).[98] 

As shown in Fig. 7e, the electron capture, transport and 

recombination process. Collectively, these innovations boost the fill 

factor by optimizing charge transfer kinetics across the 

electrode/electrolyte interface. However, stability against moisture 

and thermal degradation remains a significant challenge. 

Hydrophobic metal-organic frameworks (MOF) coatings or cross-

linked polymer encapsulations (Fig. 7h) help preserve 90% of the 

initial efficiency after 500 hours of continuous illumination, 

demonstrating enhanced environmental resilience. The protective 

role of MOFs is dual: enhancing both charge extraction (via surface 

area enhancement) and structural durability (via encapsulation). Kim 

et al. improved the power conversion efficiency of solid-state fuel 

dye-sensitized solar cells by incorporating MOF-801 into the 

mesoporous titanium dioxide (mp-TiO₂) layer of the photoanode. A 

key challenge in photo-rechargeable batteries design is optimizing 

charge separation at the dye/TiO2/electrolyte interface. They 

simulated the effect of MOF on the optical absorption spectrum by 

Monte Carlo ray tracing (Fig. 7c). [95] The high surface area of MOFs 

promotes uniform dye loading, as evidenced by electrochemical 

impedance spectroscopy, which shows reduced series resistance and 

increased shunt resistance (Fig. 7d). 

Despite these advancements, challenges remain, particularly in 

terms of improving the long-term stability of dye-sensitized solar 

cells under real-world conditions. Developing more robust and 

efficient solid-state electrolytes is imperative for enhancing dye-

sensitized solar cells performance and commercial viability within 

photo-rechargeable systems. As dye-sensitized solar cells efficiencies 

progressively increase, their integration into next-generation photo-

rechargeable batteries presents compelling prospects. 

4.2 Perovskite Solar Batteries 

Photo-rechargeable batteries represent a transformative technology 

for integrating solar energy conversion and storage within a single 

device, leveraging perovskite materials for their exceptional light-

harvesting and charge transport properties. Perovskite solar cells 

have emerged as one of the most promising materials for high-

efficiency solar energy harvesting due to their remarkable power 

conversion efficiencies and ease of fabrication. Perovskites, 

particularly hybrid organic-inorganic materials, exhibit a broad 

absorption spectrum, high carrier mobility, and excellent 

photophysical properties.[121-123] These attributes make 

perovskite-based electrodes highly suitable for photo-rechargeable 

battery applications. 

Ji et al. proposed a novel method for forming a one-

dimensional/three-dimensional (1D/3D) perovskite heterojunction 

by introducing choline acetate along with perovskite precursors at 

the buried interface of the perovskite active layer.[101] As shown in 

Fig. 8a, the core architecture of solid-state photo-rechargeable 

batteries typically consists of a perovskite photoanode, a solid-state 

electrolyte, and a counter electrode, with the perovskite layer 

serving as both the light absorber and charge generator. The unique 

optoelectronic characteristics of perovskites, such as tunable 

bandgaps (1.2-2.3 eV) and high extinction coefficients, enable 

efficient photon-to-charge conversion, as demonstrated in recent 

advancements (Fig. 8b).[102] Bi et al. developed an integrated 

photo-charging system by combining perovskite solar cells with solid-

state zinc-ion hybrid capacitors.[106] One significant challenge in 

solid-state photo-rechargeable batteries is optimizing electron-hole 

separation and transport at the perovskite/electrolyte interface. 

Studies have shown that incorporating MOFs into mesoporous TiO₂ 

photoanodes (Fig. 8c) significantly enhances charge extraction 

efficiency. Fig. 8g shows a schematic diagram of the device for highly 

integrated perovskite solar cells. Lin et al. developed all-perovskite 

tandem solar cells using a 3D/3D double-layer perovskite 
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heterojunction structure. (Fig. 8d).[103] The structural modifications 

increase the short-circuit current density by 30% compared to 

conventional TiO₂-based devices, as demonstrated in performance 

comparisons (Fig. 8e). Interface engineering remains essential for 

mitigating voltage losses in photo-rechargeable batteries. Perovskite 

films often exhibit rough surfaces that promote non-radiative 

recombination. In the application of autonomous wearable 

biosensors, the power conversion efficiency of perovskite solar cells 

is more than 31% under indoor illumination (Fig. 8f). These 

advancements collectively enhance the fill factor by optimizing 

charge transfer kinetics. Stability remains a critical challenge for 

perovskite-based photo-rechargeable batteries. The integration of 

perovskites into flexible architectures, such as fiber-shaped photo-

rechargeable batteries, is made possible by the porous structure of 

MOF-modified photoanodes, which supports conformal coating on 

carbon nanotube yarns. This results in a power conversion efficiency 

of 6.5%, surpassing traditional solid-state dye-sensitized solar cells 

(4.19%). The mechanical robustness of these devices, including 

bendability (radius < 5 mm), is verified by the structural integrity 

visualized and durability insights from impedance analysis. In 

summary, perovskite materials offer exceptional potential for high-

efficiency, flexible photo-rechargeable batteries through strategic 

structural design and interface engineering. While challenges related 

to long-term stability and large-scale fabrication remain, the 

integration of innovative materials and device architecture highlights 

the pathway for practical energy storage solutions. Despite the 

impressive progress, challenges remain in ensuring the long-term 

stability and commercial viability of perovskite-based photo-

rechargeable batteries. Further research is needed to enhance the 

durability of perovskite electrodes under real-world operating 

conditions and to mitigate the effects of degradation over extended 

use periods.[124] This section examines recent advancements in dye-

sensitized solar cells and perovskite solar cells, focusing on material 

innovations, efficiency enhancements, and persistent challenges in 

their development as electrodes for photo-rechargeable batteries. 
Moreover, we evaluate the performance metrics of dual-function 

electrode materials across representative photovoltaic devices, 

highlighting their critical role in enabling next-generation photo-

rechargeable systems. (Table 1) 

5. Conclusions 

In recent years, photo-rechargeable batteries have garnered 

significant attention due to their promising potential for 

renewable energy storage and efficient conversion. This review 

has provided an in-depth analysis of the current advanced 

electrolytes and dual-function electrode materials, emphasizing 

their roles in enhancing the efficiency and stability of these 

energy storage systems. The development of advanced solid-

state electrolytes, coupled with synergistic light-electricity-ion 

coupling, has opened new avenues for improving the 

performance of photo-rechargeable batteries, pushing them 

closer to commercial viability. The review highlights several key 

advancements in the field of photo-rechargeable batteries: 

(a) Dual-function electrodes: dual-function electrodes, which 

combine both photoelectric and electrochemical capabilities, 

have proven to be critical for improving energy conversion and 

storage efficiencies. These electrodes, particularly those based 

on novel inorganic and organic materials, enable more efficient 

charge separation and reduce energy losses during photo-

charging cycles. 

(b) Solid-state electrolytes: the optimization of solid-state 

electrolytes has been crucial for the improvement of battery 

safety, energy density, and long-term stability. Recent 

innovations in inorganic and organic electrolyte materials have 

demonstrated promising ion conductivity and better thermal 

stability compared to their liquid counterparts. 

(c) Material advancements: significant progress has been made 

in both inorganic and organic electrode materials. Inorganic 

materials, such as perovskites and transition metal oxides, 

exhibit excellent light absorption and high electrochemical 

stability. On the other hand, organic electrode materials, known 

for their flexibility, cost-effectiveness, and tunable properties, 

have emerged as viable alternatives for large-scale applications. 

(d) Applications: the potential applications of photo-

rechargeable batteries, particularly in devices like dye-

sensitized solar cells and perovskite solar cells, have been 

demonstrated through the integration of novel electrode 

materials. These technologies offer significant improvements in 

terms of efficiency, stability, and cost-effectiveness, 

contributing to the development of next-generation energy 

storage systems. 

Despite the significant progress made in the field, several 

challenges remain that must be addressed to fully realize the 

potential of photo-rechargeable batteries. These challenges 

encompass both material-related issues and system-level 

concerns: electrolyte stability and ionic conductivity: while 

many electrolytes show promise, achieving high ionic 

conductivity at room temperature and long-term stability 

remains a critical hurdle. Future research should focus on the 

development of advanced electrolyte materials that can 

maintain performance over extended cycles while being stable 

in a range of operating conditions. Charge separation efficiency: 

although dual-function electrodes have shown significant 

progress, optimizing the efficiency of charge separation and 

minimizing recombination losses remain essential for 

enhancing the overall performance of photo-rechargeable 

batteries. The development of new electrode materials with 

better light absorption and charge carrier mobility, as well as 

improved interfaces between the electrolyte and electrode, will 

be pivotal. Scalability and cost reduction: for widespread 

adoption, the scalability and cost-effectiveness of photo-

rechargeable batteries must be improved. This includes 

addressing the challenges associated with the synthesis of high-

quality materials and the integration of these materials into 

large-scale battery systems. Research into more sustainable and 

cost-effective fabrication techniques will be key in this regard. 

Long-term durability: the long-term performance and cycling 

stability of photo-rechargeable batteries must be enhanced to 

ensure their practical viability. This requires a better 

understanding of degradation mechanisms at the material 

interfaces, especially in complex systems involving light-

absorption, charge transfer, and ion conduction. 
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Looking forward, the future of photo-rechargeable batteries 

appears promising, with several exciting directions for further 

research and development: smart materials and design: the use 

of smart materials, including stimuli-responsive polymers and 

hybrid materials, could lead to breakthroughs in the design of 

highly efficient photo-rechargeable batteries. These materials 

could offer enhanced light absorption properties, improved 

stability, and better charge carrier dynamics, pushing the 

boundaries of efficiency in energy storage devices. Next-

generation electrodes: future research will likely focus on the 

development of next-generation electrode materials, including 

composite materials that combine organic and inorganic 

components to exploit the benefits of both. These materials 

could provide enhanced charge storage capacity, faster 

charge/discharge rates, and improved stability over time. 

Advanced photonic engineering: incorporating advanced 

photonic structures, such as plasmonic and nanostructured 

materials, into photo-rechargeable batteries could further 

enhance their light-harvesting capabilities, thus improving their 

overall energy conversion efficiency. These innovations could 

enable batteries that not only store energy more efficiently but 

also capture and utilize a wider range of the solar spectrum. 

Sustainability and Recycling: As environmental concerns grow, 

the sustainability of photo-rechargeable batteries will become 

a critical focus. Research into recyclable electrode and 

electrolyte materials, as well as environmentally friendly 

manufacturing processes, will play a crucial role in ensuring the 

long-term viability of these technologies. 

In conclusion, while photo-rechargeable batteries represent an 

exciting frontier in energy storage technologies, further 

innovations in materials, systems design, and scalability are 

required to bring them to commercial maturity. By addressing 

these challenges and seizing the opportunities presented by 

novel materials and integrated systems, the future of photo-

rechargeable batteries looks increasingly bright, offering a 

sustainable solution for clean energy storage and conversion. 
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