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ABSTRACT

The growing demand for flexible and autonomous electronics hasaccelerated the development of compact energy systems capable of
both harvesting and storing solar energy. Photobatteries and photocapacitorsrepresent a new generation of self-charging devices that
merge photovoltaic and electrochemical functions within a single structure. These systems overcome the conversion losses and
bulkiness of conventional solar-battery combinations, enabling miniaturized, efficient, and sustainable power sources. This review
summarizes recent progress in materials, architectures, and design strategies for compact photostorage systems. This work will
focus, in particular, on two-terminal (2T) monolithic configurations that provide the highest integration level. Advances in inorganic
semiconductors such as transition-metal oxides, sulfides, and lead-free perovskites, as well as organic materials including conductive
polymers, dyes, and carbon nanostructures, have greatly enhanced photo-charge generation, mobility, and retention. Furthermore,
innovations in gel and solid-state electrolytes have improved flexibility, safety, and long-term stability. Despite significant progress,
major challenges remain in mitigating charge recombination, optimizing energy density and standardizing performance evaluation.
By integrating recent results and emerging trends, this review outlines key directions for the rational design of next-generation self-
powered photostorage systems that could underpin the future of portable, wearable, and sustainable energy technologies.

1 | Introduction in a single unit, have emerged as a promising new generation
of self-powered systems [6-9]. Such hybrid devices directly con-
vert sunlight into stored electrical energy, combining the photo-
conversion function of solar cells with the electrochemical
storage capability of batteries or supercapacitors, thereby reduc-
ing energy loss and simplifying device architecture [10, 11]. By

tronics, portable s?nsors, env1ron.menta.l monitoring tools,. and merging both functions, compact photostorage systems exhibit
the Internet of Things (IoT) has intensified the need for light- improved round-trip efficiency, mechanical integration, and
weight, flexible, and autonomous power sources capable of con- design flexibility [12].

tinuous operation without high maintenance [1-3]. Traditional
energy setups, in which solar cells are externally coupled to bat-
teries or supercapacitors, suffer from conversion losses, voltage
mismatches, and bulky architectures, which limit their integra-
tion into portable or flexible devices [4, 5].

The global transition toward decentralized and self-sustained
energy systems has accelerated the exploration for technologies
that can efficiently capture, convert, and store renewable
energy at small scales. The exponential growth of wearable elec-

Two main device classes have been identified: photobatteries
(PBs) and photocapacitors (PCs), sometimes referred to as photo-
supercapacitors (PSCs) [1, 3, 8]. In PBs, the photogenerated elec-
trons and holes drive redox reactions at the electrodes, leading to
high energy densities (E4) but slower charge-discharge kinetics.
To overcome these issues, compact photostorage devices, which  In contrast, PCs store charge electrostatically at the electrode/
consolidate both light-harvesting and energy-storage functions electrolyte interface, yielding high power densities (Pg), rapid
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response, and long cycle life, albeit at lower energy density
[2, 4, 13-15]. These complementary characteristics make both
systems relevant for different applications, from micro-power
storage to continuous low-energy operation.

From a design standpoint, device configuration plays a crucial role
in determining overall performance. As reported in previous
studies [6, 8, 16, 17], three major configurations are distinguished:
four-terminal (4T), three-terminal (3T) and two-terminal (2T).
While 4T and 3T architectures allow independent optimization
of photovoltaic and storage components, they also suffer from
larger interfacial energy losses and more complex wiring.
Conversely, 2T monolithic designs achieve the most compact
and efficient integration, combining both functionalities into a
single photoactive electrode pair and significantly reducing
energy dissipation [14, 18]. As a result, 2T systems are now at
the center of research on flexible, wearable, and transparent
self-charging power units [19, 20].

Recent advances in photoactive materials have been decisive in
improving these integrated systems. Transition-metal oxides
(TMOs) such as TiO,, W03, and V,05 are among the most stud-
ied materials due to their tunable band structures, high stability,
and semiconducting properties [21-27]. Similarly, metal sulfides
like NiCo,S, and MoS, exhibit enhanced redox activity and
charge-transfer efficiency, especially when coupled with oxides
or carbon nanostructures [25, 28-31]. Lead-free halide perov-
skites, such as Cs,NaBils, Cu;Bizle, and Agy sCsgsBisl g, have
recently emerged as environmentally friendly alternatives with
remarkable light-absorption and charge-transport properties
[24, 32, 33]. On the organic side, carbon-based materials, conduc-
tive polymers, and organic dyes are being widely explored for
their flexibility, low weight, and tunable optoelectronic behavior
[2, 34-45]. The combination of these materials into hybrid or het-
erojunction electrodes often leads to improved charge separation,
reduced recombination, and enhanced specific capacitance (Cs)
[28, 29, 46, 47].

In addition to electrode development, electrolyte engineering is
a major driver of performance improvements. The transition
from liquid to gel-polymer or solid-state electrolytes enhances
mechanical stability, safety, and compatibility with flexible sub-
strates [27, 36, 48-50]. Innovative photo-responsive electrolytes,
such as 2-nitrobenzaldehyde-based systems, can even participate
in the light-driven charge-storage process, offering an elegant
route toward fully self-rechargeable supercapacitors [34].

Despite this progress, important challenges remain. The
close proximity of photoactive and storage layers in 2T devices
increases the probability of charge recombination, while interfa-
cial resistance and energy-level misalignment still limit charge-
transfer efficiency [18-27, 51-55]. Furthermore, the absence of
standardized testing protocols for evaluating parameters such
as photoconversion efficiency (PCE), Cs, and energy or power
density complicates direct comparison between proposed systems
[56, 57]. Achieving a unified framework for performance assess-
ment is therefore essential to accelerate technological transfer
and device optimization [58, 59].

This review provides an updated overview of the materials, archi-
tectures, and performance metrics that define today’s compact
photostorage devices research. Special attention is devoted to
2T integrated devices, inorganic-organic hybrid materials and
emerging trends in electrolytes and flexible substrates. By

mapping current advances and outlining persistent limitations,
this work highlights the pathways toward efficient, miniaturized,
and sustainable solar-powered energy-storage systems, capable of
meeting the rising energy demands of portable and wearable
technologies [5, 9, 58, 59].

2 | Theoretical Foundations

Energy storage plays a crucial role in the efficient utilization of
solar energy conversion. In this context, two main classes of
energy storage devices can be distinguished: batteries and capaci-
tors (or supercapacitors) [1]. These systems rely on fundamentally
different energy storage mechanisms, which strongly influence
their electrical characteristics and potential applications.

Conventional capacitors store energy electrostatically, enabling
high power densities while offering limited energy densities.
In contrast, batteries store energy chemically, providing high
energy densities at the expense of lower power densities [2, 3].
Supercapacitors combine several attractive features, including
power densities comparable to those of standard capacitors, short
charging times, and excellent cycling stability, while maintaining
E4 higher than conventional capacitors [2, 4]. Due to these com-
plementary characteristics, batteries and supercapacitors serve
different yet synergistic roles in energy storage applications.
Continuous research efforts are directed toward enhancing their
performance in order to bridging the gap between high energy
and high-power operation. Such developments are expected to
expand the practical applicability of supercapacitors, which cur-
rently remain a relatively emerging and developing technology.

From an application standpoint, batteries are particularly suited
for systems requiring sustained energy supply, whereas superca-
pacitors excel in rapid charge-discharge scenarios and high-
power pulses, making them ideal for small-scale or transient-load
devices. Depending on these operational distinctions, the integra-
tion of solar energy conversion systems with either of these stor-
age technologies offers diverse design strategies and performance
outcomes [1, 5]. Nonetheless, achieving efficient coupling between
a photo-conversion unit and the chosen energy storage component
demands careful materials selection, interface engineering, and
system optimization to ensure both stability and energy transfer
efficiency.

2.1 | Device Designs

The integration of energy conversion systems with energy storage
units can be achieved through a variety of architectural config-
urations [6] and by employing different types of devices [7, 8]. For
what concern the PV component, in particular, energy storage
elements have been successfully coupled with dye-sensitized
solar cells (DSSCs) [9], perovskite solar cells (PSCs) [10, 11],
and organic solar cells (OSCs) [8, 60]. Such integration aims
to combine solar energy harvesting and on-site energy storage
within a single, compact system.

As illustrated schematically in Figure la-c, three main device
architectures have been proposed to achieve this multifunctional
integration, both in PBs and PCs:

e Four-terminal (47T) configuration (Figure 1a): In this design,
the energy conversion unit and the energy storage device
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are connected externally through a conventional electrical
circuit. The two subsystems remain physically and func-
tionally distinct, allowing great flexibility in combining
different photovoltaic and storage technologies. Since the
interconnection relies on simple cabling, this configuration
does not require complex interface engineering and can
accommodate a broad range of material systems.

e Three-terminal (3T) configuration (Figure 1b): Here, the
conversion and storage units share a common electrode,
which simultaneously participates in both functionalities.
For instance, DSSCs have been coupled to capacitive
electrodes that exhibit good electrochemical compatibility
with the photoelectrode materials. This architecture repre-
sents a semi-integrated system, enabling closer interaction
between the photovoltaic and storage components while
maintaining partial structural independence.

e Two-terminal (2T) configuration (Figure 1c): The most
compact and fully integrated design consists of only two
electrodes. Typically, one functions as the photoactive
electrode for light-to-electricity conversion, while the
other serves as the energy storage electrode. In certain
cases, symmetric configurations have been reported, in
which both electrodes combine photoactive and capaci-
tive properties. In this design, the boundaries between
energy conversion and storage are effectively eliminated,
resulting in an actual integrated photo-rechargeable sys-
tem [8, 13].

Four- and three-electrode systems suffer from several intrinsic
limitations [14]. Their complex geometries and multiple external
connections lead to increased energy losses and, consequently,
lower storage efficiency [3]. In addition, these architectures
require a careful engineering of the electrical circuit to properly
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Schematic representation of (a) 4T, (b) 3T, and (c) 2T integrated devices and schematic mechanisms of (d) asymmetric PC, (e) symmetric

integrate the energy conversion and storage units. The 2T con-
figuration has emerged as a promising alternative to address
these issues. Its compact architecture enables the simultaneous
realization of both photovoltaic and storage functions within a
single integrated device. This multifunctionality makes the 2T
approach particularly appealing for the development of wearable
and portable photo-rechargeable systems.

Nevertheless, engineering such a device requires optimization of
numerous interdependent parameters, including the selection of
suitable photoactive materials, efficient charge-transport media
(electrolyte), and complementary counter-electrode or support
materials. Each component plays a critical role in determining
the overall electrochemical response and long-term performance
of the integrated system.

2.2 | Energy Conversion and Storage Mechanisms

Since batteries and supercapacitors rely on fundamentally dif-
ferent energy-storage mechanisms, their photo-rechargeable
counterparts also operate according to distinct working princi-
ples (Figure 1d-f) [15]. Both can generally be described as
two-electrode devices that integrate light harvesting, charge
generation, and storage within a single architecture [16]. The
first photo-supercapacitor (PSC) was introduced by Miyasaka
and Murakami in 2004 [1]. Their device consisted of a TiO,
photoelectrode coupled with an organic dye, a carbon-based
counter electrode exhibiting capacitive behavior and an ionic
electrolyte. Upon illumination, the dye absorbed photons and
generated electron-hole pairs. Electrons were injected into
the TiO, conduction band and then transferred to the activated
carbon electrode, while holes remained in the dye molecules.
The high surface area and porosity of the carbon material
enabled efficient charge accumulation, allowing the device to
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perform rapid charge and discharge cycles typical of supercapa-
citors, reaching a C; of 0.69 F cm™2, in 1 h of photocharging.

In general, the working process of a PC/PSC includes three main
stages: (i) light conversion (photon absorption and photocharge
separation) within the photoactive layer, (ii) migration of charge
carriers through their respective transport pathways, and
(iii) charge accumulation at the capacitive electrode, with the forma-
tion of an electric double layer (EDL), which (iv) finallycan release the
stored energy like conventional supercapacitors (Figure 1d,e) [17].

In contrast, PBs, despite a similar photo-induced charge separa-
tion process as a first step, store energy through faradaic redox
reactions rather than electrostatic accumulation. In these sys-
tems, the main stages are the following: (i) photogeneration of
charges, (ii) the photogenerated electrons migrate toward the
metal anode leading to the metal reduction, while the photogen-
erated holes are responsible of the species oxidation at the cath-
ode; finally, (iii) the stored energy can be released through the
inverse redox process, following the same working principle as
traditional rechargeable batteries (Figure 1f) [17].

While these general mechanisms describe the operation of PCs/
PSCs and PBs, practical implementations often vary due to differ-
ences in device engineering, material selection, and interfacial
design. In particular, PCs/PSCs architectures are commonly cat-
egorized as symmetric or asymmetric, depending on whether
both electrodes are composed of same or different materials
and functionalities. Such variations strongly influence charge
separation, transport, and overall energy-storage performance.
At last, additional charge storage mechanism can arise in PCs
and PSCs from highly reversible redox reactions typically local-
ized at the electrode surface, giving rise to devices presenting
pseudocapacitive or hybrid storage mechanisms.

2.3 | Challenges and Limitations

Despite more than twenty years since the first prototype, 2T
photo-rechargeable systems are still at an early development
stage, mainly due to several intrinsic limitations. One major issue
is charge recombination, which arises from the short distance
between electrodes in compact configurations. This can be
mitigated through careful electrolyte selection or by introducing
efficient charge-transport layers that promote carrier separation.

A further challenge lies in the dual role of certain materials,
which often perform well in either energy conversion or storage,
but not both simultaneously. Achieving a suitable balance there-
fore requires precise material pairing and interface design.
Additionally, the 2T configuration typically suffers from higher
internal resistance caused by complex interfacial processes
within multifunctional layers, leading to lower charge-discharge
potentials and reduced overall efficiency [18]. These constraints
explain why most integrated photo-rechargeable studies so far
have focused on 3T systems.Device and material engineering
are thus required to overcome these limitations and optimize
the performances of new-generation 2T devices.

3 | Materials

In view of developing light-driven energy storage devices, a wide
range of materials presents compelling properties as colloidal

solution of nanoparticles (NPs). In particular, doped transition
metal oxides as indium tin oxide (ITO) [61, 62], iron-doped zinc
oxide (IZO) [63], fluorine-indium doped cadmium oxide (FICO)
[64], niobium-doped titanium oxide (Nb-doped TiO,) [65], and
strontium titanate (SrTiOs) [66] nanocrystals (NCs) solutions
have shown charge storage properties under illumination, as a
consequence of photodoping [67]. Photo-chargeable nanomateri-
als in dispersion differ substantially from those used for other
dark reactions because their function relies on the light-driven
accumulation, stabilization, and controlled release of charges
within a fluid environment. In dispersions, the solvent, surface
ligands, and dynamic colloidal interactions play an essential role
in enabling long-lived charge separation, buffering local redox
changes, and preventing premature recombination [68]. These
features make dispersed nanomaterials highly adaptable plat-
forms for studying fundamental photocharging mechanisms,
as well as for tuning charge density and release kinetics through
chemical control of the medium. As one significant example,
Brozek et al. reported IZO NCs with an areal capacitance of
33 pF/cm? corresponding to 233 F per unit of NC volume.
Other inorganic compounds presenting energy-storage properties
related to photo- and electro-chromism and on-demand photo-
catalysis are colloidal solutions of metal sulfides as CdS, [69],
Ti-based metal organic frameworks (MOFs) [70], and organo-
functionalized polyoxometalates (POMs) [71, 72]. Remarkable
activity for delayed solar hydrogen evolution reaction and dye
degradation have been also reported for organic materials, i.e.,
dye-sensitized carbon nitrides (CNXx) slurries [73] and poly(hep-
tazine imide) salts [74]. As a result, these compounds represent
potential candidates as photoactive and energy storage layers in
PB and PC. Nevertheless, the charge storage properties of the pre-
viously mentioned colloidal solutions might not directly translate
when the same materials are deposited in thin film form. In fact,
the transition from liquid to solid state is accompanied by a
change in the dielectric of the NCs’ surrounding environment,
leading to a variation of the optoelectronic properties of the mate-
rial [75, 76]. The deposition of NCs on a substrate may also lead
to the formation of inhomogeneous or cracked film, enhancing
scattering phenomena and consequent charge losses [76]. Thus,
when integrated into photo-chargeable devices, these same nano-
materials must transition from freely diffusing colloids to archi-
tectures that permit efficient light absorption, scalable charge
storage, and mechanical or electrochemical stability. Devices
often require immobilization, percolation networks, or hybrid
solid-liquid configurations to mediate electron extraction and
minimize charge losses. In contrast, nanomaterials used for
traditional dark reactions operate without the need for prior
photocharging and instead rely on intrinsic catalytic pathways
or surface redox processes that proceed directly under reaction
conditions [77, 78]. As a result, while dark-reaction catalysts pri-
oritize sustained turnover and robustness, photo-chargeable dis-
persed nanomaterials must balance illumination-driven charge
accumulation, colloidal stability, and compatibility with device
interfaces—making their design challenges and operational con-
straints fundamentally distinct [79]. For this reason, efficient
coupling of light harvesting and charge storage is commonly
achieved via combination of layers of different materials, each
one contributing with a single functionality to the overall perfor-
mance of the device. These compounds are hereby introduced
and discussed, focusing on their implementation in both PB
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and PC as energy storage, charge transport and light absorbing
layers.

3.1 | Inorganic Materials

A wide range of materials exhibit promising properties for photo-
rechargeable applications, which can broadly be classified into
inorganic and organic categories. These two groups display dis-
tinct behaviors, primarily due to their different physicochemical
characteristics. Inorganic materials are typically investigated in
the form of nanostructures, such as nanocrystals, since the
nanoscale enhances charge accumulation and improves electro-
chemical performance. They are usually semiconductors with
well-defined bandgaps, and their intrinsic properties can be
tuned to modulate the optical and electronic behavior of the
resulting electrodes and, consequently, of the overall device
[19, 20]. Notably, inorganic compounds such as metal oxides,
metal sulfides, and perovskites are often combined with organic

(a) (b)

materials during electrode engineering to exploit their comple-
mentary advantages. Such hybrid architectures can balance
mechanical flexibility, light absorption, and charge-transport effi-
ciency, leading to improved device functionality [51, 52].
Representative examples of inorganic materials employed in
2T PBs and PCs/PSCs are shown in Figure 2 and discussed later
in the text.

3.1.1 | Metal Oxides

Among the various materials investigated for light energy har-
vesting and storage, transition metal oxides (TMOs) represent
one of the most extensively studied classes due to their semicon-
ducting behavior, structural versatility, and chemical stability
[80]. TMOs can exist in multiple crystalline phases and morphol-
ogies, each influencing their electrochemical and optical proper-
ties. Both the synthesis route and deposition technique critically
determine the resulting performance. In particular, nanoscale
TMOs, such as nanoparticles (NPs), are of great interest since
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FIGURE 2 | Schematic representation of some 2T photo-rechargeable devices based on inorganic materials: (a) Li-ion PB based on Cu,0/TiO,

photocathode. Reproduced under the terms of CC-BY 4.0 license [22], Copyright 2021, American Chemical Society. (b) Li-ion PB based on V,05 photo-
electrode: Reproduced under the terms of CC-BY 4.0 license [21], Copyright 2023, Wiley. (c) Charging and discharging mechanism of Li-ion PB based on
WO; photoanode. Reproduced with permission [23], Copyright 2025, Wiley. (d) Asymmetric PSC based on WO3;/MWCNTs dual-function electrodes.
Reproduced with permission [27], Copyright 2025, Elsevier. (¢) Zn-ion PSC based on ZnO NPs on MWCNTs photoactive electrode. Reproduced with
permission [54], Copyright 2024 Elsevier. (f) Flexible PSC based on CdS/NiCo,S, heterojunction as photoelectrode. Reproduced with permission [25],
Copyright 2025, Elsevier. (g) Symmetric PSC based on lead-free inorganic perovskite as dual-functional electrodes. Reproduced with permission [24],
Copyright 2023, Elsevier. (h) Li-ion PB based on lead-free perovskite photoactive electrode. Reproduced with permission [53], Copyright 2021, American
Chemical Society. (i) all-solid-state PB based on lead-free perovskite photoactive material. Reproduced with permission [55], Copyright 2024, Elsevier.
(j) Symmetric and asymmetric PSC based on MoCo/BiVO, composite photoactive material. Reproduced with permission [26], Copyright 2025, Elsevier.
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their high surface area enhances electrochemical activity, leading
to improved energy and power densities [81]. Interestingly,
TMOs NPs with controlled size and morphology can be obtained
adopting cost-effective synthetic approaches, such as liquid phase
synthesis (LPS) protocols (sol-gel, hydro/solvothermal synthesis,
electrodeposition) [82, 83], with a low economic and environ-
mental impact on the preparation of the active layer. TMOs
are widely employed as electrode materials for energy storage
because of their intrinsically high theoretical specific capacitance
(Cs) and their ability to form composites with carbon-based mate-
rials, which further enhance conductivity and stability [84].
Among them, titanium dioxide (TiO,) stands out as one of the
most representative and extensively investigated materials for
both energy conversion and storage applications. It is widely
employed as the electron-conductive and mesoporous compo-
nent inDSSCs [85-87], where its structural and electronic prop-
erties make it ideal for efficient charge transport [88, 89]. Recent
studies have focused on doping TiO, with elements such as
nickel [90, 91], magnesium [92], and other transition metals
to enhance light absorption, improve charge separation, and
ultimately increase the power conversion efficiency. TiO,-based
DSSCshave also been successfully integrated into photo-
rechargeable devices, where TiO, serves as the photoanode,
enabling the coupling of light-harvesting and energy-storage
functionalities within a single architecture [7, 9, 93, 94].
Ciria-Ramos et al. investigated a TiO,/Cu,O photocathode in
a lithium photobattery (Figure 2a), where Cu,O acted as the
light-harvesting material and TiO, as the capacitive element,
resulting in fast charge times and a conversion efficiency of
0.29% [22]. Another example is vanadium pentoxide (V,0s),
which has been employed as a photoactive electrode in lith-
ium-ion PBs, as reported by De Volder and coworkers
(Figure 2b) [21]. Their system achieved a PCE of 0.22% under
one-sun illumination. The same group also utilized V,05 as the
light-harvesting component in a zinc-ion PC, demonstrating its
versatility across different electrochemical configurations [95].
Furthermore, Banerjee et al. employed vanadium-doped iron
oxide nanoflowers as photoactive materials in aqueous PCs,
where doping extended the absorption window and improved
both the Cs and the long-term stability of Fe,O3 [96].

Building on the use of TMOs as photoactive materials in PBs,
Sajjad et al. recently employed tungsten trioxide (WO3) as a
photoanode, achieving high capacity and a PCE of up to 6%
in a 2T configuration operating over a wide voltage range
(Figure 2c) [23]. In another study, Momeni et al. combined
WO; with multi-walled carbon nanotubes (MWCNTS) to
enhance the capacitive response in an asymmetric 2TPC
(Figure 2d), confirming the suitability of WO; for integrated
energy devices [27]. The use of tungsten-based materials
further reflects the growing research focus on abundant,
environmentally benign transition metals for sustainable
photo-rechargeable systems.

Another representative example of this trend is manganese oxide
(MnO,). Yildirim and Das investigated its electrical behavior by
comparing pure MnO, and MnO,/graphene-based devices,
showing that the hybrid system exhibited superior performance
as a photodiode in a self-powered device [97]. Similarly,
Vanalakar et al. demonstrated that MnO,, when used as a
conductive material for supercapacitors, exhibited a notable

photoresponse under illumination, leading to the design of a
promising self-chargeable device [98].

Zinc oxide (ZnO) also represents a versatile and widely inves-
tigated photoactive material for energy-storage applications,
both in its pristine and doped forms [99-101]. Owing to its
favorable electronic structure and tunable morphology, ZnO
has been employed as a light-active electrode material in
PCs and PSCs [102]. As with other TMOs, its properties can
be further improved through compositional modification. For
instance, Eswaramoorthy et al. incorporated MWCNTs into
ZnO to enhance its electrical conductivity in a flexible PC
(Figure 2e) [54]. Sankir et al. reported ZnO nanoflakes grown
on reduced graphene oxide (rGO), showing that 16% rGO sig-
nificantly enhanced the photo-charging and storage capabilities
of the oxide in a 2T PSC device [103]. Likewise, Saini et al.
developed a PSC based on ZnO nanoparticles doped with
MWCNTs, demonstrating excellent capacitance retention
(Cr) and long-term stability over repeated cycles [104].

Overall, these studies demonstrate the crucial role of TMOs,
including TiO,, V,0s, Fe,03, WO3;, MnO,, and ZnO, in advancing
photo-rechargeable device research. Their structural versatility,
chemical stability, and tunable electronic properties make them
key components for achieving efficient, durable, and environ-
mentally sustainable 2T energy-conversion and storage systems.
The ability to tailor their composition, morphology, and interfa-
ces continues to drive progress toward next-generation integrated
photorechargeable technologies.

3.1.2 | Metal Sulfides

Following the extensive study of TMOs, metal sulfides (MSs)
have recently gained attention as promising alternatives for inte-
grated photorechargeable systems, owing to their high electrical
conductivity, multiple oxidation states, and strong redox activity.
Despite the wide use of TiO, in photo-conversion processes, its
sulfide analog, titanium disulfide (TiS,), remains comparatively
underexplored. Narayanan et al. reported TiS, as a photoactive
material for self-rechargeable Li-ionPBs, showing a higher lith-
ium-binding energy than TiO, and improved charge-storage
behavior. In their system, TiS,/TiO, nanosheets cathodes sug-
gested that the coexistence of oxide and sulfide phases can fur-
ther enhance device performance [105]. Recent literature
indicates that MSs are often combined with oxides [28, 29] or
used as binary systems due to their high redox activity, efficient
electron transport, and abundance of active sites [25, 31, 30]. Li
et al. developed a 2T PSC using a CdS/NiCo,S, heterojunction
photocathode (Figure 2f), combining the photoactive properties
of cadmium sulfide (CdS) with the pseudocapacitive response of
NiCo,S,, achieving promising energy and power densities,
though efficiency values were not reported [25]. Nickel- and
cobalt-based sulfides have also been widely explored: Lu et al.
studied NiCo,S; in both aqueous flow and sodium-ion PBs,
reporting moderate performance and limited cycling stability,
suggesting the need of further optimization [30]. More recently,
Najafi et al. electrodeposited a ternary MnNiCoS layer on TiO,
nanotubes, achieving an efficient photoactive electrode with
excellent photosensitivity and C; [31]. This work underlines
the synergistic advantages of combining MSs with TMOs,
leveraging their complementary optical and electrochemical
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properties to enhance the performance of integrated 2T photo-
rechargeable devices.

Altogether, by coupling strong redox activity with excellent charge
transport, MSs offer a powerful route toward high-performance
and durable 2T photorechargeable devices.

3.1.3 | Lead-Free Inorganic Perovskites and Perovskite-
Inspired Materials

All-inorganic halide perovskites (ABXs-type structures) have
attracted tremendous interest for photo-conversion applications
owing to their exceptional optoelectronic properties [32]. While
they are primarily employed in photovoltaics [106-108], recent
studies have extended their use to integrated systems capable
of both light harvesting and energy storage. Popoola et al.
reported a lead-free inorganic halide perovskite-inspired mate-
rial (PIM), Cu;Bi,lo, used in a symmetric PSC incorporating a
gel electrolyte (Figure 2g). The device exhibited enhanced Cj
under illumination and excellent Cg [24]. The shift toward
lead-free perovskites and PIMs is largely driven by safety con-
cerns related to Pb leaching in liquid electrolytes and by the supe-
rior environmental safety of lead-free alternatives compared with
their Pb-based counterparts. Accordingly, an increasing number
of studies are focusing on these low toxicity compositions [109].
Chesta et al. demonstrated the potential of a Ag, sCsg sBisl;o pho-
tocathode in aqueous zinc-ion PBs, achieving high stability and
good performance, confirming the viability of such PIMs for
future photo-rechargeable devices [33]. Lead-free perovskites
and PIMs have also been explored in lithium-ion PBs. Tewari
et al. employed a 3D Cs,NaBils PIM as both the photoactive
and energy-storage material, achieving promising rate capability,
cycling stability, and improved overall performance compared
with their earlier design (Figure 2a) [53, 110]. Similarly,
cesium-bismuth-based PIMs have garnered significant interest:
Li et al. used Cs3Bi,Bry as the photoactive component in a 2T
all-solid-state PB (Figure 2i), revealing that redox processes
involving bismuth play a central role in device operation.
Interestingly, they further demonstrated that multiple cells could
be connected in series to enhance total output performance [55].

Overall, lead-free inorganic perovskites and related PIMs com-
bine strong photoactivity, stability, and safety, positioning them
as promising materials for next-generation 2T photorechargeable
devices.

3.1.4 | Composite Materials

To achieve dual-function operation in photorechargeable sys-
tems, compact devices are often designed by combining two or
more materials through heterojunction engineering. A represen-
tative example is the work of Ramadi et al., in which the authors
integrated FeCo,0,4 nanoflowers with Bi,S; nanorods to form a
photoactive electrode for a 3T zinc-ion PSC. The device exhibited
excellent cycling stability and Cg [46]. Within the same class of
zinc-ion PSCs, Li et al. developed a two-terminal (2T) device
featuring a MoS,/NaTaO; heterostructure deposited on carbon
felt, achieving a significant enhancement in capacitance under
illumination and demonstrating a promising configuration for
photochargeable systems [47]. Other studies have also employed
molybdenum disulfide (MoS,) in hybrid devices, although most
examples involve coupling DSSCs with conventional supercapa-
citors in 4T architectures [111]. An additional innovative zinc-ion

PSC was reported by Liu et al., who utilized carbon-coated CdS
on ZnO nanorods as a composite photocathode material, achiev-
ing high stability with minimal loss of C [29]. Similarly, Momeni
et al. developed a 2T PSC combining manganese sulfide (MnS)
with a V,0s/BiVO, photoanode, which delivered enhanced Cs,
higher P4, and improved stability compared to bare vanadium
oxide composites, attributed to superior light absorption and
faster charge transfer [28]. In a related study, Momeni,
Renani, and coworkers reported a molybdenum-cobalt sulfide
(Mo—-Co-S) coupled with bismuth vanadate (BiVO,) for use in
PSCs, comparing symmetric and asymmetric 2T configurations
(Figure 2j). Both systems showed good performance, but the
asymmetric design exhibited higher power and E,4, confirming
its superior suitability for direct light-energy storage applications
[26]. Even if both the systems presented good properties, the
asymmetric device showed higher power and Ejy, indicating
the best suitability of this configuration for direct light-energy
storage applications. TMOs and MSs are often coupled to reach
outstanding properties, as in the work of Kajana et al., in which is
presented a Ag,CrO,/SnS photoanode for PC device [112]. They
obtained a promising Cs and demonstrated a good stability after
50 cycles of cyclic voltammetry. In contrast to PSCs, PBs incor-
porating composite materials remain relatively rare. Cui et al.
presented a 2T PB featuring a LiFePO,/TiO, composite photo-
cathode paired with a Li-ion anode, which showed increased
capacity under illumination and improved overall performance
compared to conventional LiFePO, cathodes, highlighting the
potential of composite architectures to enhance both energy con-
version and storage properties [113].

Collectively, composite and heterostructured designs offer a pow-
erful strategy to boost efficiency and stability in compact 2T
photo-rechargeable technologies.

3.2 | Organic Materials

As shown in the previous chapters, PSCs and PBs are complex
systems that often require careful engineering and material-
choice in order to optimize both the light harvesting and the
energy storage. The rapid expansion of the Internet of Things
(IoT) and the growing demand for portable and wearable sensors
also call for devices that could power such tools while being com-
pact, flexible, and lightweight at the same time. In this context,
organic materials are crucial to combine efficiency requirements
with cost-effectiveness and versatility. Therefore, this vast class of
materials with unique and tunable structural and electronic
properties has been raising a large wave of interest in the field
of compact PCs and PBs. Organic materials gained particular suc-
cess to produce PSCs thanks to their implementation in several
compartments of the final device. Dyes are commonly employed
in the photovoltaic (PV) unit of both PCs and PBs, while conduc-
tive polymers and graphitic carbonaceous materials are usually
ideal (super)capacitive materials. There are also examples of
organic electrolytes (see Section 5), which represent an intriguing
but challenging alternative to the more common water-based
ones. This section, instead, presents a brief and general overview
of the most recent developments of compact PB and especially
PC/PSC architectures that feature organic materials. These are
divided into three macro classes, according to their chemical
nature: carbon nanomaterials, dyes, and photosensitive organic
molecules and conductive polymers. The discussion focusses on
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their use for 2T PCs/PSCs, as it is the main field of application,
but some of the most recent development of organic materials for
PBs are also listed.

3.2.1 | Carbon Nanomaterials

3.21.1 | Nanocarbons. Nanocarbons are a broad class of
organic materials that comprise a wide range of structures,
among which are activated carbon (AC) and porous carbon.
They have been extensively used as electrode materials in the
energy storage unit PSCs, thanks to the low cost, high specific
surface area, and conductivity [114]. These properties make them
ideal candidates for supercapacitors, achieving high power out-
put energies and allowing fast charge-discharge rates. In partic-
ular, the great specific surface areas that characterize these
materials radically boost the capacitive charge storage by adsorp-
tion of the ions at the electrode—electrolyte interface (electrical-
double-layer capacitors, EDLCs) [115]. In PBs, nanocarbons are
mainly chosen as electrode materials and flexible substrates, but
their use as conductive additives and charge stabilizers is also
rapidly growing [116]. The fabrication of hybrids by combining
nanocarbons with conductive polymer or metal oxides is also
able to radically increase the pseudocapacitive behavior, thus
leading to greater E4 [117, 118]. Activated carbon and porous car-
bon were the first materials to achieve commercial success for the
production of electrodes for EDLCs. AC is obtained by physical or
chemical activation processes that enhance the porosity, specific
surface area, and conductivity. The materials are easily fabricated
starting from cheap and available sources like coal, wood, or even
bio-wastes, which are heated at temperatures between 400°C and
800°C in the presence of KOH, H;PO,, or ZnCl, (chemical acti-
vation) or treated between 800°C and 1000°C in flow of CO,, air,
or steam (physical activation). The result is a porous structure
with high cycle stability, chemical resistance, and surface areas
up to 3000 m? g~* [119, 120]. Templating approaches are also fre-
quently adopted in the synthesis of porous nanocarbons in order
to specifically tailor the porosity and thus control the electrode
behavior [121, 122]. The first example of AC use in a PC dates
back to the pioneering work of Miyasaka et al., who combined
a dye-sensitized solar cell (DSSC) with an activated-carbon-based
SCs in a two-electrode setup, which represents the first example
of a charge-storage device powered by solar light [1]. This super-
capacitor achieved a specific capacitance of 0.69 F cm™2, but the
same research group was able to reach a fivefold higher energy
output with a three-electrode setup also using AC [123]. Lately,
Bhaumik et al. reported a new 2T organic PSCs (Figure 3a),
where activated charcoal served as eco-friendly and cost-effective
active electrode material and 2-nitrobenzaldehyde as electrolyte
[34]. The authors demonstrated the non-ionic 2-nitrobenzalde-
hyde undergoes photo-induced transformation into benzoic acid
derivatives and transient ionic species that act as electrolyte. The
final device displayed a high specific capacitance of 90 F g~! cm™>
and good cycling stability upon illumination by a white LED with
a power of 70 mW cm ™2

3.2.1.2 | Carbon Nanotubes. Carbon nanotubes (CNTSs) are
another huge class of porous carbon nanomaterials generally
classified in single-walled (SWCNTs) orMWCNTs depending
on the number of graphene layers. Their distinctive mechanical
and thermal stability, unique porous structure, and high conduc-
tivity made them suitable high-power electrodes in SC [124].

More specifically, CNTs are characterized by networks of inter-
connected mesopores, which facilitate the diffusion of the elec-
trolyte, hence resulting in lower equivalent series resistance
(ESR) values than AC [125, 126]. Owing to the great conductivity
and the accessible pores, CNTs can accumulate charges via
non-Faradaic mechanism—making them EDLCs—but the lower
specific surface area compared to AC (<500 m* g™') leads to
lower E4 [2]. Typical PCs leverage the mechanical and electrical
properties of CNTs by hybridizing them with other materials
such as conductive polymers or metal oxides. Already in 2012,
Peng and coworkers reported the use of polyaniline (PANI) to
coat a MWCNTs film, thus obtaining a PANI-MWCNTSs compos-
ite, that showed a boosted specific capacitance of 208 F g* in
comparison with the 48 F g™ of the sole MWCNTSs electrode
[40]. The overall photoelectric conversion and storage efficiency
however dropped from 5.12% to 4.29% upon PANI incorporation,
probably due to reactions of the polymer with the CNTs. A later
work by Liu et al. reported a 2T SC made by self-supported gra-
phene/CNT hollow fibers featuring a high PANI mass loading
both on the inner and outer surface [41]. The material exhibited
a specific capacitance of 472 mF g™' and was able to replace the
Pt wire in fiber-shaped DSSC leading to a power conversion effi-
ciency of 4.20% and an overall efficiency of 2.1% of the integrated
PC. The light-assisted symmetric supercapacitor fabricated by
Momeni et al. that featured hydrothermally synthetized WO,
already mentioned in Section 3.1, integrated this metal oxide
with MWCNTs [27]. The initial MWCNTs-WO; supercapacitor
was sandwiched between a graphite layer and an FTO glass
showing specific capacitance of 47 mF cm™ and a 25% increase
in capacity under illumination, surpassing the performances of
the pure WO; electrode. In PBs, CNTs are incorporated into
the photoelectrode materials since they are able to significantly
improve the photovoltaic conversion efficiency by reducing the
recombination of the excitons and accelerating the electron
transport. CNTs have been successfully used as photocathodes
in Li-CO, batteries in combination with carbon nitride [42]
and in Zn-ion batteries as covalent-organic-framework/carbon
nanotubes (COF/CNTs) hybrids [43].

3.21.3 | Graphene and Derivatives. Graphene and its
derivatives, such as graphene oxide (GO) and rGO, are a para-
mount category of carbon nanomaterials for the development
of PSCs. Graphene is one of the most common electrode materi-
als for energy storage devices since it combines high specific
surface areas and strong electrical conductivity with excellent
mechanical stability and flexibility, necessary for wearable elec-
tronic devices. On the other hand, the oxygen-containing func-
tional groups of GO make it a suitable semiconductor for light
absorption in the visible range, and the partially restored sp* car-
bon system of rGO enhances the conductivity and lowers the
energy barriers for photoelectron transfer from photosensitive
materials (e.g., perovskites) [10]. Therefore, graphene is com-
monly used alone or in combination with conductive polymers
or metal oxides in SCs, where it stores charges acting as an EDLC
[44]. Instead, rGO can function both in the SC part as conductor
[45] or in the PV component as supportive material or electron
transporting layer [127]. The versatility of graphene and its deriv-
atives made possible their integration into a wide range of differ-
ent architectures and devices. Plenty of reviews have been
published in the latest years summarizing the progress done with
these materials and their composites in PCs and PSCs with
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FIGURE3 | Examples of organic materials use in PCs/PSCs and PBs. (a) Scheme of a 2T PC built in the cuvette, which was used to power a small red

LED after photo-charging under white light. Reproduced under the terms of CC-BY 4.0 license [34], Copyright 2025, Wiley. (b) Digital photo of a planar
micro-supercapacitor on a Si wafer (left) and high-resolution TEM image of graphene quantum dots (right). Reproduced with permission [35], Copyright
2025, American Chemical Society. (c) Schematic illustration (left) and digital photo (right) of a direct PB featuring K-PHI as electron storage material,
F8BT as hole transport material and PEDOT:PSS as hole storage material. Reproduced under the terms of CC-BY 4.0 license [36], Copyright 2023, Royal
Society of Chemistry. (d) A compact PSC configuration exploiting rGO and a dye in the active layer and of the charging-discharging processes.
Reproduced with permission [37], Copyright 2025, American Chemical Society. (e) Schematics of a PB with lithiated TKL as photocathode and detail
of the light-assisted reactions that take place during charge-discharge cycles. Reproduced with permission [38], Copyright 2021, American Chemical
Society. (f) An ambient PC with the detail of the reversible redox reactions and the chemical structures of the polyviologen polymers used in the

asymmetric device. Reproduced under the terms of CC-BY 3.0 license [39], Copyright 2024, Royal Society of Chemistry.

various architectures [5, 7, 128-131]. Concerning the PBs, gra-
phene demonstrated to be useful in the PV unit for suppressing
the back-transport reaction, leading to higher energy conversion
efficiencies [132]. rGO, instead, was used in combination with
V,05 by Boruah et al. in 2-electrode solar-driven Zn-ion batteries,
leading to an enhancement in the transport of the photogener-
ated electrons [133]. A recent research field under exploration is
related to microsupercapacitors (micro-SC), which basically rep-
resent traditional SC at the microscale, investigated as miniatur-
ized energy storage devices for flexible microelectronics [134].
Suitable candidates materials in such context are graphene
quantum dots (GQDs), nanoscale fragments of graphene with
improved electrical conductivity and high specific surface area.
They have lately been applied by Zhang and coworkers in combi-
nation with graphene to build a planar micro-SC (Figure 3b) with
a 2T architecture via photolithography, reaching a characteristic
frequency of 51,379 Hz and a noteworthy output Py of 14.76 W cm™>
[35]. GQDs also demonstrate tunable photoluminescence prop-
erties due to the quantum confinement effect and show light
adsorption over a broad range of wavelengths in the visible spec-
trum. That is why they have been used as sensitizers in DSSCs
[135] and as the active layer in organic PV devices [136].

Differently from the carbon nanomaterials previously intro-
duced, which found most of the applications in PCs and PSCs,
graphitic carbon nitride (g-C3;Ny, or simply CN) has been inves-
tigated mainly for PBs. For instance, in 2015, Liu et al. reported
for the first time the use of this material in a LiO, battery, where
it acted as photocatalyst to reduce the charging voltage [137].
More recently, the group of Lotsch showed that potassium
poly(heptazine imide) (KPHI), an ionic derivative of CN, could
be used as bifunctional solar battery photoanode combined with
organic hole transfer and storage materials (Figure 3c) [138].
They found that simultaneous energy conversion and storage could
be achieved in a single device with a round-trip efficiency of 94%.

3.2.2 | Dyes and Photosensitive Organic Molecules

The core aspect of PCs and PBs that differentiate them from stan-
dard and well-known SCs and batteries is the capability of storing
energy from the photons. Therefore, efficient solar harvesting
and light absorption over a broad spectral window is a pivotal
requirement for the development of these devices. Key technol-
ogy in the field are DSSCs, which rely on the use of dyes and
photosensitive organic molecules. These organic compounds
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are usually adsorbed on the surface of a wide band semiconduc-
tor (usually TiO,) acting as sensitizers. In a typical DSSC-based
PC, dye molecules are photoexcited by absorbing the incoming
photons and inject the excited electrons into the conduction band
of the TiO, photoanode. The photogenerated electrons are trans-
ported through an external circuit to the counter electrode and
finally stored in the charge storage unit, while the oxidized dye is
reduced back to its neutral state thanks to electron transfer for
the redox couple (typically I;~/1") present in the electrolyte [139].
Since this process is critical for continuous charge generation, an
ideal photosensitizer must meet important criteria such as broad
spectral coverage, suitable energy level alignment, and good sta-
bility and adherence to the TiO, [140]. Thanks to their facile and
cheap fabrication, transparency, and excellent efficiency even
under indoor light conditions, DSSCs have been a pivotal com-
ponent of PCs for years. In 2004, Miyasaka et al. exploited a DSSC
based on the Ru complex dye cis-bis(isothiocyanato)bis(-bipyr-
idyl--dicarboxylato)-ruthenium(II)bis-tertabutylammonium to
build the first documented solar-charged SC system [1]. Since
then, the research on PCs and PSCs leveraged a huge variety
of dyes and photosensitive organic molecules as sensitizers,
which have also been applied as photocathodes in PBs . They
can be categorized mainly into metal-based complexes, metal-
free organic dyes, and natural dyes [130]. For the broadness of
the topic, the discussion herein is limited to selected PCs and
PBs devices with a 2-electrode setup of recent works. The readers
interested in a wider report on dyes and PCs with other architec-
tures are addressed to the review of Freitag et al. [79] as well as on
the newly released one by Li et al. [18]. Among the metal-based
dyes, Ru complexes are the most effective sensitizers. In particu-
lar, the Ru-polypyridyl complexes were able to achieve excellent
photoconversion efficiencies thanks to the geometrical structure
of the ligand, tunable photo(electro)chemical properties, chemi-
cal stability, and solubility [1, 141]. A recent review was written
by Colombo et al. exploring the latest advances on Ru-complexes
in DSSCs [142]. In PC devices, two of the most used Ru-based
dyes are N3 and N719. The latter was chosen as photoactive
material by Surana and coworkers to fabricate a new 2-electrode
PC (Figure 3d) where both electrodes have a layered architecture
of rGO and TiO, [37]. They reported a specific capacitance of
20.3 F g~', which was more than doubled when the back electrode
was substituted with simple conductive carbon (43.5 F g™%).
Metal-free dyes and natural dyes and are often preferred to metal
complexes as more eco-friendly and low-cost alternatives. The
former are synthetized with an electron donor moiety (D)
bridged to an electron acceptor one (A) by a x system creating
a D-z-A structure. The researchers, however, focused on applica-
tion in solar cells rather than compact PCs and PCs, hence leav-
ing this field open for future integration of the already studied
DSSCs into photo(super)capacitors [130, 143, 144]. The latter
have also been rarely explored for the production of PCs, with
only one noteworthy work from Das et al., where hibiscus dye
served as co-sensitizer for TiO, together with CdS quantum dots
[145]. However, natural dyes found a more successful field of
application in PBs. For instance, tetrakislawsone (TKL)—a nat-
urally occurring quinone-based compound—was employed by
Kato and coworkers in a Li-ion PB (Figure 3e) as material with
dual functionality: charge storage and light harvesting [38]. Upon
light absorption, lithiated TKL generated electron-hole pairs: the
holes oxidized the lithiated TKL to TKL, while the electrons
flowed to the Li anode. The authors observed a rise in charging

current, specific capacity, and Coulombic efficiency under irra-
diation, thus assessing the dual function of TKL.

3.2.3 | Conductive Polymers

Conductive polymers are highly conjugated molecules that can
give a fast delocalization of electrons along their backbone, thus
possessing intrinsic conductivity that facilitates electron trans-
port [2]. These properties make them important pseudo-capaci-
tive materials, which store charges via fast and reversible
Faradaic redox reactions both in the surface and in the bulk
of the electrode. Hence, conductive polymers can dramatically
increase the specific capacitance of SCs reaching higher capaci-
tance values than EDLCs, which store charges via non-Faradaic
processes [146, 147]. These characteristics, along with their
intrinsic flexibility and facile hybridization with carbon nanoma-
terials or metal oxides, are crucial in the development of high-
performance and wearable PSCs. Conductive polymers have
been used across several PSCs devices, acting as counter electrode
in the PV unit or, more often, as charge storage electrode in for
the PSC unit in integrated 2T architecture [15]. They have also
been leveraged in PBs principally as hole-transporting layers or
pseudocapacitive cathodes thanks to their ability to coordinate
energy harvesting, charge transport, and charge storage [148]
The most commonly employed polymers in PSCs include poly-
aniline (PANI), polypyrrole (PPy), (3,4ethylenedioxythiophene)
(PEDOT), and their composites. Yet, the field is rapidly expand-
ing toward other molecules and hybrids that will be shortly dis-
cussed. PANI is obtained by the polymerization of aniline
monomers, and it is frequently chosen for its pseudocapacitive
properties and ease combination with carbon materials. Back
in 2015, polyaniline was used by Yin et al. to build one of the
first noteworthy examples of all-in-one 2-electrodes PSC [149].
The authors fabricated a dual-acting electrode using PANI/
CNTs film, which was able to simultaneously convert and store
solar energy without the need for a PV integration, thus achiev-
ing specific capacitance of 140 F g'. The use of PANT as a coating
for nanocarbon or stainless-steel wires in was reported in several
other works on 2T PSCs, always resulting in improved capacitive
behavior [41, 40, 150, 151]. In the field of PBs, a recent work by
Chen et al. reported a novel photorechargable Al battery with
PANI photoelectrodes and safe ionic liquid electrolyte [152].
The device presented enhanced reversible specific capacity of
~191% over 500 cycles under illumination in the range of wave-
length 320 nm to 780 nm. PPy is synthetized by oxidative poly-
merization of pyrrole, and it is characterized by high
conductivity, stability, and flexibility. For these reasons, it has
been extensively used as charge storage electrode in DSSCs-based
[153] or perovskite-based [12] 2T systems that leveraged its pseu-
docapacitive behavior. A new work by Momeni et al. reported the
fabrication of a flexible and lightweight symmetric 2T PSC with a
dual photoelectrode, which was produced by photoelectrochem-
ical deposition of Te on a PPy-V,0s film [154]. The final device
used PVA-LIiCl electrolyte and reached specific capacitance val-
ues of 131 mF cm™2 and 45 mF cm™ at 1.0 and 3.0 mA cm™>
respectively, with an excellent retention of 93% of capacitance
after over 12 000 cycles. PEDOT is the polymer of 3,4-ethylene-
dioxythiophene, and it is often coupled with polystyrene sulfo-
nate (PSS) to form a PEDOT:PSS composite where PEDOT
provides electrical conductivity and PSS enhances stability and
processability. PEDOT alone has been used in PBs [153] and
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2T PCs [154] as charge storage electrode. The composite PEDOT:
PSS, thanks to its flexibility and facile manufacturing, was fre-
quently adopted for flexible 2T PC devices [155, 156]. Lately,
Gouder et al. adopted PEDOT:PSS as the hole-storage material
cathode layer in a K-PHI-based solid-state solar battery [36].
The polymer composite operated by reductively quenching the
holes photogenerated by the n-type K-PHI. Thus, the final device
showed an increase in the energy and charge output by 60% and
63% respectively under 1 sun illumination. The versatility of this
material is also fostering research in other fields, such as organic
photovoltaics [157], bioelectronics [158], and thermoelectric
applications [159]. In addition to these traditional conductive
polymers, researchers have investigated other materials that
can be suitable for the next-generation PCs and PSCs. Lately,
Florez-Diaz et al. have employed for the first time polyviologens
(PVNs) to build a new asymmetric SC and integrated it with a
DSSC in a 3T PC [39]. Although lying outside of the purpose
of this review, the three-electrode device worth mentioning for
its innovative choice of the materials, performances, and real-life
application. Indeed, the so called “ambient photocapacitor”
(Figure 3f) achieved formidable power conversion and photo-
charging efficiencies of more than 30% and 18%, respectively,
and proved to reliably power a multilayer IoT network at
500 Lx for 72 h. All these findings show how the field of poly-
mer-based photo(super)capacitors is in rapid and incremental
expansion, paving the way for new, adaptable, and more sustain-
able power-sources for the technology of tomorrow.

4 | Electrolytes

The electrolyte is a key component in energy conversion and stor-
age devices, as it enables charge transfer and the movement of
electrons and holes. While many studies have focused on electro-
lytes in PBs and PSCs [48, 49], a detailed discussion of this topic is
outside the scope of this review. However, it is still relevant to
outline the main types of electrolytes used in PBs and PSCs.
These can generally be divided into three categories based on
their physical state: solid, gel, and liquid electrolytes, each with
its own benefits and drawbacks. In the study by Chauhan et al., a
significantly enhanced electrochemical capacitance was reported
when using a liquid electrolyte compared to a solid-state one in a
ZnO nanowire-based PSC [50]. As previously mentioned in the
Section 4, an innovative contribution by Morag and coworkers
demonstrated a self-chargeable PSC employing a photosensitive
organic electrolyte—specifically, 2-nitrobenzaldehyde dissolved
in 0.5 M H,SO,, to improve ionic conductivity. This electrolyte
enabled a high C; and excellent cycling stability in a simple
device based on activated carbon electrodes [34]. Sulfuric acid
is frequently used in aqueous-based electrolytes, as in the previ-
ously mentioned WO3;/MWCNTs asymmetric PC, where a PVA/
H,SO, gel electrolyte was adopted [27]. Remaining within
the framework of WOj; as a photoactive material, a mixture of
ethylene carbonate and diethyl carbonate was employed as the
electrolyte in a Li-ion PB, leading to the formation of a
solid—electrolyte interface upon charge separation [23]. The same
electrolyte was also applied in the Cs;Bi,Io PIM-based PB in the
work of Tewari et al. [53]. Overall, aqueous electrolytes are com-
monly employed in PCs and PSCs based on TMOs or MSs,
particularly when these materials are not integrated with
carbon-based structures. The relevance of such electrolytes lies

in their environmentally friendly nature, which enables the
development of sustainable systems suitable for wearable devices
or indoor light-harvesting applications. The main limitation of
employing aqueous electrolytes, especially in PCs and PSCs, is
represented by the operating voltage, theoretically restricted to
1.2 V owing to the occurrence of water splitting. Nonetheless,
several strategies can be adopted to overcome this limit [160].
This represents a promising direction for future research, open-
ing new opportunities for practical implementation.
Nevertheless, it should be noted that in many cases, charge-
transfer properties are significantly enhanced when using
organic electrolytes. This improvement is often associated with
the frequent use of carbon-based materials in energy storage
devices, which typically require organic-type electrolytes to
achieve satisfactory performances. Although certain organic elec-
trolytes may raise toxicity concerns, these can be mitigated by
adopting polymer-based gel electrolytes, even if their implemen-
tation may demand additional engineering in device fabrication.
In ion-based PBs, the electrolyte typically contains metal ions, as
summarized in Table 1 (vide infra). Since the electrolyte compo-
sition is strongly interconnected with the overall device architec-
ture and performance, it deserves a critical investigation
alongside the study of the photoactive materials. A concise over-
view of the most employed electrolytes is provided in Tables 1
and 2 (vide infra) [161, 162].

5 | CEs

Another critical aspect to be considered for assembled devices is
the influence of the counter electrode (CE) on the overall perfor-
mance. The intrinsically different operating mechanisms of PBs
and PCs/PSCs require treating such component separately, for
the two photo-charging systems. As summarized in Table 1,
the most common configuration relies on metal-ion battery-type
CEs, where the CE consists of a suitable metal and its corre-
sponding ion. Among these, lithium-based systems remain the
most widely studied, making Li/Li* CEs a natural choice for inte-
gration with emerging photoactive electrodes and often resulting
in high specific capacitances, as reported in Table 1 [21-
23, 38, 41, 105, 110, 113]. Examples employing zinc/zinc-ion
CEs are also reported, representing a viable alternative within
the broader family of metal-ion configurations and offering per-
formances comparable to those achieved with Li/Li* systems
[33, 43, 133]. Conversely, only a limited number of reports
explore organic CEs; these studies nevertheless illustrate that
highly variable outcomes can be obtained depending on the
nature and compatibility of the materials constituting the full
device [36, 138].

In the context of PCs/PSCs, the role of the CE must also be consid-
ered in relation to the device architecture. As illustrated in Figure 1d,
e, two main configurations are possible, depending on the composi-
tion of the CE. In asymmetric PCs [27, 31, 46, 47, 54, 96] (Figure 1d),
the CE material differs from that of the photoactive electrode,
whereas in symmetric PCs [154] (Figure 1e), both electrodes are con-
structed from the same material, allowing illumination from either
side of the device. Although this bidirectional illumination can be
considered an added advantage, its practical impact is often limited
by the use of transparent conductive substrates (e.g., fluorine-doped
tin oxide) as current collectors, which generally exhibit lower
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conductivity and electrochemical performance compared with
metal-based collectors such as titanjum or copper foils.
Table 2 compiles the range of CE materials employed in PCs/
PSCs alongside their corresponding device performances, show-
ing that both the intrinsic properties of the CE and its interaction
with the full device architecture critically affect the electrochem-
ical behavior.

6 | Device Performance

When analyzing 2T devices, it immediately becomes evident that
comparing their performances and identifying the key strengths
of the selected materials is a challenging task. This difficulty pri-
marily arises from the absence of standardized protocols that
would allow a rapid and transparent evaluation of the complete
device characteristics. This issue stems from the fact that each
device represents a combination of multiple components, such
as the photoactive material, conductive substrate, electrolyte,
separator, and counter electrode, all of which collectively influence
the overall working mechanism and performance.Therefore, it is
essential to consider all relevant variables and parameters used in
each study and to clearly recognize the limitations of the compared
examples. In the Figure 4a, it is summarized a schematic represen-
tation of a 2T photo-rechargeable device, presenting the important

parameters (on the left) related to the photoactive electrode, with
is energy conversion functionality, and the characteristic perform-
ances of the counter electrode, which together with the charge
transport material, and the other components, is responsible of
the energy storage functionality. The highlighted PCE and C; of
some devices explored in this review are reported in Figure 4b-d.
To facilitate comparison and provide a clearer overview, two sum-
mary tables are presented at the end of this section, highlighting the
main features and performance trends of the devices discussed in
this review (Table 1 for PBs and Table 2 for PCs).

6.1 | Photo Conversion Efficiency (PCE)

This parameter is a key metric in photo-rechargeable devices, as it
indicates how efficiently a material can convert incident sunlight
into electrical energy under operating conditions. Sunlight con-
tains photons spanning a broad range of energies, yet only photons
with energies above the material’s bandgap can be absorbed and
contribute to current generation [164]. Consequently, PCE is
almost always reported in studies focusing on energy conversion
systems, including solar and photovoltaic cells, since it is one of
the most important performance indicators. The upper efficiency
limit is fundamentally constrained by the Shockley-Queisser limit
for the specific bandgap. Light-to-energy conversion efficiency
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FIGURE 4 | (a) Schematic representation of a 2T photo-rechargeable device, with important parameters used to evaluate the light harvesting unit

and the energy storage unit; (b) PCE comparison between different photoactive materials-based PBs under 1 sun illumination [21-23, 33, 53, 55]; (¢c) Cs

trend against scanrate between different photoactive materials-based PCs, performed under 1-sun illumination [24, 54, 112]; and (d) C; trend against

current density between different photoactive materials-based PCs, performed under 1-sun illumination [27, 46, 163].
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depends strongly on both the material properties and the device
configuration, mainly due to different loss mechanisms [165, 166].
PCE represents the fraction of incident light converted into elec-
trical energy, making it essential to clearly specify the illumination
conditions used during testing. While solar simulators are most
employed, LED-based illumination is also used in some studies.
However, the PCE measured under 1-sun illumination can differ
significantly from that obtained under LED light, depending on
the spectral range that the material can effectively absorb. The
duration of continuous illumination is another key factor influenc-
ing device performance. Prolonged light exposure can lead to
increased temperature, which may cause a decline in PCE and
induce structural or compositional changes in the active material.
Therefore, both the illumination type and duration must be care-
fully controlled and reported to ensure reliable evaluation and
comparison of device performance. Examining a fully integrated
device capable of both converting sunlight into electrical energy
and storing it, the energy storage subsystem becomes a critical
component to assess. Consequently, several studies place
increased emphasis on the storage performance and intrinsic
properties of the selected materials, neglecting the harvesting
aspect. PCE is, when reported, evaluated as in a photoconversion
system, considering only the harvesting unit performance and it is
deeply different from the photocharge efficiency (or overall energy
conversion efficiency, OECE), which considers both the conversion
and storage process, and which is of course derived from different
parameters according to the electrostatic charge system of a PC and
a chemical charge system of a PB. The development of a clear pro-
tocol for the evaluation of PCE and OECE for 2T devices is neces-
sary to provide a reliable insight on their performances. PCE is in
some cases evaluated in PB-type devices: Accordingly, we present,
in Figure 4b, a comparative plot of the PCE values obtained under
one-sun illumination for different photoactive materials of interest.
It is evident the promising PCE of the WO; based electrode in
Li-ion batteries obtained from Sajjad and coworkers, reaching
a value of almost 6% [23].

6.2 | Specific Capacitance (Cy)

The primary parameter used to assess the performance of an
energy storage device is the C;, which represents the amount
of charge that can be stored relative to the amount of active mate-
rial, in terms of mass or area. A higher C; indicates superior
capacitive behavior of the electrode material and, consequently,
improved overall device performance. Accordingly, a major focus
of current research in the energy storage field is the identification
of suitable materials and the optimization of device architectures
to enhance Cs emphasizing the central importance of this param-
eter in determining system efficiency [56, 119]. Moreover, Cs is
typically enhanced under illumination, owing to storage of pho-
togenerated charges, resulting, in 2T devices, in a deep intercon-
nection of this parameter with the light harvesting ability of the
active material. For this reason, the comparison of Cs values
retrieved via tests performed in dark and under illumination
can provide an initial evaluation of the device photo storage per-
formance. Energy storage devices are frequently based on 2D
materials, as it is well established that a larger surface area ena-
bles the accumulation and storage of a higher amount of charge.
For this reason, Cs is often reported with respect to the surface
area of the functional electrodes. While this approach is

informative, it is not directly comparable to C; values calculated
on the basis of the active material mass loaded onto the conduc-
tive substrate, which is also a common practice in some studies.
The gravimetric capacitance, as well as parameters as Eq and Py
(Section 6.3), are often reported for systems presenting very small
mass of active material, leading to exceptionally high, but mis-
leading, performances [167]. The evaluation of Cy/E4/Py varia-
tion with different mass loading could offer an insight on how
the active mass influences the computation of these parameters.
The charge storage capacity of a material can be improved by
adjusting various parameters related to device engineering.
Therefore, it is important to consider factors such as the counter
electrode configuration (and, in PCs/PSCs, whether the device is
symmetric or asymmetric), the electrolyte, the separator, and the
charge storage mechanism, which, as discussed in Section 1, dif-
fers depending on whether the device behaves as a (super)capac-
itor or as a battery. Each material may respond differently to
these parameters, requiring careful optimization of the device
architecture to achieve the best performance. Reporting Cs, it
is important to consider the influence of the experimental param-
eters used, as they have a significant impact on the resulting val-
ues. Cs is often expressed as a function of the scan rate in CV
measurements or as a function of current density in galvanostatic
charge-discharge (GCD) experiments. These two methods provide
different approaches to determine this data, often yielding slightly
different values. Consequently, direct comparisons between capaci-
tances obtained from CV and GCD are not straightforward, repre-
senting an additional challenge in evaluating different devices.
Given these discrepancies, it is crucial to identify the most accurate
procedure to extract realistic capacitance values. Studies have been
dedicated to this topic, aiming to establish a reliable protocol for
performance evaluation in the future [57]. In this review, we pres-
ent the C; trends of selected materials measured under comparable
conditions, allowing for partial comparison. These results are sum-
marized in Figure 4c,d, noting that all data refer to PC-type devices.
From these graphs the Ag,CrO, coupled with SnS [112] presents
an incredibly high Cs compared to the other evaluated from the
CV, highlighting the already discussed importance of TMOs cou-
pled whit MSs. Based on GCD measurements, the device present-
ing the FeCo,0,/Bi,S; heterojunction [46] reach a C of 744 mF
cm™2, quite high value than the others presented, confirming as
written above. The impossibility of comparison between the two
graphs suggests the necessity of standard operating condition,
and the C; obtained from a CV measure could be a good compro-
mise, since different material can hold up different current density
values.

6.3 | Energy and Power Densities

E4 and P4 represent critical metrics for energy storage devices, as
they define the operational differences between supercapacitors
and batteries, and thus between PCs/PSCs and PBs. Batteries typ-
ically exhibit higher E4, enabling the storage of large amounts of
energy, albeit with slower charging rates, while supercapacitors
offer higher P4, supporting rapid charge and discharge. This
trade-off leads to distinct performance profiles, guiding the selec-
tion of device type based on the application requirements. The
ongoing challenge in the field is to enhance the parameter in
which a device is intrinsically limited, E4 in supercapacitors or
P4 in batteries [58]. In photo-rechargeable systems, the large
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amount of parameters that could be considered can sometimes
overshadow the evaluation of energy and P4, although their
understanding may suggest whether supercapacitors or electrical
double-layer capacitors could ever match the performance of bat-
teries, a goal not yet achieved [59]. As reported in Table 1, in the
context of PBs these parameters are not commonly evaluated, but
it could be seen that the Py are in the order of 1-100 mW cm ™2,
while E, vary from 0.075 mWh kg™ [53] to 2.4 Wh kg™* [138]. On
the other hand, PCs/PSCs studies often present these quantities,
as reported in Table 2: There are wide ranges of values, going
from 0.15mW cm™ [26] to 4852.6 W kg™ [96] for P4, and from
22 pWh cm ™2 [103] to 95.6 Wh kg™ [25] for Eg4. In Table 1 and 2
are reported the specific current condition in which these param-
eters are measured because it strongly influences the results.

6.4 | Cycle Stability

Device lifetime is another critical aspect to consider when eval-
uating energy storage systems. Supercapacitors generally exhibit
remarkable cycle stability, often retaining their performance over
hundreds of thousands of charge-discharge cycles, while batter-
ies typically last only thousands of cycles. As a result, direct com-
parisons between PCs/PSCs and PBs are not straightforward;
nevertheless, lifetime provides important insight into the reliabil-
ity of the storage system and enables meaningful comparisons
among different material-based devices.Long-term performance
is typically assessed by monitoring C; retention over cycling,
usually derived from GCD experiments. There is no universally
defined number of cycles; researchers generally select a cycle
count sufficient to demonstrate the material’s ability to maintain
acceptable capacitance over extended operation.

In PBs, the Cy remains acceptable usually after some thousands
of cycles of charge and discharge, even if not very high, as in the
Agy.5Cs sBisI o-based PB, presenting 76% of Cy after 1000 cycles
[33]. In contrast, in PCs/PSCs the stability with cycles is almost
always evaluated (as reported in Table 2) even in ten thousands
of cycles, presenting for example values as 97.59% of Cy after
10000 cycles [46], 99% after 10000 cycles [29], and 93% after
12000 cycles [154].

7 | Conclusions and Future Perspectives

In conclusion, based on our comprehensive survey of the litera-
ture and comparative analysis of state-of-the-art devices, we con-
sider 2T geometry as the configuration with the highest potential
for real technological deployment. In particular, the 2T design
appears especially promising in applications where device com-
pactness, mechanical flexibility and autonomous operation are
essential, such as wearable electronics, soft robotic systems,
implantable or skin-conformal biomedical patches, and self-
powered IoT nodes for distributed sensing. The elimination
of intermediate interconnections and functional separation
maximizes photon-to-charge utilization and enables direct
charge storage at the photoelectrode-electrolyte interface, a
feature that is particularly advantageous in low-irradiance or
intermittent illumination scenarios typically encountered in
indoor IoT environments and on-body platforms.From our per-
spective, the 2T architecture also offers several intrinsic advan-
tages over 3T and 4T configurations, particularly in terms of

integration and overall device compactness. In contrast, sys-
tems relying on multiple terminals or external wiring often
experience increased resistive losses and greater structural
complexity, which may hinder their implementation in scenarios
that demand flexibility, miniaturization, and seamless integra-
tion. Furthermore, the reduced mechanical adaptability of 3T
and 4T layouts limits their suitability for wearable or biomedical
technologies, where conformability, tolerance to deformation,
and intimate skin contact are critical to ensure consistent light
harvesting and stable electrochemical performance. In these con-
texts, such architectures may face challenges in maintaining
operational stability under continuous movement, bending, or
variable illumination.

While acknowledging that each architecture offers specific
advantages depending on the target application, current material
innovations, for example hybrid photoactive systems, solid or
quasi-solid electrolytes, and multifunctional nanostructured elec-
trodes, strengthen our view that the 2T configuration represents a
particularly promising route for next-generation integrated
photo-rechargeable systems, especially where high integration
density and functional synergy are key considerations.

Two-terminal PBs and PSCs embody an emerging frontier in
solar energy research, where light absorption, charge separation,
and electrochemical energy storage are seamlessly integrated
within a single device. From a materials chemistry perspective,
the rational design of photoactive electrodes should consider a
synergistic balance between optical absorption, electronic con-
ductivity, and electrochemical stability. The ideal materials must
combine strong light-harvesting ability with efficient charge
transport and long-term structural robustness under continuous
illumination. This can be achieved through bandgap engineering,
heterostructure formation, and nanoscale interface optimization,
ensuring both high photoconversion efficiency and reliable
energy retention.

On the engineering side, the two-terminal configuration offers
structural simplicity and enhanced compactness compared to
multiterminal or externally coupled systems, positioning it as
a scalable platform for next-generation self-charging devices.
However, critical challenges still need to be addressed, including
mitigating charge recombination, reducing internal resistance,
ensuring interfacial compatibility among dissimilar materials,
and improving electrolyte stability under prolonged illumination.
Furthermore, environmental and mechanical durability, includ-
ing flexibility, moisture resistance, and operational stability
under fluctuating light conditions, remain key bottlenecks for
real-world implementation. Despite considerable progress, the
lack of standardized performance metrics remains a major obsta-
cle to meaningful comparison and advancement in the field.
Two-terminal PBs and PSCs operate under intertwined photo-
electrochemical and electrostatic mechanisms, rendering con-
ventional figures of merit—such as photoconversion efficiency,
specific capacitance, or Coulombic efficiency—insufficient to
fully describe their coupled behavior. Establishing unified testing
protocols that define illumination intensity, spectral range,
cycling conditions, and light/dark response parameters is essen-
tial for consistent evaluation. Moreover, incorporating in situ and
operando characterization techniques, including spectroelectro-
chemistry, time-resolved photoluminescence, and impedance
spectroscopy, will be critical to decouple photogenerated and
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electrochemical contributions and to elucidate charge transport
pathways with higher accuracy.

Looking ahead, the development of compact photostorage systems
is expected to benefit from multidisciplinary convergence between
materials science, device physics, and scalable manufacturing. The
implementation of lead-free perovskite-inspired materials, earth-
abundant transition-metal oxides and chalcogenides, and conju-
gated organic frameworks [168, 169] offers a starting point for
the exploration of new photoactive materials and fine-tuning of
interfaces. The discovery of new multifunctional materials, com-
bined with the investigation of emerging synthetic strategies, such
as solution-based printing [170], atomic layer deposition [171], and
high-throughput combinatorial screening, offers a sustainable
pathway to high-performance, nontoxic devices. Further progress
will rely on integrating computational materials design and
machine learning approaches to predict optimal material combi-
nations and interfacial geometries that minimize recombination
and maximize energy throughput. Another promising avenue is
the development of flexible and transparent device architectures,
enabling integration into wearable electronics, building-
integrated photovoltaics, and indoor energy-harvesting systems
[158, 172, 173]. The use of photoactive solid-state or polymer-gel
electrolytes will be central to achieving safe, stable, and bendable
energy-storage platforms [174]. In parallel, scalability and repro-
ducibility will determine the transition of two-terminal PBs and
PSCs from laboratory prototypes to practical technologies.
Advances in printing and roll-to-roll fabrication, combined with
standardized benchmarking and lifecycle assessment, could pave
the way toward real-world applications. In the longer term,
hybrid architectures capable of multi-source harvesting, for
instance combining light, thermal, or mechanical inputs, may
lead to truly autonomous energy modules.

Ultimately, the continued convergence of innovative materials,
device engineering, and standardized evaluation frameworks
will be key to realizing robust, efficient, and multifunctional
photo-rechargeable systems. By addressing the challenges of
stability, spectral utilization, and reproducibility, two-terminal
PBs and PSCs could mature into practical, self-sustaining power
solutions for future flexible, transparent, and autonomous elec-
tronic technologies.
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