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Integrated photo-rechargeable battery systems represent a
significant advancement in sustainable energy storage and
conversion by combining photovoltaic energy harvesting with
direct energy storage in a compact design. Although initially
studied in the 1970s, interest in this field has surged in recent
years. Due to the multidisciplinary nature of this topic, re-
searchers from diverse backgrounds approach it with varying
methodologies, resulting in highly diverse cell designs and
inconsistent performance metrics. These variations complicate
the comparison and evaluation of system efficiency and func-
tionality. This review presents a comprehensive overview of the
field’s development and current state, from early photo-
electrochemical approaches to modern integrated designs.
Additionally, it addresses the challenge of performance eval-
uation by compiling current approaches to performance mea-
surement and proposing standardized evaluation parameters
under defined conditions. This dual focus on field overview and
metrics standardization aims to provide both a thorough un-
derstanding of solar electrochemical energy storage technol-
ogies and a framework for their consistent evaluation, which is
critical for advancing these technologies.
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Introduction

Decarbonization of the energy sector is imperative and
depends heavily on advancing technological innovations
in renewable energy. While renewable sources exhibit
significant potential, they are hindered by their inter-
mittent and variable nature. Solar energy, a prominent
example, has the theoretical capacity to meet global
energy demands but requires efficient capture and
storage systems to address the mismatch between pro-
duction and consumption.

As of 2023, solar photovoltaic (PV) systems accounted
for over 288 GW in Europe, 840 GW in Asia, and 156 GW
in North America [1]. These systems are simple to
install and involve low maintenance costs. However, the
temporal disparity between peak solar generation and
residential energy demand leads to suboptimal self-
consumption rates. Although some high-tech
startups and spin-offs are advancing technologies for
integrating PV systems and batteries, PV cells and bat-
teries are currently externally integrated with elec-
tronics to facilitate the connection. This modular
approach of connecting separate PV panels and batteries
offers reasonable convenience for most applications,
particularly where specific climate conditions or
customized solutions require flexible configurations.
However, having a single integrated device that can both
generate electricity and store excess energy would be
ideal for plug-and-play applications where system opti-
mization and simplified installation are priorities.

Since the 1970s, researchers have explored various
strategies to harness solar energy for electrochemical
applications. Two main scientific communities have
contributed to this field, each with distinct approaches.
One is the photoelectrochemical community, focused on
utilizing solar energy to drive redox reactions within
photoelectrochemical cells (PEC). These reactions
include the degradation of pollutants through photoox-
idation processes, the solar-driven water splitting to
produce hydrogen (Hj;), or the reduction of CO; into
valuable energy vectors. In these systems, solar energy
(/v) is directly converted into chemical energy, stored in
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the form of chemical bonds (e.g., moles of H; or other
energy carriers). Additionally, some PEC-based studies
have explored energy storage through a third electrode
(although there are examples of two and four elec-
trodes), enabling charge accumulation via double-layer
capacitance or faradaic processes (measured in F or
mA-h, respectively). On the other hand, the photovol-
taic research community has focused on converting solar
energy into electrical energy by optimizing power
output, defined as the product of photovoltage and
photocurrent (V;-1,,). This electrical power is then
measured to determine its efficiency in charging
a battery.

In any case, the final goal is to store chemical energy in
the battery, which then serves as the power source for
generating electrical energy (4Go = -2Fe°) to be used
on demand. To obtain this chemical energy from the
solar energy, light harvesting is critical in the semi-
conductor materials (e.g. c-Si, halogen perovskite, etc.),
and the engineering of selective layers to enhance the
efficiency and stability of PV cells and also with catalysts
for the final application in the PEC cell.

A key distinction arises when addressing the challenge
of charging ion-based batteries, such as Li-ion, Li—S,
Li—O;, Na-ion, and Zn-ion systems, as well as redox
flow batteries (RFB) and other batteries based on
Faradaic processes (such as NiMH batteries). In

Figure 1

photoelectrochemistry, it is well established that for a
semiconductor to drive a redox reaction, its conduction
band (CB) or lowest unoccupied molecular orbital
(LUMO) must be aligned with the electrochemical
redox potential of the reduction reaction, while its
valence band (VB) or highest occupied molecular orbital
(HOMO) must be positioned below the redox potential
to enable oxidation [2]. Similarly, in Li-, Na-, or Zn-
based batteries, where the operating potential is
determined by the difference in the chemical potential
of the cation between the anode (uy4) and the cathode
(u¢), precise band alignment is crucial for efficient
charge transfer.

Figure 1 provides a comprehensive overview of the
energy levels—CB (LUMO) and VB (HOMO)—of key
semiconductors used in Solar Electrochemical Energy
Storage (SEES) systems, alongside their relative posi-
tion on the electrochemical scale for cation-ion-based
storage systems. This figure highlights that Zn-based
battery redox processes can be more effectively driven
by semiconductors commonly used in PEC and PV cells.
Moreover, redox flow batteries offer the advantage of
selecting redox pairs that can be tailored to align the
energy bands of the chosen semiconductors. In contrast,
PV cells are expected to generate a floating potential,
which may reduce/eliminate the necessity for strict
band alignment in certain configurations. Likewise, in
capacitors and supercapacitors, energy storage occurs
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Diagram of CB (LUMO) and VB (HOMO) energies of some of the main semiconductors used in PVs and photoelectrochemistry in relation to the energy
scales used in Li-ion, Na-ion, and Zn-ion batteries. The graph also presents the electrochemical redox potentials of commonly used redox pairs in redox

flow batteries, referenced against the energy scale relative to vacuum.
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electrostatically rather than through Faradaic processes,
circumventing this constraint altogether.

This mini-review is organized as follows: Overview
provides an overview of the historical evolution of SEES
systems. Metrics for evaluating system performance
addresses the critical challenge of performance evalua-
tion by analyzing current metrics, their applications, and
limitations. Revision metrics reported in the literature
presents the metrics reported in the literature. Finally,
Challenges and outlook discusses the challenges asso-
ciated with these metrics and proposes a standardization
framework to facilitate easier comparison. It is impor-
tant to highlight that, while the metrics used in capac-
itors and redox flow batteries are discussed in this mini-
review, the systems analyzed in greater detail are those
based on cation chemistry batteries, such as Li.
Excellent review articles are available for solar
rechargeable RFB [3—5], and solar rechargeable capac-
itors [6,7].

Overview

During the 1970s, significant progress was made in
photoelectrochemistry, particularly with the develop-
ment of the photoelectrochemical cell (PEC) for solar
fuel generation, inspired by the work of Fujishima and
Honda on TiO; for water splitting in 1972 [8]. In 1976,
Hodes et al. [9,10] introduced the pioneering concept of
solar electrochemical energy storage using a PEC,
employing CdSe as the photoelectrode, S/S°~ as the
redox electrolyte, and Ag,S/Ag as an anode. Concurrently,
research also focused on the decomposition of contami-
nants using photocatalysts, such as the degradation of
cyanides proposed by Frank and Bard in 1977 [11].

In the following two decades, the 1980s and 1990s,
photoelectrochemical research focused mainly on Hj
generation for solar water splitting and photooxidation of
contaminants, while SEES research went under the
radar. In this period, most of the SEES systems were
based on the conversion of solar energy into chemical
energy by inducing a redox process, well involving the
clectrode and electrolyte [12—14] (like Hodes experi-
ments), or a redox process only in the electro-
lyte [15—18].

Two important advances occurred in 1991: dye-
sensitized solar cells (DSSCs) [19] and Li-Ion Batte-
ries (LIBs) [20]. Although both technologies were
studied for a long time, this year is considered the year of
the birth of DSSCs and the beginning of the commer-
cialization of LIBs. DSSCs can be seen as photo-
electrochemical cells, where no overall change in the
redox electrolyte composition occurs, using the photo-
charges for direct generation of electricity. These two
advances marked a turning point in the development of
SEES systems. DSSCs demonstrated that efficient
photoelectrochemical devices could be manufactured
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through simple solution-processing methods, offering an
alternative to traditional semiconductors that require
high-purity materials and complex fabrication processes.
Meanwhile, the commercialization of LIBs established
reliable energy storage architectures with high energy
density. The convergence of these two technologies laid
the groundwork for integrating molecular photoactive
materials with ion intercalation mechanisms, opening
new pathways for single-device solar energy conversion
and storage [21,22].

In 1995, the first study of SEES based on Li" interca-
lation process was conducted [23], utilizing CuFe'Te;
layered semiconductor as both a light harvester and
active intercalation Li T material during the charge
process. Although this type of system was minimally
explored during the 2000s [24,25], it has garnered sig-
nificant attention since 2018 [26—33], extending to
other cations such as Zn?" [34—42] and Mger [43].
Another approach, introduced in 2017, involves
employing a light harvester distinct from the host ma-
terial for cation intercalation [44—47]. Beyond Li-ion
battery, other mechanisms based on Li—I, [48],
Li—O; [49—51], and Li—S [52] batteries have also been
photo-assisted.

During the 2010s, SEES systems capable of H, gener-
ation have also been investigated. In these systems, the
energy stored in the photoanode during light exposure
facilitates prolonged H; production in the cathode
during darkness, acting as light harvesters [53—55].

The first adaptation of a photovoltaic cell into a SEES
system based on DSSC was in the early 2000s. In these
systems, the photocurrent generated in DSSCs induced
the (de)intercalation of ions in a charge-storage elec-
trode [56,57] or the accumulation of electrostatic
charges forming photo-rechargeable (super)capacitors
[58,59]. Throughout the subsequent decade, both of
these system types underwent continued investigation,
resulting in significant advancements. Studies focused
on the intercalation of different ions, including Li*
[22,60—64], C10% [65], and Na™ [66], and extended to
other mechanisms such as Li—O; [67], flow redox bat-
teries [68—73], and pseudocapacitors [74,75]. Notable
work includes the development of photo-rechargeable
supercapacitor wires [76—79] for wearable systems.

In the last decade, the studies of PV cells integrated in
SEES have been increasing. These systems are mainly
photo-rechargeable (super)capacitors and flow redox
batteries based on Si [18,80—83], CIGS (copper indium
gallium selenide) [84], and bulk heterojunction (BH]J)
[85] organic photoactive materials. Additionally, a Li-ion
storage mechanism has been reported for BH] materials
[86]. Building on recent advancements in perovskite
(PVK)-based photovoltaics, photo-rechargeable systems
based on Li" batteries (Li-ion and Li—S) have been
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more recently studied, as well as tandem configurations
with Si for photo-rechargeable supercapacitors and flow
redox batteries.

A scheme of some representative systems that reflect
the evolution of SEES cells based on energy storage in
Li" is represented in Figure 2. The system [61] modi-
fied a DSSC by replacing the counter electrode (Pt)
with a WOj; charge-storage electrode, capable of Li™
intercalation. Its main limitation is the maximum
voltage, determined by the redox potential difference
between WOj lithiation and the DSSC shuttle redox
couple (317/13). The work [22] proposed TiO; nano-
tubes on Ti sheets for direct electron transfer to a LIB
with a LiCoO; cathode, requiring three DSSC tandems
to meet LIB voltage. Later studies explored coupling
DSSCs with Li-oxygen [67] and LiFePOy4 [63] batteries,
showing reduced charging voltages and eventually
bypassing the 317 /I3 shuttle. More recently, it has been
studied the fusion of PV cell with LIB [86].

Metrics for evaluating system performance

The development of integrated photo-rechargeable
energy systems has led to the emergence of various
device architectures, each with its unique set of per-
formance characteristics. To effectively evaluate and
compare these systems, it is crucial to establish stan-

conversion and storage aspects of these devices. This
section outlines the key performance metrics used in
general in the field and divides the metrics by solar-to-
electrical energy conversion, solar-to-electrochemical
energy conversion, electrochemical-to-electrical con-
version, and combined solar-electrochemical-electrical
energy conversion metrics.

Solar-to-electrical energy conversion metrics

a) Photocurrent Density (/pp, mA'cmfz): This metric
quantifies the current generated per unit area of the
photo-electrode under illumination. It is a crucial
indicator of the ability of the electrodes to convert
light into electrical current. For instance, a photo-
current in the range of 600—700 pA cm 2 is esti-
mated for a photo-rechargeable electrode based on
Liy TiO, nanoparticles [26]. This photocurrent cor-
responds to a photocharging rate lying between C/2
and C/3, which are very practical charging rates for
most applications.

In first studies, the photo-charge quantity (0,;) was
defined as the difference between discharge current
after the V. has been reached under light irradiation and
in dark conditions. 0, should not be confused with j,; in
which the discharge current is under light illumination.

dardized metrics that capture both the energy
Figure 2
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Schemes of the systems proposed in the literature for LIB photocharging at the year of publication. The schemes are taken from references: up row from

left to right: [61,67], and [86], down row from left to right: [22], and [63].
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b) Quantum Efficiency (EQFE and IQFE): Quantum ef-
ficiency, often referred to as Incident Photon-to-
Current Efficiency (/PCE) in photoelectrochemical
systems, measures the ratio of the number of charge
carriers collected to the number of photons incident
on the device at a given wavelength. It can be
expressed as external quantum efficiency (EQFE) or
internal quantum efficiency (/QF).

The EQF. can be calculated using the following equation:

o)) o

where / is Planck constant, ¢ is the speed of light, ¢ is the
elementary charge, A is the wavelength of incident light,
and P, is the incident solar power density.

For example, reference [87] uses a related concept to
calculate the theoretical photocurrent density (7.,
equivalent to the previous j,;, based on the KQF:

Jeal = € /Na(k)-EQE(A)dA (2)

where NV, is the photon flux spectrum.

IQF accounts only for the absorbed photons for the
material, and it is calculated:

EQE

10E = 1— R(%)

3)

where R(%) is the reflectance. /QF is higher than £QF and
it only estimates the efficiency of the material to convert
the absorbed photons in photocurrent.

¢) Power Conversion Efficiency (PCE, %): Percentage
of incident solar energy converted into electrical
energy. It can be expressed mathematically as:

FElectrical power output
Incident solar power

PCE (%) =

100 (4)

More specifically, it is the ratio between the maximum
clectrical power point (P,,) and the input light
power (Pin):

_ Vocysc FF |

PCE (%) A
m

00 (5)

where V,, is the open-circuit voltage, /. is the short-circuit
current density, FFis the fill factor (a measure of the qual-
ity of the solar cell) and P;, is the input power (from the Sun
is standardized at 1000 W/m? under AM1.5G conditions).

Progress in Photo-rechargeable Batteries Abellan et al. 5

Solar-to-electrochemical energy conversion metrics

a) Open-circuit Voltage (Vgg, V): The open-circuit
voltage represents the maximum potential differ-
ence between the electrodes under illumination
with no external load. It is determined by the energy
levels of the materials used and the design of the
photo-electrode. For example, ~850 mV has been
demonstrated in photo-rechargeable zinc-ion capac-
itors [35]. A similar value, ~850 mV, is reported for a
solar flow battery [18].

b) Solar-to-chemical Conversion Efficiency (ns7g, %):
This metric represents the efficiency of converting
solar energy into stored chemical energy. Different
nuances have been defined for this parameter
depending on the system [81]. For instance, in a
photoelectrochemical cell where solar energy is
converted into H, as an energy carrier, it takes the
form:

Joh | Eias — EY

=

Ni—src (%) -100 (6)

where £, 1s the applied bias, E" is the reversible potential
of the redox couple (if there is only water 1.23 V), and P;, is
the incident solar power density.

In the case of a solar redox flow cell, ng7¢ can be defined
as [81]:

/ap ° EO, - EO,

‘positive negative

No—src (%) = P
2

-100 (7)

where j,, is the operating photocurrent density, ES;MW and
/ . . o

Egﬁgmw are the reversible potentials of the positive and

negative redox couples, respectively, and P, is the incident

solar power.

c¢) Light Harvesting Efficiency (745, %): This metric
quantifies the ability of the photo-electrode to
absorb incident light. It is calculated using the
equation:

/ (1509 AQ)- (Enonteap — Eutiy) )42

[ 1

where I is the solar spectrum, A(4) is the absorption
efficiency, Epuqap is the bandgap energy, and £, is the
energy of absorbed photons. This is not properly a con-
version metric, but provides relevant information about the
photoactive material.

NLHE = -100  (8)

d) Cycling Stability (capacity retention over cycles):
Cycling stability is a crucial metric for assessing the
long-term performance of the device. It is typically
expressed as the percentage of initial capacity
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retained after a certain number of charge—discharge
cycles. Discharge plots for photoassisted recharge-
able Li—O; batteries were obtained over 50 cycles
[49]. In contrast, supercapacitors are characterized
by large cycling stability, particularly when they are
compared with batteries where bulk processes are
used to damage electrodes along cycling. For
example, a ~90 % capacitance retention over 1000
cycles was demonstrated for photo-rechargeable
zinc-ion capacitors [35].

Electrochemical-to-electrical energy conversion
metrics

a) Specific Capacity (mA'h~g71): This metric repre-
sents the amount of charge stored per unit mass of
the active material. It is a fundamental measure of
the energy storage capability of the electrode. Our
recent development for solar energy storage using a
Cu,0—TiO; photocathode reported specific capac-
ities of ~146 mAh g_l for their photo-rechargeable
lithium-ion battery [45].

b) Specific Capacitance (F'gfl): This metric represents
the charge storage capability per unit mass of the active
material for capacitor systems. A photo-rechargeable
specific capacitance of ~11,377 mF g{1 was re-
ported for zinc-ion capacitors [35].

¢) Energy Density (W-h~kgf1 or W-h-L™1): Energy
density quantifies the amount of energy stored per
unit mass (gravimetric) or volume (volumetric) of
the device. It is crucial for assessing the practical
applicability of the system. An energy storage density
of 1.15 Wh L' was reported for an integrated
photoelectrochemical solar energy conversion and
electrochemical storage device [18].

d) Charge/Discharge Rate (C-rate): The C-rate in-
dicates how fast the battery can be charged or
discharged relative to its maximum capacity. Higher
C-rates are desirable for rapid energy storage and
release.

e) Coulombic Efficiency (CE, %): This metric repre-
sents the ratio of charge extracted during discharge
to the charge input during charging:

CE (%) _ (['l)//is/,ﬁargf 100 = Qdisf/ml;gr 100 9)
([ 7 )f//arge Q”M’”g"

It indicates the electro-

chemical processes.

reversibility of  the

_ Specific Capacity (illumination) — Specific Capacity (darkness)

f) Battery Energy Efficiency (95, %): This parameter
includes the Voltaic efficiency in the Coulombic Ef-
ficiency. This metric measures the electrical energy
recovered from the charged battery:

(q) /(V']"/z)a'm&drge
v /(V-]-dt)

-100 (10)

charge

A Coulombic efficiency of ~95.4 % was reported for
photoassisted lithium-iodine redox cells [48].

g) Self-discharge Rate: The self-discharge rate is
particularly important for photo-supercapacitors, as it
determines how long the harvested energy can be
stored without significant loss.

Combined performance metrics

a) Overall Solar-to-Output Electricity Efficiency (1, %):
SOEFE ornisacomprehensive metric that captures the
overall efficiency of converting solar energy to useable
electrical energy, including both conversion and stor-
age processes. [t is calculated using the equation [18]:

Edischarg / ot Vool
Zdischargg 100 = 4100

/S~A-a’l

where Einargng 1s the useable electrical energy delivered,
Eituminaion 18 the total solar energy input, /,,, is the output
current, ¥, is the output voltage, § is the solar irradiance,
and 4 is the illuminated area.

SOEE (1,%) =

illumination

(11)

b) Photo-charging Rate (C-rate under illumination):
This metric indicates how quickly the device can be
charged under illumination. It is particularly impor-
tant for assessing the practical applicability of photo-
rechargeable systems. Reference [26] reported
photo-charging rates of C/2 to C/3 under standard
illumination conditions.

¢) Capacity Enhancement under Illumination (CEZ, %):
This metric quantifies the increase in storage capacity
when the device is exposed to light compared to dark
conditions. Capacity enhancements of 82 % under

-100

CEI (%)

Specific Capacity (darkness)

(12)
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illumination for a photo-rechargeable Li-ion batteries
[35] were calculated as:

where the Specific Capacity is provided in mA-h-gfl.

However, in Ref. [29] this parameter appears to be
calculated using the specific capacity under illumination
in the denominator. The authors report an enhancement
in energy efficiency of ~70 %, though they do not
specify the equation used to estimate this metric.
However, based on the reported specific capacities — 69
mAh g71 in darkness and 162 mAh g71 under illumina-
tion—and equation (11), the CEI value is estimated to
be ~135 %. Thus, using the specific capacity in dark-
ness as the denominator provides a more accurate rep-
resentation of the capacity enhancement, aligning more
closely with equation (11).

CEI parameter is dependent on the current rate. The
increase of the rate from 200 mAh g-1 to 2000 mAh g-1
produces the increase of CE/ value from 17.8 % to 22.8 %
in a Li-ion type photobattery [ref. 23-Nanoscale-
Boruah]. This effect is probably due to the increase of
photoconductivity of the photoelectrode under illumi-
nation, as reduced impedance shows. A similar effect is
reported for photocapacitors [43].

d) Energy Saving Efficiency (ESE, %): Energy saving
efficiency represents the reduction in input elec-
trical energy required for charging due to the
contribution of solar energy. Reference [88] reported
energy savings of ~90 % for their photoassisted
chargeable sodium-ion batteries. This estimation is
estimated as:

ESE (%) = Viharging in dark — Vpuyging under i//uminaﬂoﬂ. 100

Vzhargiﬂg in dark
(13)

Sometimes it can be found in the literature as divided by
Viharging under illumination, such as [63], which provides
avalue of 20 % and calculated according to equation (13)
should be 24 %.

In literature, it can be found another parameter, very
similar in name: Efficient Energy Saving (EES, %) [27],
which compares the better performance of the photo-
battery under illumination respect in darkness. It can
be estimated as:

EES (%)
B (V,/M,mg;,,g under illumination Vipargng in dark ) 100

Vt:/l/zrging Vf/laigifzg in dark

under illumination
(14)

Progress in Photo-rechargeable Batteries Abellan etal. 7

The EES value reported in Ref. [27] is 38.7 %, but it
would be 16.8 % calculated as ESE according to equa-
tion (13).

e) Energy Efficiency Increase (£E/, %): This parameter
is used in photo-assisted batteries, and provides the
increase of energy efficiency of the battery when it is
illuminated with respect to the same battery working
in dark [48]. This parameter can be estimated as:

— MBJight — NB.dark .

EEI (%) 100 (15)

NB dark

where np s and 1p 4,4 are calculated according to equa-
tion (10).

f) Input Power Decrease (/PD, %) and Output Power
Increase (OPI, %): In these parameters both energy
and capacity are considered, and they measure the
contribution of the solar energy in decreasing the
required power of charge and increasing the output
power of the photobattery [31]. These parameters
can be calculated as:

r
( /0 V(‘/ldrgﬁ : [z'/tzzrge -dt )

IPD (%) = e (16)

7
( /0 Vchﬂrgf -1 charge dt )

dark

14
( / V/ﬂ&(/targe 1, discharge '[dzls‘z'/tm;gedf >

OPI (%) = 1)

r
( V. discharge I, discharge [dmhﬂrgfd[ )
0 dark

IPD considers also the reduction of time in charging
with respect ESE, and OPI includes the voltage output
respect CEL

2) Round-trip Efficiency (RTE, %): Round-trip effi-
ciency represents the overall efficiency of the

charge—discharge cycle, including both solar
charging and electrical discharging [51]:
RTE (%) = Viischarging under z'//umz'ﬂaz‘i(m. 100 (18)

Viharging under illumination

h) Capacity Utilization Rate (%): This metric indicates
in flow-batteries how effectively the system utilizes
the available capacity of the electrolyte. Reference
[89] demonstrated a capacity utilization rate higher
than 80 % for their long-lifetime aqueous organic
solar flow battery.
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In conclusion, the evaluation of integrated photo-
rechargeable energy systems requires a comprehensive
set of metrics that capture both the energy conversion
and storage aspects of these devices. By standardizing
these metrics across different system types, researchers
can more effectively compare and optimize the perfor-
mance of various photo-rechargeable technologies.
Figure 3 summarizes the metrics found in the literature.
As the field continues to evolve, it is likely that new
metrics will emerge to address the unique characteris-
tics of novel device architectures and materials.

Revision metrics reported in the literature
Systems based on storing energy photoelectrode
This section addresses SEES systems that design a
photoelectrode based on a single material (such as Cu-
HHB [32]) or composite (such as Cup,O as light
harvester and TiO; as a storing element [45]), serving
the dual role of solar light harvesting and energy storing.
Table 1 presents examples of such systems with their
reported metrics. Although a direct comparison is not
feasible due to experimental measurement conditions,
the table provides an overview of the most commonly
used metrics and their respective value ranges.

The first column specifies the light energy used,
although in some cases this information is unavailable.
The second column describes the system using
nomenclature similar to that of galvanic cells in [UPAC
conventions. In this notation, the anode material of the
SEES system appears on the left, followed by the
electrolyte, and the cathode on the right. The light-
harvesting element(s) are highlighted in black. Com-
ponents in different phases are separated by “|¢
whereas those forming part of the same element, such as
COF or NF that constitute the photoelectrode in
Ref. [27] are separated by a comma. Below, the

bl

Figure 3

configuration (either 2/3 electrodes or an adapted coin
cell) is also specified. The subsequent columns present
the metrics defined in Metrics for evaluating system
performance, along with the corresponding references.
Explicitly reported values are provided, while those
calculated or estimated from the data in the original
work or extracted from graphs are underlined.

In SEES systems based on the Li'" electrochemical
energy storage mechanism, pioneering studies adapted
the photoelectrode as an anode capable to intercalate Li
ions. This is the case for the previously mentioned
CuFeTe; compound, which was immersed in a
nonaqueous cell connected via a salt bridge to an
aqueous cell containing an Ag/AgCl reference electrode,
where a voltage decrease of ~130 mV was observed in
the presence of light [23]. A similar behavior was
observed for TiO; photoelectrodes obtained by laser
deposition techniques [24,25], which use Pt as the
reference electrode. In these studies, the reported
metrics were the voltage change under illumination
(Vys) and the photocharge (Qp), defined as the differ-
ence in extracted charge when the cell is discharged in
the dark after being in open-circuit conditions under
both light illumination and darkness.

In the past decade, research on photoelectrodes has
shifted toward their use as battery cathodes. For
instance, light induces the delithiation of a TiO;
photocathode in a three-electrode cell (with two Li foil
electrodes), achieving an internal power conversion ef-
ficiency of 0.5 % [26]. Various semiconductor combina-
tions with hole-blocking and electron-transport layers
have been employed to enhance photocharge separa-
tion. Examples include MoS;/MoOy system with a
SOEE (1) of 0.05 % [29], and a V,05/P3HT/rGO
photoelectrode with a 1 ~ 0.22 % [30], both tested

PCE (%)

Electrical

Solar Energy

Fill Factor (%)
EQE (%)

Voc (V)
Nu-src (%)
NLHE (%)

Photocurrent density (mA cm2)

Energy

Electrochemical

Energy

Specific Capacity (mAh g-')
Specific Capacitance (mF g-!)
Energy Density (Wh kg -'/Wh L")
Charge/Discharge Rate

Coulombic Efficiency (%)
Self-discharge Rate
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electrochemical-to-electrical energy indicated inside the triangle.
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under solar simulators. Operando optical microscopy
studies on V,05/P3HT/rGO revealed that Li ™ migrates
from within V,0s5 to its surface, with some ions subse-
quently released into the electrolyte [90]. The two
materials strategy smooths the photocharge separation,
reducing the need for e~ or h' selective layers. Addi-
tionally, the light-harvesting material remains electron-
ically stable during (de)lithiation processes. For
example, LiFePO4 was paired with N719 Ru dye as
photoactive material (1 of 0.06%—0.08 %) [44], and
perylene diimide dye (PDI) [46]. In the latter case, PDI
was blended with PEO to obtain a photoactive binder,
though with minimal response to light. Finally, in a
Cu;0/Ti0O; system, photoinduced holes efficiently
transfer from Cu,0 to TiO,, promoting delithiation and
achieving 1 = 0.29 %. However, photoelectron injection
for lithiation is hindered by the position of TiO, CB
[45]. This limitation is analyzed in a proposed energetic
landscape, offering insights for future photo-
electrode design.

Most SEES systems focusing on the delithiation process
of the cathode operate in a half-cell configuration, using
Li metal foil as a counter electrode. Since Li metal has
one of the highest redox potentials, it is unlikely that
photoelectrons can spontaneously reduce Lit at the
anode, as inferred from Figure 1. Therefore, metrics
assessing the enhancement of LIB (dis)charge capac-
ities (CEI) or energy output (OPI), evaluating the
reduction in energy input (KSE and [IPD), the
improvement of the battery working under illumination
or in darkness (EES, EEI), and the overall energy effi-
ciency (RTE) are particularly relevant.

For instance, in the bidimensional Covalent Organic
Framework (COF) formed by 4,5,8-naphthalenediimide
(NDI) and triphenylamine (TPA), light induces the
formation of the TPAT-NDI" complex, which reacts
with Lit and galvanostatically injected electrons,
forming TPA-NDI-Li". As a result, the specific capacity
exceeded the theoretical value, yielding an EES value of
38.7 % [27]. Light also enhances the battery energy
output under illumination, as observed for Cgg guest
inside of a porous organic cage [31], with an OPI of
81.4 % and IPD of 13.2 %. In the TiO,/LiFePOy4 system,
where TiO; acts as the light harvester and LiFePO4 as
Li % -host [47], illumination increases capacity
(CEI = 4.6 %), but no significant differences in charge/
discharge voltages were observed (estimated ESE ~0 %
from the graphs).

Other SEES systems are based on Li—O;, Li—I; and
Li—S batteries. In Li—O;, photo-assisted charging helps
overcome the large overpotentials associated with the
charging process. When illuminated, the bimetallic Fe-
UiO-66 MOF shows a decrease in charging voltage to
3.56 V [51], yielding an RTE value of 96 %. However,
the best results are obtained with g-C3Ny, with or
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without a redox mediator (I"/I3), where the oxidation of
Li,O; occurs at 1.9V (RTE = 142 %) [49], and 1.96 V
(RTE = 140 %) [50], respectively. Similarly, o-Fe,03
photoelectrode induces the oxidation of I anions to I3
lowering the charge voltage from ~4.13Vto ~3.43Vin
Li—I, battery (ESE = 27.2 % and estimated EE] = 20
%) [48]. Other systems based on CdS—TiO; [52], and
Bi/Bi,03/Ti0;, [91] have also been reported for Li—S
photobatteries, where photoholes oxidize the Li;S
species present in the electrolyte. For these systems,
SOEE values as high as 2.3 % [52] and 2.58 % [91] have
been reported.

The high energy required for photoelectrons to reduce
or intercalate Li* at the anode can be significantly
lowered by using alternative cations, such as Mg2+ and
Zn’T, or by charging a capacitor, which relies on a voltage
difference rather than specific CB or VB levels of the
light harvesters (Figure 1). Additionally, these systems
enable the use of nonflammable aqueous electrolytes, a
key advantage given that prolonged solar exposure may
increase SEES temperatures.

Some examples of Zn*t photobatteries, where Zn foil
is the anode and the photoelectrode plays a dual role of
solar energy harvesting and Zn*" intercalation, include
V,05/P3HT/rtGO (which can be scaled to build a
photo-pouch cell) [34], ZnO/MoS, [37], V,05/tGO
[38], V,0s5/Ag nanowires [36], and ZnO/VO, [39].
Among these, the highest SOEE (1) is reported for
ZnO/MoS;, which is ~1.8 % under ~455 nm light and
~0.2 % with a solar simulator. The record SOEFE value
of 3.9 % was achieved using a TiO,/CuTPP/Cu:V,05
photoelectrode, and Zn flakes with activated carbon as
the anode [42]. This system is capable of transferring
photoelectrons from the CB of a photoactive material
to the higher-energy CB of another via Forster
Resonance Energy ‘Transfer to enhance cha-
rge generation.

With the addition of a porous carbon as hole trans-
portation layer, a high photovoltage of 0.8 V is obtained
for ZnO/CdS/porous carbon photocapacitor [40]. A
Mg2+—based photocapacitor with rGO/V,05 and acti-
vated carbon counter electrode increases the galvano-
static capacity up to 56 % under illumination (at
~455 nm) [43].

Systems containing all the elements of a PV cell

This section discusses SEES systems based on various
PV technologies: dye-sensitized, organic (bulk heter-
ojunction), silicon, and perovskite solar cells. Dye-
sensitized solar cells (DSSCs), which involve direct
charge transfer between the light harvester and the
liquid electrolyte, could also be included in the pre-
vious section. Table 2 presents examples of these
SEES systems, categorized by PV technology. The
second column, labeled “system”, follows the same
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Table 1

Metrics reported and estimated on SEES systems based on a photoelectrode (single material or hybrid) with the dual function of light harvesting and electrochemical energy storage.
The table is divided by the mechanism of energy storage. The system is described: from left to right — negative electrode; followed by the electrolyte — positive electrode. The light-
harvesting element is marked in black. Italic values are estimated from data/graphs collected in the paper, but are not explicitly stated in the text.

Light Source System Voc Capacity/ SOEE CEl (%) ESE (%) RTE (%) Ref.
V) Capacitance/Energy m, %) (OPI, %) (IPD, %) (EES, %)
under illumination (EEI, %)
Li-ion
Xe lamp (50 W)  CuFeTe;|LiClIO4(CH3CN)|Pt 0.56 Wh kg™’ [23]
2 Electrodes
3Wcm™2 FTO |CFs,TiO,, LixTiO|LiCl4 (0.5 M, CH3CN)|CF 0.15V 230 uC cm™ [24]
3 Electrodes (Ref: Pt)
3Wcm2 FTO |TiO,, LixTiO,|LiCl4 (0.5 M, CH3CN)|CF 0.15V 40 uC cm=2 [25]
3 Electrodes (Ref: Pt)
Solar Simulator Li|LiPFe (1 M, EC:DMC)|LiFePO,4,FePO,4, Ru dye N19|FTO 0.06 %—0.08 % [44]
3 Electrodes (Ref: Li foil)
100 mWem™2 Li|LiPFg (EC:DEC:VC)*|TiO, LixTiO5|FTO 3V 0.5 % [26]

3 Electrodes (Ref: Li foil)
*alternative: LiTFSI (EMI.TFSI)

100 mWem™2 Li|LiPFg (1 M, EC:DMC:DEC)|COF, NF|Ni (f) 117 % [27]
2 Electrodes: adapted CR2025 (EES = 38.7 %)
100 mWcm—2 Li|LiPF6(1 M-electrolyte)| ~0.6 mWh 0.034 % [92]

(C6H9C2H4NH3)2PbX4,PCBM|FTO
2 electrodes

100 mWem™—2 Li|LiPFg (1.2 M, EC:EMC)|LiMn204, Mn,04|Al (m) 43 [28]
2 Electrodes (OPI = 181)

100 mWcm2 Li|LiPFg (1 M, EC:EMC|Mo0S,, MoO,|ITO 0.05 % 24 % [29]
2 Electrodes

100 mWcm—2 Li|LiTFSI (EC:PC)|V,0s, P3HT, rGO|CF 0.22 % 57 % [30]
2 Electrodes: adapted CR2032 (2.6 % at 455 nm)

200 mWcm™2 Li|LiTFSI (1 M, DOL:DME)|C60@POC|FTO 1% (81.4 %) 24 % (EEI=81.4%) [31]
2 Electrodes (13.2 %)

100 mWem~—2 Li|LiPFg(1 M, EC:DEC)|TiO,,Cu,0|ITO 0.29 % [45]
CR2032

100 mWem=—2 Li|LiTFSI (5 M, EC:PC)|Cu-HHBIJAI (m) 17.8-22.8 % [32]
2 Electrodes

~12 mW cm3; Li|LiTFSI (5 M, EC:PC)|H-V,05]|Al (s) 24.4 % 5.7 % [33]

~455 nm 2 Electrodes: adapted CR2032 (9.7 %)

100 mWcm™2 FePO,|LITFSI (aqg)| LiFePO,4,p(pD1-EO) 11 % [46]
3 electrode (Swagelok, ref. Ag/AgCI(3 M))

Not found Li|LiPFe (EC:DMC)|LiFePO4,TiO, 4.6 % 0% [47]
2 Electrodes

125 mWem—2 Li|LiTFSI (1 M, DOL:DME)|Co(bpy) (dhbq), 0.33 % [93]

365 nm 2 Electrodes: adapted CR2025

Li—I»

100 mWem—2 CulLi|LiTFSI (EC:DMC)iLil + Kl + Ix(aq)|a-FexOg|FTO 180 mAh g~ 27.2 (EEI = 20 %) [48]
i LATP

2 Electrodes
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nomenclature as Table 1, though most of these systems
use 3 electrodes, one of which is shared between the
PV and the battery/capacitor components. In this case
the common electrode is underlined. Among the
different metrics reported in Metrics for evaluating
system performance, the most commonly reported for
these systems are V), capacity/capacitance/energy
under illumination, and SOEE. In contrast, the pa-
rameters related to input energy saving and/or output
energy enhancement are scarcely reported, and the
parameters that compare the battery under illumina-
tion and in darkness have not been found, and
excluded in Table 2. Here the systems with 4-
electrodes are not reviewed.

[52]
[91]
[94]
[34]
[42]
[41]
[35]
[43]

[50]
[51]

27.3 %)
7.2 %)

24.2%—56.0 %

140 %
96 %
(EES
96.8 %
(EES

12.3
4.0
32.8 %

94.7 %

26 %
25 %
54 %
82 %
82 %

Pioneering works using DSSCs for SEES employed 2-
clectrode systems, with a TiO; layer on top of WO3
layer, soaked with a lithium I7/I3 electrolyte and a
transparent platinized-FTO glass as the secondary
clectrode [56]. Under illumination, the generated
photoelectron in TiO,/dye transfers to the WO3, forcing
Li" intercalation, while the photohole oxidizes the
redox I7/I3 redox couple regenerating the dye. In
discharging, Li © deintercalates and I3 is reduced to I~
in the Pt cathode. The system achieved a maximum
open circuit voltage of 0.6 V (which is the potential
difference between the redox active pair and the lith-
iation potential of WO3), and stored 1.8C cm? at 1 Sun,
with a SOEE of 0.55 %. However, the performance of 2
electrodes remains suboptimal due to the intricate in-
teractions between the photoelectrode, energy storage
reactions, and the electrolyte. For example, rapid ca-
pacity fading was observed in WO3/CdS system due to
degradation from photogenerated holes and exposure to
I3 [64]. As a result, most PV-SEES are based on 3- or 4-
electrode architectures.

2.58 %
0.24 %
1.2 %

0.01 %

2.3 %
3.9 %

375 mAh g~'

24V
0.85V

L
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(CEI = 40 %) [62]. 'TiO; nanotubes can also be grown
on both sides of a titanium sheet [22], acting as both the
photoelectrode and anode, paired with LiCoO; as the
cathode. Three solar cells in series achieved a Vo of 3V,
a SOEE of 0.82 %, and a storage capacity of ~0.04 mAh;
though no area or mass data were provided.

These systems can also intercalate other cations, such as
Na't. Fe;(MoOy4); microspheres [66] sotred Na * as
NayFe;(MoQy)3, achieving a capacity of 0.04 mAh em 2.
The redox pair I7/I3 has also been applied as a mediator
to reduce the charging voltage in Li—O; battery [67],
lowering the overpotential by ~0.7 V. Additionally, a
LiFePOy4 cathode in a semicell configuration demon-
strated an ESE = 24 % [63].

One of the advantages of 3-electrode configuration is
the possibility to connect several PV cells to reach the
desirable voltage for battery charging. For example, the
organic solar cells (OSC) on PM6:PCq¢BM donor:-
acceptor pair provided a voltage of 0.94 V. A series of five
such cells was used to achieve the necessary voltage to
charge a Li battery, employing LiNig.¢Mng.,Cog.202
(NMC622) as the cathode in a semicell configuration
(Figure 2) [86], though no metrics are provided.

Si PV cells have been used in SEES coupled with
NiH—Ni(OH), batteries, achieving the highest re-
ported SOEFE values: 14.5 % [95] and 18.2 % [96]. The
later system enables continuous load operation, sup-
plying power both from the solar cell under illumination
and from the battery in darkness.

In SEES systems using perovskite solar cells, two
different configurations have been reported: i) a
perovskite solar cell fused with an electrochemical
energy storage system and ii) a perovskite material
serving as both a light harvester and Li-ion battery
cathode. While the latter configuration could be better
integrated in Table 1, presenting both approaches here
facilitates their direct comparison.

In systems where the perovskite material functions
solely as a light harvester, the reported SOEE values are
significantly higher than when it also serves as the
cathode. In Ref. [97], a dense carbon layer acts as a hole-
selective layer for the perovskite solar cell, interfacing
with a more porous carbon loaded with sulfur, which
serves as the cathode of Li—S battery. This system
achieves a SOEE value of 5.9 % and a capacity of 750
mAh g_l. In a multilayered configuration consisting of n-
type Zn'Te, Cgp, CdS, perovskite (CH3NH3Pbl3), and
InAlGaP/InGaP fused with capacitor composed of two
carbon nanotubes (CN'Ts) electrodes separated by a
dielectric, a SOEE of 11.81 % is achieved. However,
when the perovskite material also functions as Li™ host
cathode, the reported SOEE values are considerably
lower, at 0.034 % [92] and 0.05 % [98].

SEES systems based on redox flow batteries (RFB)
RFBs are characterized by the use of two redox pairs in
the electrolyte, which can be strategically selected to
align the energy bands of the light absorber(s)—the CB
with the anolyte and the VB with the catholyte—as
illustrated in Figure 1. The key performance metrics for
these systems typically include 7V, capacity, and
SOEE, while other parameters, such as RTE, are less
frequently reported. These metrics are compiled in
Table 3 for few SEES examples based on RFBs. More
comprehensive reviews on these systems are available
in Refs. [3,4].

To accommodate the low-voltage conditions of PV ma-
terials (commonly <0.7 V), recent research has explored
inorganic/organic electrolytes, allowing finer tuning of
the cell voltage compared to conventional inorganic
redox couples. In terms of redox pair selection, early
studies predominantly employed the I3/I” couple
[68—70], whereas more recent efforts have shifted
toward organic redox pairs, such as BTMAP-Vi/BTMAP-
Fe [83,100].

Notably, RFB-based SEES systems generally achieve
high SOEE values, with the current record of 20.1 %
using a Si-perovskite tandem [101].

Challenges and outlook

The integration of photovoltaic energy harvesting with
electrochemical storage represents a promising pathway
for sustainable energy systems, particularly in portable
electronics and remote applications. The parameter that
better reflects this integration is Overall Solar-to-
Output Electricity Efficiency (SOEE, 7). However,
while this technology is still in its early stages, systems
based on electrostatic double-layer storage, such as
supercapacitors, or redox flow batteries generally
achieve better performance metrics than those relying
on electrochemical storage, such as Li-ion batteries.
‘This is primarily because supercapacitors do not involve
redox processes; eliminating the need for charge transfer
with a species undergoing a redox reaction and making
them independent of the energy level alignment of the
light harvester. Additionally, the flexibility to select
different redox pairs in flow batteries significantly en-
hances SOEE, with the highest reported value reach-
ing 20.3 %.

Typically, supercapacitors offer high power but low
energy density, making them more suitable for applica-
tions such as wearables or sensors. Conversely, RFBs are
generally designed for large-scale energy storage,
limiting their portability. Therefore, the development of
portable, photo-rechargeable electronics based on Li-ion
or similar batteries remains in an earlier stage of tech-
nological progress.
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Table 2

Metrics reported and estimated on SEES systems based on a complete PV cell (DSSC, organic, etc) connected to an electrochemical energy storage through a common electrode 3 or
4 electrodes configuration. In a 3-electrode configuration, the underline electrode is common between the photovoltaic and electrochemical energy storage systems. The system is
described: from left to right — negative electrode; followed by the electrolyte — positive electrode. The light-harvesting element is marked in black. Italic values are estimated from
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data/graphs collected in the paper, but are not explicitly stated in the text.

Light Source System Voe (V) Capacity/ SOEE CEl (%) ESE RTE Ref
Capacitance/ m, %) (OPI, %) (%) (%)
Energy under
illumination
DSSC
100 FTO|WO3, TiO,, dye|Lil(PC)|Pt 0.6 1.8C cm™ 0.6 % [56]
mWcm™2 2 Electrodes

100 mWem~—2 FTO|TiO,,Ru-dye|Lil(CH3;CN)|Pt,AC (CH3;CH,)4NBF,4|AC 0.45V 0.69 F cm=2 [58]
2 electrodes

100 mWem—2 FTO|TiO,,N3Dyel|Lil,Io(PC)| P Lil,Io(PC)i LiCIO4(PC)|PPy 0.6 V 22*% [57]

100 mWem™2 FTO|TiO,,Ru-dye|C8H15IN2,Lil,I2 (CH3CN)| P AC (CH3CH,)4NBF4AC 0.8V 47 uWh cm™2 [59]
3 electrodes

100 mWem™2 FTO|TiO,,N719Dye|Lil,Io(CH3CN)| Pt Lil,Io(CH3CN)|PPy|FTO 37.8mCcm?2 321% [60]
3 electrodes

100 mWem=—2 FTO|TiO,,Dye|Lil,I;(MPN)|P{ Lil,Io(MPN); Li-electrolyte| WOz 4|FTO 4.57C [61]
3 electrodes

100 mWem—2 Graphene,Cu(m)|Lil,I> (TBP,MPN)|N719-Dye, ZnO NWs|Au covering plastic 0.1V ~0.4 Fcm™ [76]
u-fiber] ZNO NWs |HzPO,4,PVA(w)|Graphene, Cu(m)
3 electrodes

100 mWcm—2 CNTs| Lil,Io(CH3CN)| N719Dye, TiO,|Ti(w)|CNTs|H3PO4,PVA(W)|CNTs 0.6V 1.5 % [77]

100 mWcm2 FTO|PPy,PPy-ClO3|LiCl4(PC)| P{PEDOT, 0.76 8 mAh g2 ~0.1 % [65]
PEDOT * ClOg|Dye|TiO,|FTO
3 electrodes

100 mWem~—2 FTO|TiO2,N719Dye|Lil,Io(MPN)|Ti(mesh)/TiN| Lil,Io(MPN)iWO3,CNT 0.7V 0.15 mAh cm=2 40 % [62]
3 electrodes OPI = 69.5

100 mWem~—2 Pt| Lil,Io, TBP(MPN)| TiO2(NTs),N749Dye| Ti|TiO, (NTs)| LiPFe (EC,DMC)|LiCoO5|Al 3V 38.89 pAh 0.82 % [22]
Tandem DSSC
3 electrodes

Xe-lamp Li|LiCIO,4 (EC,DMC)|LiFePQg, Ti (m)|Li>SO4, Lil (w)| TiOz|Ti(m) 100 mAh g—2 24% 121 % [63]
3 electrodes

100 mWem—2 FTOI|TiO,, Z907Dye|l-,lx(org)| Ti(mesh)/P{Na-electrolyte |Fex(MoO.,)s| FTO 0.63V 0.04 mAh cm—2 [66]
3 electrodes

100 mWcm—2 FTO|WO3, TiO,, CdS|Lil + I,,(PC)|Pt 7.3 pAh cm2 [64]
2 Electrodes

Organic Solar Cell

100 mWem~—2 LiLiPFg(EC:DMC)|NMCJAI|Au|PEDOT Al 4083|HTL-X|PM6:PCgoBM|ZNO|ITO 0.45 mAh [86]
3 electrodes

Silicon

135.3 Au-Zn,Au|Al,GayAs|GaAs|Si|Au—Sb,Au|Niy.1H|KOH(aq)|Ni(OH)2 1.2-1.3 18.2 % [96]

mWcm™2 3 electrodes

SS(m)|AC|KOH(aq)|NHC|Ni(f)| Ti(f)| Ag(p)|Si(w)| 1.19V 125 W Kg™' 14.5 % [95]

cu(f)

(continued on next page)
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For advancing SEES based on batteries, two main stra-
tegies can be considered: (i) developing a photo-
electrode and approaching SEES system as a PEC cell,
where photogenerated charge carriers directly drive the
desired redox process, or (ii) using a PV cell to drive an
energy storage system via a common electrode. The first
approach requires precise energy alignment, signifi-
cantly limiting the range of photo-rechargeable systems,
whereas, in the PV-based approach, multiple cells can be
connected to achieve the required V,. for battery
charging. As a result, PV-based SEES typically achieve
higher SOEFE values than those relying on photo-
electrodes. However, a key challenge in PV-driven SEES
is the need for three-electrode devices, whereas PEC-
based configurations are often studied in two-
electrode setups adapted from coin cells.

A potential advantage of photoelectrodes is their ability
to assist in charging batteries that require a high energy
input. For example, in Li—O; batteries, where charging
occurs at a significantly higher voltage than discharge,
photo-assisted charging could provide a substantial
benefit. To evaluate the efficacy of photassistance,
various efficiency metrics have been introduced.

- Energy discharge enhancement: CF/, which considers
only the mAh increase, and OP/, which also accounts
for the voltage at which discharge occurs. While CE/ is
more commonly reported, OP/ is more relevant for
technological applications.

- Charge energy reduction due to light exposure: £SFE,
which accounts only on charging voltage reduction,
and /PD, which additionally considers current and
charging time. Since comparisons are typically made
under the same applied current, /PD directly mea-
sures the reduction in charging time due to light.

- Battery performance improvement under illumina-
tion: Metrics such as EES and EEI compare the
battery’s operation in light versus darkness. However,
in the literature, the term “energy savings” is often
used without explicitly defining the equation used,
leading to potential confusion due to the lack of
standardization.

- Overall energy efficiency: R7E, the most commonly
reported metric, measures the ratio of energy extrac-
ted from the battery to the energy required for
charging under illumination. Notably, R7FE values
exceeding 100 % have been reported, indicating that
the extracted energy surpasses the input energy
needed for charging.

To simplify the interpretation of SEES studies, which
often employ diverse experimental configurations, we
propose the following recommendations:

Standardized cell labeling: We suggest adopting a la-
beling system for photo-rechargeable cells based on

Current Opinion in Colloid & Interface Science 2025, 77:101915
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Table 3

Progress in Photo-rechargeable Batteries Abellan etal. 15

Metrics reported and estimated on SEES systems based on redox flow batteries: Solar Redox Flow Batteries (SRFB). The system is
described in two parts the photoelectrodes and the redox pair. The light-harvesting element is marked in black. Italic values are esti-
mated from data/graphs collected in the paper, but are not explicitly stated in the text.

Light Source Photoelectrodes Redox Pairs Voc Capacity SOEE RTE Ref
V) under M %) (%)
illumination
40 mW cm™2  FTOITiO,,dye|LISICON|P|FTO DMFc*/DMFcly/I” 0.6 70 pAh 0.04 % [68]
100 mW cm™2  FTO|TiO5,N719dye|Lil(TBP)|P|Ti(m)  Liz,  WOL/LisWO,I/I" 0.7 20 mAh L™ [69]
100 mW cm™2  FTO|TiO,,N719dye|Lil(TBP)|Pt|Ti(m)  (CgHgN2)*13/I" 0.8 30mAhL"' 12% [70]
p-Si|n-Si AQDS/AQDSH,Br3/Br 471 mAh L™ 34 % [81]
100 mW cm=  TiO,|Si Fe(CN)é/Fe(CN)3 TEMPO-Sulfate 1.6 [102]
300 mW cm™2  Si multijunction cell VO*,/VOZ V3 v2* 17 24mAcm?2 123% 6 [82]
p*Si|nSi|n*Si[Ti|TiO,|Pt BTMAP-Vi/ 0.35 54 % [83]
BTMAP-Fc
(FAPbI3)0.s3(MAPbBr3)g 17|Si BTMAP-Vi/ 1.36 20.1 % [101]
Tandem cell NMe-TEMPO
100 mW cm™  SJ GaAs cell BTMAP-Vi/ 13.3 % [100]
BTMAP-Fc
galvanic cell notation, where the light-harvesting  emerging field will be crucial for fostering collaboration

component is highlighted in bold, the common elec-
trode in a three-electrode configuration is underlined,
and semipermeable membranes are marked with i
Additionally, we have observed that in some studies, the
clectrolyte composition is not explicitly specified, which
should be avoided for clarity.

- Standardized labeling: We suggest an adapted IUPAC
galvanic cell notation, where the light harvester is
highlighted in bold, the common electrode in three-
electrode configurations is underlined, and semi-
permeable membranes are represented with a specific
notation, {. In addition, electrolyte composition should
always be explicitly stated.

- Consistent SOEE reporting: To facilitate comparison,
SOEE (n) should be reported under the standard
illumination condition of 100 mW cm 2, specifying
the light source, while also allowing additional mea-
surements at other power intensities if needed.

- Equation transparency: While we have compiled the
most frequently reported metrics, other parameters
are also used. Until the metrics is not well established,
the equation used for their calculation should be
clearly stated or referenced.

- Current standardization: Since performance im-
provements depend on charging/discharging currents,
specifying the applied current is essential. Standard-
izing measurements at fixed rates, such as 0.1C and
1C, would enhance data comparability.

The distinction between research backgrounds is evident
in the literature, with differences in approach depending
on whether the study originates from PV or battery
expertise. Establishing a common set of metrics for this

and accelerating technological development.

While this work has focused primarily on efficiency
metrics, stability—both in terms of charge retention and
cycle life—is another critical factor for SEES viability.
These systems must overcome both the degradation
mechanisms of solar cells and the cycling limitations of
batteries, making long-term stability a key challenge.
Additionally, the optimal operating conditions for solar
cells and batteries often differ, adding another layer of
complexity to device integration. However, despite these
challenges, the potential benefits of SEES—particularly
in terms of cost reduction, sustainability, and energy
decentralization—are significant. By integrating energy
generation and storage within a single system, SEES
could reduce grid dependency and enhance energy
accessibility in remote locations. Addressing these
technological hurdles will be essential for unlocking the
full potential of SEES, paving the way for scalable and
efficient solar-powered storage solutions.
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