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A Sustainable Hydrogel-Based Dye-Sensitized Solar Cell
Coupled to an Integrated Supercapacitor for Direct Indoor

Light-Energy Storage

Sara Domenici, Roberto Speranza, Federico Bella, Andrea Lamberti, and Teresa Gatti*

The rapid growth of the Internet of Things ecosystem has increased the need for
sustainable, cost-effective energy sources for indoor low-power devices. Indoor
photovoltaics offer a solution by harnessing ambient indoor lighting, with dye-
sensitized solar cells (DSSCs) emerging as strong candidates for these appli-
cations. When it comes to indoor environments, there is an increased demand for
nontoxic and nonflammable solvents for electrolytes. The use of water-based
electrolytes is a promising way to address these issues, while ensuring the
eco-friendliness and sustainability of these devices. Herein, a DSSC system is
employed featuring an aqueous gel electrolyte composed of xanthan gum, a
biosourced polymer, and an iodide/triiodide redox couple. The performances of
the cells are characterized under LED lighting, reaching efficiencies up to 3.5% in
indoor conditions, and then integrated with an electric double-layer capacitor,
also based on a xanthan gum gel electrolyte, resulting in a fully aqueous device
for indoor light-energy harvesting and storage with an overall photoelectric

of wireless sensors are expected to be
installed, with a substantial amount located
inside buildings."”! This has created a
critical need for energy sources for such
devices that are both sustainable and cost-
effective.l’’ Indeed, traditional ToT devices
are powered by batteries, which introduce
several challenges related to both sustain-
ability and scalability.[**! A solution for this
issue is represented by indoor photovoltaics
(IPV), which harness light from artificial
indoor sources to generate power for IoT
devices, reducing the need for frequent bat-
tery replacements and promoting energy
efficiency in smart environments.*%7)
Recently, thin-film third-generation PV
technologies, including perovskite solar

conversion and storage efficiency of 1.45%.

1. Introduction

As the Internet of Things (IoT) ecosystem has rapidly expanded
in recent years, vast networks of interconnected low-power devi-
ces are set to gather extensive data from their surroundings, play-
ing a crucial role in enhancing our quality of life and the
efficiency of our industries. Over the coming decade, billions
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cells, B3I organic PV, and dye-
sensitized solar cells (DSSCs),”"”"2% have
been investigated for use in indoor environ-
ments. These technologies have proven to
be highly versatile because it is possible to tune the bandgap
through chemical modification of materials,*!! allowing them
to be tailored to match the emission spectra of artificial lighting.
Moreover, indoor conditions are milder (absence of UV radia-
tion, moderate temperatures, controlled humidity) compared
to outdoor solar conditions, where these technologies typically
exhibit lower stability.?***! As a result, achieving good stability
is less challenging indoors.

So far, among all PV technologies tested for specific indoor
use, DSSCs have demonstrated significant potential due to sev-
eral key benefits.**2°! They show good performance in diffuse
and low-light conditions!"® and offer a tunable photoresponse by
selecting different sensitizers,”) allowing their absorption char-
acteristics to be adjusted to match specific light sources.
Furthermore, DSSCs are recognized for their lower production
costs and easy fabrication compared to other photovoltaic tech-
nologies,””) making them an economically attractive option for
large-scale deployment in indoor settings.”*=% These factors,
combined together, position DSSCs as promising candidates
for sustainable energy harvesting for powering indoor devices.
To truly offer a sustainable solution for powering IoT devices,
it is also crucial to address not only the economic viability,
but also the environmental impact of IPV. This means minimiz-
ing negative impacts on the environment by ensuring that mate-
rials used are nonhazardous and free from toxic components and
that processing methods with low toxicity and minimal environ-
mental impact are selected.l"23*% In this regard, it is important
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to note that conventional high-efficiency DSSC systems typically
use organic solvent-based electrolytes, such as acetonitrile and
3-methoxypropionitrile. These solvents are characterized by high
vapor pressure and volatility, which can lead to electrolyte leakage
and decreased photovoltaic performance over time, and pose
toxicity and flammability risks, raising safety concerns during
fabrication and operation.?*> This has prompted researchers
to explore water as a solvent medium,?>****! which minimizes
costs and also significantly reduces the aforementioned con-
cerns. Furthermore, creating solid or quasisolid polymer electro-
Iytes by trapping the liquid electrolyte in polymeric matrices is an
attractive option for further enhancing long-term cell stability.”*”)
However, many common polymers employed for this purpose,
such as polyethylene glycol, polyvinyl alcohol, and polyacryloni-
trile, are derived from nonrenewable petroleum sources,?*4%4!!
Therefore, additional efforts have been made to substitute these
options with more sustainable alternatives, including the use of
bio-based and waste-derived polymers.***?! Some examples of
bio-based polymers that can be employed in aqueous DSSCs
are lignin,*¥! cellulose derivatives,>**? and gums.*>~*”)
Herein, we report an indoor DSSC system with a hydrogel
electrolyte composed of xanthan gum,*”) a nontoxic, water-
soluble, and cheap polysaccharide, and I /I3~ as a redox couple.
To the best of our knowledge, while 100% aqueous electrolyte-
based DSSCs have just recently started to be investigated for
applications in indoor environments,?>% no evidence has been
yet reported on the use of hydrogel electrolytes in such condi-
tions. Moreover, it is crucial to take into consideration one of
the major limitations regarding the use of PV cells in indoor
environments, which is its dependence on an energy storage unit
to overcome the intrinsic fluctuation and intermittence of light
sources.[*® Solar cells have an inherently variable output which
may not always match the fixed charging requirements of a bat-
tery. For instance, a solar cell’s voltage might fluctuate outside
the voltage range needed for efficient charging, or the current
may exceed the battery’s charging capacity, potentially leading
to inefficiency or even damage. Additionally, batteries typically
require controlled charging processes to maximize their lifespan,
while solar cells’ output may be irregular, especially in nonstan-
dard applications such as indoor environments. This mismatch
often requires complex power management circuits, which can
increase system complexity, cost, and energy losses. On the other
hand, aligning the voltage and current output of a solar cell with
the optimal charging conditions for a battery continues to be a
significant challenge. To avoid such limitations, a promising
solution is integrating solar cells with supercapacitors.[*”!
Supercapacitors offer several advantages over batteries in terms
of resilience to highly fluctuating input power. Unlike batteries,
supercapacitors can withstand much higher intervals of charge
and discharge currents, making them ideal for smoothing out
the intermittent power supply from solar cells. This means that
even in unpredictable indoor environments, the supercapacitor
can store excess energy during periods of high illumination and
release it when in the absence of light, providing a reliable energy
buffer. Additionally, supercapacitors have a significantly longer
cycle life compared to traditional batteries. They can endure mil-
lions of charge—discharge cycles without substantial performance
degradation, which is beneficial for low-power IoT applications
that require long-term reliability. Batteries, on the other hand,
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typically degrade over time, especially with frequent charging
and discharging cycles in environments with fluctuating energy
availability. Aiming to exploit these properties, a strong effort has
been made to investigate the direct integration of solar cells and
supercapacitor without needing additional power management
circuits, providing reliable harvesting and storage systems
(H&S) that could reduce system complexity, footprint, and
costs.*8°0-2 Based on our current understanding, all-aqueous
H&S systems have not been reported to date. Hence, in this
work, we introduce a proof-of-concept all-aqueous H&S unit,
which combines the previously described DSSC system with
an electric double-layer capacitor (EDLC) also employing a
xanthan gum-based hydrogel electrolyte.

2. Results and Discussion

The aim of this work is to implement a water-based DSSC into a
working and fully water-based H&S system suitable for applica-
tions in indoor IoT devices. This is achieved by integrating the
cell with an EDLC, both of them employing aqueous bio-based
gel electrolytes made with xanthan gum (XG). The gel electrolyte
formulation used in this work is chosen from a previous study by
our group, in which a comprehensive investigation of the XG
hydrogel electrolyte composition and concentrations was carried
out.””? The device architecture and methodologies employed to
address the H&S system are closely aligned with those outlined
in a further prior study by some of us employing an organic
electrolyte.*? Here, the aqueous devices were assembled using
fluorine-doped tin oxide (FTO) conductive glass as current collec-
tor. The H&S units were first characterized separately and then
an integrated device was assembled.

The XG-based solar cell (from here on referred to as
XG-DSSC) was assembled using I /I3~ as redox couple and
D149 as sensitizer (chemical structure shown in Figure S1,
Supporting Information). Previous studies have demonstrated
that this dye is highly compatible with aqueous electrolytes
and remains stably anchored to the photoanode when immersed
in water.*”) The device was first characterized under AM 1.5G
conditions (Figure 1a). The main PV parameters of the best-
performing solar cell are reported in Table S1 (Supporting
Information). The values of the main parameters obtained under
solar conditions are coherent with those already reported in the
literature for similar aqueous systems, also investigated in pre-
vious works by our group.*”*”**! Compared to the XG system
developed in ref. [47], where the D131 dye was used, all the main
PV figures of merit values are slightly lower. This can be attrib-
uted to a poorer regeneration efficiency of the D149 dye com-
pared to the D131 counterpart when using the I /I3~ redox
couple, due to a lower driving force for the reduction of the oxi-
dized dye.*”**) However, the high concentration of the iodine
salt here used in the electrolyte helps mitigate this issue to some
extent. Indeed, as observed by Law et al.B3 increasing the iodine
concentration in D149 aqueous DSSCs leads to a rise in short-
circuit current density (Jsc). Although the open-circuit voltage
(Voc) and fill factor (FF) experience slight reductions, a notable
improvement in overall efficiency (n) is obtained. To investigate
the performance of the DSSC in an indoor environment, the
cell was characterized using a commercial warm white LED
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Figure 1. J-V curves of best performing a) XG-DSSC and c) AQ-DSSC under AM1.5G illumination and dark conditions, respectively; curves for
b) XG-DSSC and d) AQ-DSSC under indoor illumination conditions at different intensities, ranging from 1000 to 50 lux.

lamp (spectral distribution shown in Figure S1, Supporting
Information). As depicted in Figure S1 (Supporting
Information), the D149 dye chosen for the solar cell allows for
the sensitized photoanode to have an absorption spectrum which
appropriately aligns with the emission spectrum of the warm
white LED. The -V curves were recorded at different illuminan-
ces ranging between 1000 and 50 lux (Figure 1b). These condi-
tions are comparable to realistic indoor settings,> for instance
the upper limit can be found in heavily lit environments, such as
supermarkets, while for domestic environments the illuminance
oscillates around 200 lux.*®

Expectedly, both the Voc and Jsc reach lower values under
weaker illumination, simply due to the lower incident power.
On the other hand, the lower photogeneration of electrons
may also result in a lower electron-hole recombination rate,
potentially leading to a higher percentage of photogenerated elec-
trons being extracted from the photoanode.*”) More importantly,
the effective spectral matching of the dye with indoor light sour-
ces, which mainly emit in the visible range, enables a better
exploitation of the incident power that reaches the solar cell.
In contrast, the infrared portion in the AM1.5G spectrum only
contributes to energy loss without generating useful electron-
hole pairs. Hence, the absence of IR radiation in indoor lighting
reduces inefficiency.”® Indeed, under low-light conditions, the
DSSC exhibits significantly improved performance compared
to solar illumination, achieving nearly double the efficiency at
50 lux and nearly triple the efficiency at 1000 lux. As a compari-
son, a liquid cell (from here on referred to as AQ-DSSC) with the
same electrolyte composition, but without XG, was fabricated
and characterized. Its main photovoltaic parameters, together
with the respective illumination conditions, are reported in
Table S1 (Supporting Information) and the respective J-V curves
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are reported in Figure lc. Under AM1.5G conditions, the
XG-DSSC shows lower Jsc with respect to the AQ-DSSC, which
could be related both to the higher absorbance of the XG-based
electrolyte compared to the liquid one, which to some extent
decreases the amount of radiation reaching the photoanode,
and also to reasonably slower ionic diffusion of the redox media-
tor within the gel electrolyte, which could limit the current flow-
ing through the cell.””) Indeed, the AQ-DSSC shows a better FF
with respect to the XG-DSSC, which could also be related to the
higher conductivity of the liquid electrolyte with respect to its gel
alternative. However, while the liquid electrolyte cell shows a
relatively higher efficiency under solar conditions compared to
the gel electrolyte cell,[*”! the same is not true under lower illu-
mination conditions (Figure 1d).

Figure 2 shows the comparison of the main PV parameters of
the two cell configurations at different indoor irradiances (Pjy).
The Jsc of both cells exhibits a similar trend, nearly matching
current values, and a linear decrease as irradiance diminishes.
Notably, the AQ-DSSC initially generates a significantly higher
current under AM1.5G conditions, but eventually converges to
values closely matching those of the XG-DSSC. On the other
hand, the Voc and FF of the AQ-DSSC drop by ~50% and
63%, respectively, when the illumination decreases from 1000
to 50lux. For the XG-DSSC, this reduction is limited to 24%
for the Voc and only 14% for the FF. Overall, the XG-DSSC
efficiency remains much more consistent across the entire irra-
diance range. It is clear from Figure 1c that the liquid electrolyte
cell is affected by a much more significant dark current com-
pared to the hydrogel electrolyte cell. This indicates a higher rate
of interfacial recombination reactions when using the liquid elec-
trolytes with high concentrations, which likely outweigh density
of photogenerated electrons.”® A possible explanation for lower
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Figure 2. Main PV parameters of XG-DDSC (red dots) and AQ-DSSC (green dots) at different irradiances: a) Jsc, b) Voc, ¢) FF, and d) n.

recombination processes in the hydrogel electrolyte may be due
to a stabilizing effect given by XG on the redox species. Indeed,
triiodide forms a supramolecular coordination complex with
starch-based biopolymers,°” which may reduce the rate of elec-
tron recombination processes simply by sterically hindering the
interactions between the triiodide oxidized species itself and the
sites where electrons are photogenerated. When the conversion
of I;™ to 31 at the photoanode interface is hindered, the FF®!
and Vo c®* are enhanced, which may be a possible explanation
for the lower parameter drops in XG-DSSC at low illumination.
Overall, this initial evaluation indicates the XG-DSSC is a prom-
ising sustainable candidate in integrated indoor H&S devices.

As a suitable storage unit to be coupled with the XG-DSSC, a
symmetric EDLC was fabricated on FTO glass, with the aim of
constructing an integrated device in which a current collector is
shared between the two units. Commercial activated carbons
(AC) were employed as electrodes, particularly YP-50F, a
commonly used electrode material in commercial carbon-
based supercapacitors with a reported BET surface area of
1666 m? g~ 1.62-64

The characterization of the EDLC parameters is reported in
areal current density for easier system design, since the area
of the active materials for the two units was kept the same.
Cyclic voltammetry (CV) was performed at 10 mV s~ to obtain
information about its potential window and assess whether this
is compatible with the Voc potential range of the XG-DSSC
under indoor illumination. It is clear from Figure 3a that no
redox peaks are present in the voltammograms up to 0.5V,
far over the Voc measured at the highest indoor irradiance
tested. The curves maintain a rectangular shape typical of
EDLCs within that potential range and maintain a high
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Coulombic efficiency over 90%. A slight resistive component
was also observed, which has been investigated by electrochemi-
cal impedance spectroscopy (EIS), as reported in Figure S2a
(Supporting Information). As shown in the inset, from the
Nyquist plot it is clear how a relatively high equivalent series
resistance (ESR) of 10 Q is reasonably coming from the FTO cur-
rent collector.®? Moreover, the semicircle at higher frequencies
might be related to a nonoptimal interface between the active
material and the current collector.!®” Then, a vertical linear
behavior at lower frequencies represents the purely capacitive
contribution in the EDLC. The specific capacitance of the
EDLC was calculated from the CV scan up to 0.4V, and its value
was ~22 mF mg™" (109 mF cm ™2 in terms of areal capacitance).
These values are comparable to those reported for other AC
supercapacitors using starch-based hydrogel electrolytes.[*®*”!
Galvanostatic charge—discharge (GCD) curves were recorded at
current ranges of similar magnitudes to the Jsc of the
XG-DSSC under low irradiance and are shown in Figure 3b.
The GCD curves show the typical triangular shape of EDLCs.
At higher current densities, relatively significant iR drops are
observed, of about 40 and 20 mV at 100 and 50 pA cm ™2, respec-
tively, and can be ascribed to the elevated ESR of the device. The
areal capacitance and specific capacitance were also calculated
from these curves and are reported in Figure S2b (Supporting
Information). A clear increase in areal/specific capacitance was
observed with increasing current densities, up to 20 pA cm 2. At
5 pA cm™?, the capacitance remains constant, and at 2 pA cm™ a
steep drop is observed. This can be explained by measuring the
leakage current of the supercapacitor. The leakage current is cru-
cial for IoT applications in which an indoor light harvesting
device is also implemented, since for sub-mW applications
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Figure 3. Characterization of an EDLC containing a starch-based hydrogel electrolyte. a) CV scans under different potential ranges performed at
10mV s~'. b) GCD voltage profiles performed at different scan rates, from 2 to 100 pA cm ™2, ¢) cycles leakage current measured when keeping
the EDLC at a potential of 0.4V over a prolonged time, and d) cycling stability test performed at 50 pA cm™2 over 1000 cycles.

supercapacitor internal leakage can represent a non-negligible
loss impacting the overall behavior of the system.[*® As shown
in Figure 3c, the leakage current profile is typical of a polymer
hydrogel electrolyte supercapacitor.” The leakage current
decreases rapidly within the first 15 min. This type of trend
is particularly suitable when designing an integrated H&S
device, since the leakage current has the heaviest effects on
the energy loss for only a few minutes after the light is turned
off. The leakage current then stabilizes at a value of around
2 pA cm 2. This result is in accordance with the specific capac-
itance drop at 2 pA cm ™2, at which the leakage current begins to
approach the charging current. Hence, provided that the charg-
ing current is not too close to the leakage current, these results
highlight how the exploitable capacitance of the device strongly
increases when it is charged at lower current rates. The suitable
current ranges are comparable with the current values gener-
ated by the XG-DSSC at the selected indoor illumination
conditions, down to illuminance levels of 200 lux. This suggests
that the EDLC demonstrates good compatibility with the
XG-DSSC harvesting unit and good potential for its integration
into an H&S device. The stability of the supercapacitor was
tested with 1000 GCD cycles at 50 pA cm ™2 (Figure 3d). The
device shows a very stable Coulombic efficiency of around
99%, as well as high capacitance retention of 97.5% at the
last cycle. The EDLC is therefore considered suitable to be
integrated with the XG-DSSC in a single H&S device, as it
operates effectively within the same voltage and current ranges
and can endure frequent charge—discharge cycles, which is
essential considering the envisioned behavior of such H&S
elements, which are expected to work as energy sources for
low-power IoT electronics, accumulating excess energy during

Sol. RRL 2025, 9, 2400838 2400838 (5 of 10)

times of light availability and providing the stored energy dur-
ing times of light absence (e.g., day—night cycle in indoor
environments).

After characterizing the single H&S units, an integrated
system was built as shown in Figure 4a,b.

The indoor H&S device was characterized by performing a
photocharge—discharge test at 10001lux. Figure 4c provides a
schematic representation of the working mechanism of the
three-electrode integrated device under illumination. In this
design, the device units share a common counter electrode, while
the other two electrodes remain electrically connected during
light exposure. Upon illumination, the dye absorbs light and gen-
erates excited electrons, which are injected into the mesoporous
TiO,, while the redox couple regenerates the dye, as detailed
in the energy diagram and excitation mechanism shown in
Figure 4d.’”7% These photogenerated electrons from the
DSSC then flow through the electrical connection to the negative
electrode of the EDLC, initiating the photocharging process.
Owing to the fundamental properties of EDLCs, which do not
require a minimum potential to initiate the charging process,
the EDLC will begin charging linearly with the current supplied
by the DSSC. As the charging potential approaches the Vo, the
current coming from the DSSC gradually decreases to zero, lead-
ing the system to reach a stationary state (plateau).

The J-V curve of the DSSC employed in the integrated device
was also recorded to better understand the various contributions
in the final device (Figure S3a,b, Supporting Information). The
results obtained for the integrated system are shown in
Figure 5a. The photocharging step was carried out for roughly
20 min. It was possible to charge the supercapacitor slightly over
0.4V, because of the relatively higher V¢ of the cell obtained in
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Figure 4. a) Image of the integrated H&S device containing the XG-DSSC and the XG-based EDLC and b) schematic 3D illustration showing its different
layers. c) Device structure showing photocharging mechanism and d) working principle with simplified energy level diagram of the DSSC under

illumination.

the resulting module. No significant plateau was observed during
the photocharging process, as the very low leakage current of the
supercapacitor of 2 pA cm™? is fully compensated by the current
generated by the solar cell up to the charging potential, of around
8 uA cm ™2 (Figure S3b, Supporting Information). A current den-
sity of 50 pA cm™ was applied to discharge the supercapacitor,
and the areal capacitance calculated in this case is 80 mF cm ™2,
comparable to that obtained in the GCD evaluation in the previ-
ous section (Figure S2b, Supporting Information).

The device’s overall efficiency was assessed by calculating
the overall photoelectron conversion and storage efficiency
(OPECSE) as a function of both photocharging time and voltage
(Figure 5c,d). In both cases, the OPECSE rises linearly, reaching
up to 1.45%. When considering voltage, the OPECSE continues
to increase linearly throughout the photocharging phase, peaking
at a voltage that is 93% of the charging voltage, thanks to the high
FF of the solar cell. When considering time, the efficiency
increases linearly in the same time range in which the potential
is also linearly increasing during photocharging (up to about
800 s). The slope changes as the voltage approaches the maxi-
mum voltage. After reaching its maximum value at 1030s
(roughly 17 min), the OPECSE gradually declines as the incom-
ing electromagnetic energy remains constant while the EDLC
voltage approaches maximum, hence limiting the amount of
energy stored in the EDLC.*®¥ As a comparison, a photocharge—
discharge test was performed also under solar conditions,
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as shown in Figure S4a,b,c (Supporting Information), using a
discharge current of 100 pA cm™2. This higher discharge current
was selected to better align with the greater current produced by
the solar cell in sunlight, reducing the gap between photocharg-
ing and discharging currents. Expectedly, the charging potential
is higher, thanks to the higher V¢ of the solar cell (Figure S3a,
Supporting Information) and the charging time is lower. The
OPECSE trend with time and voltage have similar profiles as
the ones observed indoor; however, the overall device performs
less effectively, as the maximum obtained value of OPECSE is
0.75%. This can be ascribed to a better exploitation of the incom-
ing power by the solar cell and the effective utilization of the
capacitance of the EDLC, when charged at the low current rates
provided by the solar cell.®? Moreover, the device showed con-
sistent photocharge—discharge performance after 45 days of stor-
age under artificial light, with no significant changes in the
profile (Figure S4d, Supporting Information), indicating mini-
mal electrolyte leakage or material degradation. This suggests
that the device holds promising performance in terms of stability
during continuous operation under indoor illumination,
although a more thorough investigation needs to be carried out.

The self-discharge of the device was assessed under two
different conditions. First, it was measured with the two units
electrically disconnected, by simply removing the connection
between the negative electrodes. This was done to isolate the con-
tribution from the EDLC leakage current alone. In the second
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Figure 5. Characterization of the H&S hydrogel-based integrated device under indoor conditions. a) Photocharge-discharge profile performed under
1000 lux illumination and 50 pA cm ™2 discharge constant current. b) Self-discharge profiles performed by keeping the units electrically connected (green
curve) and electrically disconnecting the units (red curve). OPECSE plots as a function of c) time and d) potential.

scenario, the negative electrodes remained connected during
self-discharge in the dark to assess the impact of the dark current
of the solar cell on the integrated device. While the self-discharge
time of the device due solely to the EDLC contribution is very
long, it drops significantly to around 80 min when the units
remain electrically connected. As the potential decreases, the
dark current of the DSSC also diminishes, slowing down the rate
of discharge further as the potential approaches lower values, as
seen by the nonconstant slope of the discharge curve. Given
the dark current of the XG-DSSC (Figure S3b, Supporting
Information) at the maximum charging potential of
~20 pA cm 2 and the fact that this dark current diminishes with
decreasing potential, this discharge time is reasonable.
Nonetheless, this indicates that, for the practical implementation
of modules with similar systems, a blocking diode would be nec-
essary to ensure proper device operation.”"! Although the diode
causes an unavoidable voltage drop, which can hinder perfor-
mance in low-voltage systems like the one presented here,
increasing the module size can help alleviate this problem.
Next step will be the implementation of this system in larger
modules to generate the required voltage to efficiently power
small IoT devices, exceeding 1V."? Consequently, in a larger
module, the impact of the blocking diode becomes less signifi-
cant. Moreover, a comprehensive evaluation of stability and gen-
eral indoor conditions will be conducted by monitoring the
maximum power point during continuous operation and testing
the device under other ambient light sources. Overall, these tests
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demonstrate that this integrated all-aqueous H&S device shows
promising potential for applications in the powering of the
indoor 10T ecosystem. Generally, this three-electrode integration
approach is highly versatile and can be easily tailored to meet
specific design requirements. A practical alternative for this sys-
tem structure is a monolithic design, where the shared electrode
allows the units to be stacked vertically rather than arranged in a
planar configuration. This structure not only makes the device
more compact but also reduces resistive losses.l”®! This can be
achieved by using an alternative material for the counter elec-
trode instead of FTO, ensuring compatibility with the supercapa-
citor material. Both planar and monolithic configurations have
also been successfully applied to perovskite and organic solar
cells”* and can also be easily implemented on other third-
generation photovoltaics, such as heterojunction solar cells.l”!
Further device structures and design alternatives will be explored
in our future studies.

3. Conclusions

In this work, we have presented a proof-of-concept, all-aqueous
indoor H&S system that employs a DSSC as an energy harvest-
ing section and an EDLC energy storage one, both featuring sus-
tainable, bio-based XG hydrogel electrolytes. To the best of our
knowledge, this is the first reported as fully aqueous indoor H&S.
We observed that the XG-DSSC demonstrates promising
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potential for indoor applications, with a V¢ of 0.4 V and reach-
ing efficiency of 3.5% at 1000 lux, overall showing better perfor-
mance indoor compared to solar conditions. In contrast, the
AQ-DSSC exhibits significantly lower performance, particularly
at very low light intensities. This underscores the importance of
addressing parasitic recombination mechanisms, which drasti-
cally reduce solar cell efficiency under low illumination, as
recombination can give a more significant contribution com-
pared to the photogenerated current, effects that may not be
as relevant under solar conditions. We then assessed an
EDLC device constructed on FTO glass with similar electrolyte
matrix, with an areal capacitance of 109 mF cm ™% which operates
effectively within the same current and potential ranges as the
solar cell and shows stable Coulombic efficiency of 99% and high
capacitance retention of 97.5% after 1000 cycles. This compati-
bility makes it well suited for successful coupling with the solar
cell. After conducting these evaluations, we constructed and char-
acterized the integrated device through photocharge—discharge
tests. Under artificial illumination, this device achieves a maxi-
mum overall photoelectric conversion and storage efficiency of
1.45%, which is a promising value that suggests significant
potential for further development in this field. We also observed
a significant impact of the DSSC acting as a parasitic load during
the device self-discharge. This indicates the necessity for a
blocking diode to ensure the device operates effectively, and
the development of larger modules is necessary to effectively
power 10T devices.

While further optimization is needed, particularly in address-
ing dark current and maximizing overall efficiency, this study
shows that aqueous-based DSSCs may hold considerable prom-
ise in the field of indoor light-energy harvesting and storage for
IoT applications.

4. Experimental Section

Materials: Sodium iodide (Nal), iodine (), XG (M, =4-12x
10°g mol™"), chenodeoxycholic acid (CDCA), ethanol, acetone, t-butanol
(+-BuOH), titanium tetrachloride (TiCly), acetonitrile (ACN), dimethyl sulf-
oxide (DMSO), potassium chloride (KCl), and potassium hydroxide (KOH)
were purchased from Sigma—Aldrich. FTO-coated glass (15 Q sq '),
thermoplastic sealing film (60 pm, Meltonix), and Ti Nanoxide BL/SC
solution were purchased from Solaronix. 5-[[4-[4-(2,2-diphenylethenyl)
phenyl]-1,2,3-3a,4,8b-hexahydrocyclopent[b]indol-7-ylimethylene]-2- (3-ethyl-
4-ox0-2-thioxo-5-thiazolidinylidene)-4-oxo-3-thiazolidineacetic acid (D149)
sensitizer was purchased from Inabata Europe S.A. Transparent nanopar-
ticle TiO, transparent paste (18NR-T) was purchased from Dyesol.
Activated carbon (AC) YP-50F powder was purchased from Kuraray.
Carbon black (CB) C65 powder was purchased from Imerys. Polyvinylidene
fluoride (PVDF) was purchased from Archema.

DSSC Fabrication: The dye solution?” and electrolytes!*”! were prepared
according to an already reported procedure, here summarized. A solution
of D149 dye 0.5 mM and CDCA 0.9 mM was dissolved in t-BuOH/ACN
1:1. The liquid and gel electrolytes were prepared using a supersaturated
aqueous solution of CDCA, prepared by adding excess CDCA in water and
stirring at 40 °C overnight. Nal 5 M and I, 30 mM were added to the solu-
tion. For hydrogel electrolytes, XG 5 wt% was added and stirred for 2 h at
40 °C. FTO substrates were cut into square-shaped pieces with dimensions
of 2 x 2 cm and cleaned in an ultrasonic bath with detergent, ethanol, and
finally acetone. The substrates were then dried with compressed air. For
the photoanode, a blocking layer of TiO, was deposited on a masked
1.5 X 1.5 cm area via spin coating 75 pL of Ti Nanoxide BL/SC solution
at 5000 rpm for 30's and firing at 500 °C for 1 h. The porous TiO; layers
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were deposited in circular shapes with a diameter of 10 mm (0.785 cm?
surface area) through screen printing using a 43T mesh screen. The paste
was left to dry for 10 min and was then sintered in an oven with a tem-
perature ramp of 120 °C min~", then left at 475 °C for 45 min. A treatment
was performed by submerging the TiO, layers in a 40 mM solution of
TiCly, previously prepared using a Schlenk line, at 70 °C for 30 min and
then rinsed with water, dried, and fired at 475 °C again for 1 h. The photo-
anodes were then heated to 70 °C and placed in the dye solution for 5 h.
They were then rinsed with acetone to remove residual dye. For the liquid
electrolyte cells, a hole was placed in the counter electrode to insert
the electrolyte. Platinum counter electrodes were prepared by sputtering
for 30s. For liquid electrolyte devices, the cells were first sealed with
thermoplastic sealing foil on a hotplate at 100°C, and the electrolyte
was injected afterward through the hole. The hole was then sealed
with another piece of thermoplastic foil and a thin glass sheet. In the
gel electrolyte devices, the electrolyte was spread on the photoanode with
a spatula before sealing.

EDLC Fabrication: A DMSO-based slurry was prepared with a compo-
sition of AC 85wt%, CB 5wt%, and PVDF 10wt% by stirring at room
temperature for 24 h. FTO substrates were cut in square shaped with
dimensions of 2 x 2 cm and cleaned. Masks of 1 cm diameter were pre-
pared, and the electrodes were fabricated by depositing the slurry using
doctor blade technique. The electrodes were left to dry for 4 h under a fume
hood. The obtained electrodes have a thickness of 70 pm and a mass load-
ing of 2.5 mg cm™2 The electrolyte was prepared by dissolving XG 3 wt%
in water. The pH of the suspension was adjusted to neutral”® using a 5%
volume of a KOH 1 M solution and checked with pH paper. KCl 2 M was
added as electrolyte. The EDLC was assembled in air using double-sided
tape.

H&S Device: The integrated device was prepared in a similar manner,
but using a 4 x 2cm FTO glass as shared counter electrode. First, the
DSSC was sealed, followed by the assembly of the supercapacitor.

DSSC Characterizations: J-V curves were measured using a Keithley
SourceMeter kit and a VeraSol-2 LED solar simulator (class AAA, by
Oriel) under AM 1.5G illumination (100 mW cm™?), calibrated with an
Oriel PV reference cell system (model 91150V). The active area was delim-
ited to 0.1256 cm? using a black mask. Dark current was also measured.
For indoor characterizations, a low-consuming LED lamp (9 W, 2700 K,
806 Im from HUE Philips) was used. The cells were characterized inside
a black box and using an Autolab potentiostat. The illuminance
and incident power were measured using a Delta Ohm HD 2102.2
photo/radiometer.

EDLC Characterizations: The EDLC performance was tested with a
BioLogic VMP3 potentiostat using the following techniques: CV, potentio-
static EIS (PEIS), GCD, and galvanostatic cycling with potential limitation
for leakage current.

H&S Characterizations: The integrated device was characterized by
performing a photocharge/constant-current discharge test under both a
simulated AM1.5G spectrum and indoor LED light. The photocharge
step was performed by keeping the negative electrodes of the units
electrically connected, while they were disconnected during the discharge
measurements. The potentiostat was connected to the electrodes
of the EDLC to monitor the change in potential. Measurements were
conducted using an Autolab potentiostat. During the photocharge
step, the device was kept exposed to the light source as the voltage of
the EDLC was measured. Following this, the EDLC was discharged at
a constant current. Based on these measurements, the OPECSE was
calculated

1x Cx AV?

OPECSE =
G xtxA

M

where C is the capacitance of the EDLC, AV is the difference between
the EDLC voltage and the relative open-circuit voltage, G is the incident
radiation power density, t is the photocharging time, and A is the total
active surface of the DSSC.
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